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Abstract  

 

TOP2 inhibitors (TOP2i) are effective drugs for breast cancer treatment. However, they can cause 

cardiotoxicity in some women. The most widely used TOP2i include anthracyclines (AC) 

Doxorubicin (DOX), Daunorubicin (DNR), Epirubicin (EPI), and the anthraquinone Mitoxantrone 

(MTX). It is unclear whether women would experience the same adverse effects from all drugs in 

this class, or if specific drugs would be preferable for certain individuals based on their 

cardiotoxicity risk profile. To investigate this, we studied the effects of treatment of DOX, DNR, 

EPI, MTX, and an unrelated monoclonal antibody Trastuzumab (TRZ) on iPSC-derived 

cardiomyocytes (iPSC-CMs) from six healthy females. All TOP2i induce cell death at 

concentrations observed in cancer patient serum, while TRZ does not. A sub-lethal dose of all 

TOP2i induces limited cellular stress but affects calcium handling, a function critical for 

cardiomyocyte contraction. TOP2i induce thousands of gene expression changes over time, 

giving rise to four distinct gene expression response signatures, denoted as TOP2i early-acute, 

early-sustained, and late response genes, and non-response genes. TOP2i early response genes 

are enriched in chromatin regulators, which mediate AC sensitivity across breast cancer patients. 

However, there is increased transcriptional variability between individuals following AC 

treatments. To investigate potential genetic effects on response variability, we first identified a 

reported set of expression quantitative trait loci (eQTLs) uncovered following DOX treatment in 

iPSC-CMs. Indeed, DOX response eQTLs are enriched in genes that respond to all TOP2i.  Next, 

we identified eight genes in loci associated with AC toxicity by GWAS or TWAS. All eight genes, 

including RARG and SLC28A3, respond to at least two ACs, and their expression correlates with 

the release of cardiotoxicity markers. Our data demonstrate that TOP2i induce thousands of 

shared gene expression changes in cardiomyocytes, including genes near SNPs associated with 

inter-individual variation in response to DOX treatment and AC-induced cardiotoxicity.   
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Author summary  

 

Anthracycline drugs such as Doxorubicin are effective treatments for breast cancer; however, 

they can cause cardiotoxicity in some women. It is unclear whether women would experience the 

same toxicity for all drugs in this class, or whether specific drugs would be better tolerated in 

specific individuals. We used an in vitro system of induced pluripotent stem cell-derived 

cardiomyocytes from six healthy females to test the effects of five breast cancer drugs on cell 

heath and global gene expression. We identified a strong shared cellular and gene expression 

response to drugs from the same class. However, there is more variation in gene expression 

levels between individuals following treatment with each anthracycline compared to untreated 

cells. We found that genes in regions previously associated with Doxorubicin-induced 

cardiotoxicity in cancer patients, respond to at least two drugs in the class. This suggests that 

drugs in the same class induce similar effects on an individual’s heart. This work contributes to 

our understanding of how drug response, in the context of off-target effects, varies across 

individuals. 
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Introduction 

 

Globally, breast cancer is the most common cancer in women (1). 13% of women in the United 

States will be diagnosed with breast cancer during their lifetime (2). While the number of deaths 

attributed to the disease is decreasing, and the 5-year survival rate is 90.8%, there are an 

estimated 3.8 million women living with breast cancer (2). Breast cancer survivors are now more 

likely to suffer from secondary conditions such as cardiovascular disease (CVD) than tumor 

recurrence (3). This is likely due to shared risk factors for breast cancer and CVD, and the 

cardiotoxic side effects induced by chemotherapeutic agents (4).  

 

Anthracyclines (ACs) such as Doxorubicin (DOX), which is prescribed in ~32% of breast cancer 

patients, can cause left ventricular dysfunction and heart failure both during treatment, and years 

following treatment (5). The risk of adverse cardiovascular events increases with higher doses of 

DOX (4). DOX-induced congestive heart failure has been observed in 5% of patients treated with 

400 mg/m2 of the drug, 26% of patients treated with 550 mg/m2, and 48% of patients treated with 

700 mg/m2 (6). However, patients with CVD risk factors treated at low doses are also at risk for 

cardiotoxicity (6), suggesting inter-individual variation in response to drug treatment. Indeed, 

genome-wide association studies (GWAS) have implicated a handful of genetic variants in AC-

induced cardiotoxicity that are close to genes including RARG, SLC28A3, UGT1A6 and 

GOLG6A2/MKRN3 (7-10). 

 

Breast cancer survivors are more likely to suffer from heart failure and arrhythmia than ischemic 

heart disease, suggesting that the heart muscle itself is affected by the treatment (11). 

Cardiomyocytes make up 70-85% of the heart volume (12), and are the target of DOX-induced 

toxicity given their high mitochondrial content and metabolic activity (13); however these cells are 

challenging to obtain from humans. With the advent of iPSC technology, we are now able to 
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acquire easily accessible cell types from blood from humans, and reprogram these cells into 

iPSCs, which can subsequently be differentiated into cardiomyocytes (iPSC-CMs). This in vitro 

iPSC-CM system has been shown to recapitulate the clinical effects of DOX-induced cardiotoxicity 

including apoptosis, DNA damage, and oxidative stress in cells from breast cancer patients 

treated with DOX (14). iPSC-CMs generated from 45 healthy individuals and treated with DOX 

revealed hundreds of genetic variants that associate with the gene expression response to DOX 

treatment (eQTLs) (15). These studies suggest that there is a genetic basis to DOX-induced 

cardiotoxicity, and highlights the need, and potential, for personalized medicine to reduce side 

effects of chemotherapeutic agents. 

 

The precise mechanistic basis of DOX-induced cardiotoxicity is unclear. DOX intercalates into 

DNA forming a complex with DNA topoisomerase II (TOP2), which results in double-stranded 

breaks (16). This leads to the aberrant activation of the p53 stress response pathway, 

mitochondrial dysfunction and apoptosis (17). There are two TOP2 isoforms in humans – TOP2A 

and TOP2B. TOP2A expression is regulated in a cell cycle-dependent manner and is essential 

for cell division, while TOP2B contributes to transcriptional regulation in mitotic and post-mitotic 

cells (18). TOP2B is essential for the cardiotoxicity observed in mice (19) and disruption of TOP2B 

in iPSC-CMs decreases the sensitivity to DOX (20). In addition to inducing DNA damage, DOX 

has been shown to evict histones and initiate chromatin damage (21). Indeed, in breast cancer 

patients, sensitivity to ACs is mediated through chromatin regulators (22). It has been proposed 

that ACs, which have only chromatin-damaging activity and not DNA damage activity, do not 

induce cardiotoxicity (23).  

 

The National Cancer Institute has approved tens of drugs for use in the treatment of breast cancer. 

This list includes ACs that are structural analogs of DOX, such as Epirubicin (EPI), which is an 

epimer of DOX, Daunorubicin (DNR), which differs from DOX by a hydroxyl group, and 
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Mitoxantrone (MTX), which is an anthracenedione that is structurally related to ACs. All of these 

drugs are considered to be intercalating TOP2 poisons and show evidence of cardiotoxicity (24-

26). 

 

There is conflicting evidence about whether analogs such as EPI are equally or less likely to 

cause cardiotoxic effects than DOX (27, 28). Cardiomyopathy incidence based on pediatric 

cancer patient follow-up has shown that for every case of cardiomyopathy in patients treated with 

DOX, there are 0.8 cases for patients treated with EPI, 0.6 for DNR, and 10.5 for MTX (29). 

However, clinical trials in breast cancer patients suggest that MTX is less cytotoxic than DOX 

(30). Unrelated breast cancer drugs such as the HER2 receptor agonist Trastuzumab (TRZ) have 

also been shown to induce cardiotoxicity in as many as 6% of patients (31). It is challenging to 

compare drug-induced cardiotoxicity across different populations of individuals where each 

individual is administered a different treatment. 

 

We thus designed a study to compare the cardiomyocyte response to five different breast cancer 

drugs in the same set of individuals. To do so, we established an in vitro model of cardiotoxicity 

using iPSC-CMs from a panel of six healthy female individuals and drugs that inhibit TOP2 

(TOP2i) including the ACs DOX, EPI and DNR, the anthracenedione MTX, and TRZ. We collected 

data for cell viability, calcium handling, global gene expression and cellular stress to understand 

the gene regulatory response to these drugs over time. This framework allowed us to identify a 

gene expression signature associated with the TOP2i response and gain insight into expression 

variability across individuals in response to different TOP2i. 
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Results 

 

We differentiated iPSCs from six healthy female individuals into cardiomyocytes. iPSC-CMs were 

metabolically selected and matured in culture for ~28 days post initiation of differentiation (See 

Methods). The purity of the iPSC-CM cultures was determined as the proportion of cells 

expressing cardiac Troponin T by flow cytometry. The median iPSC-CM purity was 97% (range 

63-100%) across individuals (S1 Fig). 

 

TOP2-inhibiting breast cancer drugs decrease iPSC-CM viability  

 

We studied the response of iPSC-CMs to a panel of drugs used in the treatment of breast cancer 

(Fig 1A). Specifically, we chose drugs belonging to AC and non-AC classes that inhibit TOP2: 

DOX, EPI, DNR and MTX, and TRZ as an unrelated monoclonal antibody. Given the reported 

cytotoxic effects of several of these drugs, we first sought to measure iPSC-CM viability across 

six individuals following drug and vehicle (VEH) exposure at a range of drug concentrations (0.01-

50 M) for 48 hours. We observe a dose-dependent decrease in viability following DOX, EPI, 

DNR, and MTX treatments and no effects on viability for TRZ and VEH (Fig 1B). These effects 

are consistent across independent differentiations from the same individuals (S2 Fig), as well as 

across individuals (Fig 1B). Following analysis of the dose-response curves, we extracted the 

concentration which resulted in 50% cardiomyocyte cell death (LD50) for each drug, across each 

replicate, in each individual, and calculated the median value across all six individuals. We find 

that the median DNR LD50 and MTX LD50 values are significantly lower than those for DOX (T-

test; P < 0.05; median LD50 in M: DOX = 14.02, DNR = 0.98, EPI = 3.79, MTX = 0.98; Fig 1C).  
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In order to understand the cell-type specificity of the drug responses, we extracted high 

confidence EC50 values following treatment with the same drugs in a panel of ten breast cancer 

cell lines from the PRISM, GDSC2 and CTRP databases (32-34). Interestingly, we find that DNR 

is less cytotoxic in breast cancer cell lines than DOX and MTX (T-test; P < 0.05), and that MTX is 

the most cytotoxic drug in the panel (Fig 1C). This indicates that cancer drug doses tested on 

breast cancer cell lines may not be predictive of cardiotoxicity. To determine the physiological 

relevance of our model, we collated observed plasma concentrations of these drugs in patients 

being treated for cancer. We find the blood serum levels range from 0.002-1.73 M, indicating 

that the concentrations we identified in vitro could be observed in vivo and therefore warrant 

further study (S1 Table). 

 

To determine whether the effects on viability are associated with cellular stress we measured 

activity of secreted lactate dehydrogenase. We observe a significant inverse correlation between 

cell viability and cellular stress across TOP2i concentrations (DNR rho = -0.54; DOX rho = -0.35; 

EPI rho = -0.34; MTX rho = -0.64; P < 0.05) and no correlation in TRZ- and VEH-treated cells (S3 

Fig). This suggests that samples with lower viability have a higher level of cellular stress as 

expected given that cardiomyocytes are post-mitotic. 

 

Moving forward, we were interested in understanding the direct effects of these drugs on 

cardiomyocytes prior to the initiation of secondary effects leading to cell death. We used our dose 

response curve data at 48 hours (S4 Fig), together with the collated clinical serum drug 

concentration data, and published dose response data for DOX treatment in iPSC-CMs over time 

(35), to select a dose for deep characterization within the first 24 hours of treatment. We chose a 

treatment concentration of 0.5 M, which is below the LD50 calculated 48 hours post drug 

treatment for all drugs. 
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TOP2-inhibiting breast cancer drugs affect iPSC-CM calcium handling 

 

To elucidate the impact of cancer drugs on the calcium handling mechanism of cardiomyocytes, 

a fundamental determinant of cardiomyocyte contraction, we used the Fluo-4 AM fluorescent 

calcium indicator for real-time imaging and quantification of calcium transients. We treated iPSC-

CMs from three individuals for 24 hours with each drug at 0.5 M and quantified the calcium-

associated fluorescence over time using spinning disc confocal microscopy (Fig 2A). We observe 

a significant decrease in peak amplitude for DNR, EPI and MTX compared to VEH (T-test; P < 

0.05; Fig 2B), indicating decreased cytoplasmic calcium entry and therefore decreased 

contractility. 

 

To estimate the rate of calcium influx and efflux from the cytosol, we examined the rising and 

decay slopes of the calcium transients. A reduced rate of cytosolic calcium influx during 

contraction was observed in DOX, EPI, and MTX samples compared to VEH (T-test; P < 0.05; 

Fig 2C). We observed a more gradual decay slope during the relaxation phase of contraction for 

DNR, DOX, EPI, and MTX samples compared to VEH (T-test; P < 0.05; Fig 2D). These data 

therefore suggest potential dysfunction in both cytosolic calcium entry and clearance. We did not 

observe effects of drug treatment on the duration of calcium transients, as determined by 

measurements of the full width of the calcium transient at half-maximum fluorescence intensity 

(Fig 2E). However, we did observe a significant increase in the rate of cardiomyocyte contraction 

in DNR-treated cells compared to VEH (T-test; P = 0.02; Fig 2F). Notably, contraction rate did not 

change in response to other drug treatments suggesting potential alterations in cardiac rhythm 

associated with DNR specifically.  
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In order to determine the overall similarity in drug effects on calcium handling, we performed 

principal component analysis on the data obtained for the five calcium transient features 

described above. PC1 which accounts for 56% of the variation, separates the VEH- and TRZ-

treated samples from the TOP2i-treated samples (Fig 2G). Taken together, these findings reveal 

that TOP2-inhibiting drugs at sub-lethal doses can significantly impact calcium handling in 

cardiomyocytes, which may contribute to cardiomyocyte dysfunction.  

 

TOP2i induce global gene expression changes in iPSC-CMs 

 

We were next interested in determining the gene expression changes that may lead to drug-

induced effects on cardiomyocyte contraction and cell viability. To do so, we collected global gene 

expression measurements by RNA-seq following treatment of 80-99% pure iPSC-CMs with the 

five drugs at 0.5 M, and a vehicle control, in six individuals, at two timepoints to capture early (3 

hours) and late (24 hours) effects on gene expression. We processed the 72 high quality RNA 

samples in treatment and time-balanced batches (S5 Fig). Sample processing and sequencing 

metrics are described in S2 Table. Following sequencing, we aligned reads to the genome (S5 

Fig), counted the number of reads mapping to genes and removed genes with low read counts 

(See Methods), leaving a final set of 14,084 expressed genes. Correlation of read counts followed 

by hierarchical clustering across samples identifies two distinct clusters, which primarily separates 

the 24-hour AC treatments from the other samples (S6 Fig). Principal component analysis reveals 

that PC1 accounts for 29.06% of the variation in the data, and associates with treatment time and 

type, while PC2, accounting for 15.67% of the variation, associates with the individual from which 

the samples came (Fig 3A and S7 Fig). Given that DNR, DOX, EPI and MTX inhibit TOP2 proteins 

we first investigated the expression of TOP2A and TOP2B in response to drug treatment. TOP2B 

expression is higher than TOP2A expression in the absence of treatment (median log2 cpm = 7.85 

versus 6.39; Fig 3B) in line with relative expression levels in left ventricle heart tissue (median 
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log10TPM = ~0.1 TOP2A and ~1.4 for TOP2B)(36). Treatment with AC drugs decreases the 

mRNA expression of both isoforms, while MTX treatment decreases TOP2A, but not TOP2B 

expression. TRZ had no effect on the expression of either isoform. Together, these results 

indicate that treatment with TOP2 inhibitors affects global gene expression in cardiomyocytes. 

 

AC treatments converge on a shared gene expression response over time 

 

We next sought to identify gene expression responses to each drug treatment compared to 

vehicle at each timepoint using pairwise differential expression analysis. Following treatment for 

three hours we find tens to hundreds of differentially expressed (DE) genes at 5% FDR for the 

TOP2i drugs and no response to TRZ (DOX vs VEH = 19; EPI vs VEH = 210; DNR vs VEH = 

532; MTX vs VEH = 75; TRZ vs VEH = 0; S8 Fig and S3-7 Tables). The number of genes 

differentially expressed in response to TOP2i increases to thousands at the 24-hour timepoint, 

while there are still no gene expression changes in response to TRZ treatment (DOX vs VEH = 

6,645; EPI vs VEH = 6,328; DNR vs VEH = 7,017; MTX vs VEH = 1,115; TRZ vs VEH = 0).  

 

Analyzing the overall magnitude of the effect of response to treatment, regardless of a p-value 

threshold, similarly reveals greatest responses amongst AC-treated cells at 24 hours (S9 Fig). 

When comparing the magnitude of the effect across all drug treatments and time, we observe 

three predominant treatment clusters corresponding to the two treatment times of the TOP2i, and 

a TRZ treatment cluster including both timepoints (Fig 4A). We find a generally low correlation in 

the individual drug responses over time (DOX 3 vs 24 hour r2 = 0.27; EPI r2 = 0.35; DNR r2 = 0.28; 

MTX r2 = 0.23). Within the 3-hour treatment cluster, the response to DOX is moderately correlated 

with EPI (r2 = 0.68), DNR (r2 = 0.61) and MTX (r2 = 0.54). EPI and DNR responses are most 

similar to each other (r2 = 0.86) amongst 3-hour responses. The similarity between drug 
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responses increases at the 24-hour timepoint where the DOX response is highly correlated with 

EPI (r2 = 0.97) and DNR (r2 = 0.98), and moderately so with MTX (r2 = 0.70).  

 

We next compared drug responses within a timepoint by overlapping the sets of DE genes for 

each drug. After three hours of treatment, we find that out of 566 genes that respond to at least 

one TOP2i, 1% of genes respond to all four drugs and 2% respond to all three ACs (Fig 4B). After 

24 hours of treatment, of the 8,188 genes that respond in at least one treatment, 11% are shared 

across TOP2i and 54% are shared across ACs suggesting a convergence in the response over 

time (Fig 4C).  

 

There are 356 drug-specific response genes at 3 hours (DOX = 0; EPI = 18; DNR = 322; MTX = 

16) and 1,536 at 24 hours (DOX = 355; EPI = 444; DNR = 615; MTX = 122) at 24 hours. However, 

this approach for identifying drug-specific responses with a significance threshold in each drug 

treatment is affected by incomplete power to detect responses in a single drug treatment. Indeed, 

when we investigate the drug-specific response genes we find evidence of signal in the other drug 

treatments, particularly in the ACs, suggesting an underestimate of the degree of sharing in 

response to drug treatments (S10A Fig). To identify a high confidence set of drug-specific 

response genes we selected genes based on the distribution of all p-values for each drug. This 

resulted in selection of a two-step threshold based on an adjusted p-value threshold of less than 

0.01 for the drug of interest, and greater than 0.05 in all other drugs (S10B Fig). This analysis 

identified 104 drug-specific response genes at 3 hours (DOX = 0; EPI = 0; DNR = 100; MTX = 4; 

29% of all response genes) and 305 drug-specific response genes at 24 hours (DOX = 68; EPI = 

84; DNR = 112; MTX = 41; 4% of all response genes; S8 Table). Drug-specific response genes 

at 3 hours include the MAFK transcription factor for DNR, and the transcriptional regulator 

ZNF547 for MTX, while 24-hour drug-specific response genes include the lncRNA gene ZNF793-
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AS1 for DOX, the SLC16A9 plasma membrane protein for EPI, the epigenetic regulator gene 

SMYD4 for DNR, and the rRNA processing gene WDR55 for MTX (S10C Fig).  

 

To determine the gene pathways responding to drug treatments, we performed KEGG pathway 

enrichment analysis on the set of genes DE in response to DOX, EPI, DNR and MTX at both 

timepoints and found cell cycle, p53 signaling, DNA replication, and base excision repair 

pathways to be amongst the most enriched pathways across drugs (adjusted P < 0.001 relative 

to all expressed genes; Fig 4D). p53 signaling and base excision repair pathways are similarly 

enriched amongst all drugs, while cell cycle and DNA replication genes are most enriched 

amongst MTX and TOP2i-shared response genes at 24 hours. This set of genes includes 

CDKN1A, a p53 response gene and cell cycle regulator. The only pathways enriched at three 

hours are p53 signaling for MTX and Herpes simplex infection (which consists of many genes 

related to p53 signaling and apoptosis (37)) for EPI, DNR and MTX.  

 

To determine if the stringently-identified drug-specific response pathways are enriched for 

biological processes, we performed gene ontology analysis rather than KEGG pathway analysis, 

given the relatively low number of genes in this set. At three hours we find transcription-related 

terms to be most enriched amongst DNR- and MTX-specific response genes as well as 

metabolism-related terms for DNR specifically (the only two drugs that initiate a drug-specific 

response at this timepoint), while at 24 hours we find enrichment for terms related to cation and 

calcium channel activity amongst the 68 DOX-specific response genes, and terms related to DNA 

replication for the 41 MTX-specific response genes (adjusted P < 0.001 relative to all expressed 

genes; S11 Fig). The enrichment of DNA replication genes amongst MTX-specific response 

genes may be due to MTX having a greater effect on TOP2A expression than TOP2B expression 

(Fig 3B)(38).  
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We next investigated how the response of individual genes to each drug changes over time. We 

find that at least a fifth of genes that respond at three hours, also respond at 24 hours (% of DE 

genes that overlap: DOX = 42%; EPI = 58%; DNR = 59%; MTX = 21%; S12 Fig). Most timepoint-

specific response genes are unique to the 24-hour timepoint across drugs (>90% of genes). 

Pairwise comparisons of multiple drugs and treatment times makes it challenging to determine 

overall trends in the data, therefore we next sought to jointly model the data to identify gene 

expression response signatures. 

 

TOP2i induce a shared time-dependent gene expression response in cardiomyocytes 

 

We determined that four gene clusters explain the major expression patterns across timepoints 

and treatments using BIC and AIC analysis (S13A Fig). TRZ treatment did not contribute to any 

of the gene expression response patterns and had a probability of differential expression of less 

than 0.1 at both timepoints. We assigned genes to each of the four clusters based on them having 

a probability > 0.5 of belonging to that cluster (Fig 5A & S12B Fig). Using this approach, we were 

able to uniquely classify 99.6% of expressed genes into one of the four clusters (S9 Table). We 

categorized the 7,409 genes, which do not respond to any drug at either timepoint as non-

response genes (NR), the 487 genes that respond to the TOP2i drugs only after three hours of 

treatment as early-acute TOP2i response genes (EAR), the 5,596 genes that respond to the 

TOP2i drugs only after 24 hours of treatment as late TOP2i response genes (LR), and the 589 

genes that respond to the TOP2i drugs at three and 24 hours as early-sustained TOP2i response 

genes (ESR; S10 Table). There are no clusters driven by AC drugs specifically. In line with the 

pairwise differential expression analysis, most genes that respond to drug treatment, respond 

specifically at the late timepoint (83%; Fig 5B). Early-sustained response genes show a 

heightened response in ACs at 24 hours (Fig 5C). Late response and early-sustained response 

clusters show a lower probability of differential expression in the MTX-treated samples at 24 hours 
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(p= 0.3) compared to the AC drugs (p = 1), suggesting a divergence between AC and non-AC 

treatments over time (Fig 5C).  

 

Using gene ontology enrichment analysis, we find that early-acute response genes and early-

sustained response genes are enriched in biological processes related to transcription and the 

regulation of transcription compared to all expressed genes, while late response genes are 

enriched in terms related to mitosis and the cell cycle indicating time-dependent effects of drug 

treatment on cellular processes (adjusted P < 0.001; S12C Fig). The non-response cluster is 

enriched in terms related to oxidative phosphorylation and metabolism. 

 

Chromatin regulators mediate AC sensitivity 

 

ACs inhibit TOP2 proteins and induce damage to both DNA and chromatin. Modified ACs, such 

as aclarubicin, that induce only DNA damage, are effective anti-cancer agents that show limited 

cardiotoxicity in mice (23), suggesting that it is the damage to chromatin that affects the heart. In 

large cohorts of breast cancer patients, and in breast cancer cell lines, chromatin regulator 

expression predicts response to AC treatment (22). The authors of this study identified 54 

chromatin regulators amongst a curated set of 404 chromatin regulators whose expression level 

associated with survival in breast cancer patients treated with ACs. We therefore investigated 

whether these regulators respond to TOP2i in cardiomyocytes by testing for overlap with our 

TOP2i gene expression response clusters. All three TOP2i response gene clusters are enriched 

in the full set of chromatin regulators compared to genes that do not respond to any treatment 

(Chi-square P < 0.05; Fig 6A). Genes that respond early in an acute or sustained manner are also 

enriched for AC-sensitive chromatin regulators (P < 0.05) compared to genes that do not respond 

to any treatment. This suggests that chromatin regulators involved in AC sensitivity in breast 

cancer patients are also involved in mediating the response in cardiomyocytes. AC-responsive 
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chromatin regulators KDM4B and KAT6B, which show high expression in the presence of ACs to 

be indicative of better survival in breast cancer patients, mediate the response in breast cancer 

cells by modulating TOP2 accessibility to chromatin (22). In our cells, KDM4B has increased 

expression in response to all ACs but not MTX at 24 hours, and is categorized as a late response 

gene, and KAT6B has decreased expression in response to all TOP2i at three hours and is 

characterized as an early response gene (Fig 6B). This suggests that these genes may mediate 

the response to ACs in cardiomyocytes as well as in breast cancer cells. Interestingly, the early-

acute gene expression signature is enriched in terms for histone modification, histone lysine 

methylation, histone H3K36 methylation, histone H3K36 dimethylation, regulation of chromatin 

organization, and heterochromatin organization from GO analysis (adjusted P < 0.05). These 

terms are not enriched amongst the early-sustained and late response genes. 

 

AC treatment induces transcriptional variation over time 

 

We next investigated the variation in gene expression levels of all 14,084 expressed genes across 

individuals in response to different drug treatments at each timepoint. Mean expression levels are 

largely stable across treatment groups (Fig 7A). There is a significant reduction in the variation of 

gene expression levels across individuals in response to all TOP2i drugs compared to VEH at 

three hours, while TRZ-treated cells show no change in variation (P < 0.05; Fig 7B). After 24 hours 

of treatment, the AC drugs show increased variation in gene expression levels, while MTX and 

TRZ show reduced variation (P < 0.005; Fig 7B). Given that all samples were collected and 

processed in treatment-balanced batches, this suggests that there is a robust response to drug 

treatments shortly after exposure, but that expression diverges across individuals over time. EPI 

shows the greatest increase in variance followed by DOX and DNR. We next asked how the 

variation across individuals changes between each drug and vehicle treatment for each gene by 

calculating the F statistic. We tested for correlation between the F statistic across drugs and time 
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and observed two distinct sample clusters based on time (Fig 7C). At three hours the variability 

is highly correlated across all drugs (r2 > 0.47), while at 24 hours the samples cluster based on 

whether the drugs are ACs or not. EPI-induced variance is distinct from DNR and DOX but is still 

highly correlated (r2 > 0.52 for both) compared to MTX (r2 = 0.39) and TRZ (r2= 0.28). At a 10% 

FDR we find 508 genes with a significant change in variation across individuals in response to 

EPI treatment compared to VEH (S14 Fig, S11-12 Tables). While no other drug treatment yielded 

genes that passed multiple testing correction, there is an enrichment for low p-values for all genes 

in the AC-treated samples collected at 24 hours that was not observed in the MTX- and TRZ-

treated samples (S14 Fig). Approximately a third of the 508 EPI variable genes are classified as 

variable across all ACs at a nominal p-value threshold (DOX: 274, DNR: 185, MTX: 62, TRZ: 51). 

This indicates that we are underpowered to identify all differentially variable genes within a 

treatment given the low number of individuals. Genes that are variable in response to EPI 

treatment, and nominally significant in DNR and DOX, include RARG, which is in an AC-induced 

cardiotoxicity-associated locus. These results imply that treatment induces variability in 

expression across individuals in a subset of genes. 

 

DOX response eQTLs are enriched amongst AC response genes 

 

We were next interested in understanding how the drug response genes relate to genes whose 

expression is known to vary across individuals i.e., eQTLs or eGenes. We collated the set of 

eGenes in left ventricle heart tissue (adjusted P < 0.05) identified by the GTEx consortium (36) 

and selected those that are expressed in our iPSC-CMs (n = 6,261). We first asked whether genes 

that respond to different drug treatments are likely to vary in their expression level across 

individuals in the absence of treatment. We find that following 24 hours of drug treatment DOX 

and DNR response genes are no more likely to be an eGene in heart tissue than not, and EPI 

and MTX response genes are in fact depleted amongst heart eGenes (Fig 8A). This supports 
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previous studies that suggest that in order to identify genetic effects on gene expression in 

disease contexts, one must study the relevant context (39). To do so, we took advantage of a 

study that investigated the association between genetic variants and the response to DOX in 

iPSC-CMs treated with a range of DOX concentrations (0.625 - 5 M) after 24 hours of treatment 

(15). The authors identified 417 baseline eGenes in these cells, as well as 273 response eGenes 

i.e. eQTLs where the variant associates with the gene expression response to DOX. 

Reassuringly, we find that genes that respond to 0.5 M DOX at 24 hours in our study are enriched 

in response eGenes compared to baseline eGenes (142 of the 273 response eGenes; Chi-square 

test; P < 0.05; Fig 8B). We also find that EPI, DNR and MTX response genes are enriched in 

response eGenes compared to baseline eGenes (P < 0.05). Of the 142 DOX response eGenes, 

93% respond to DNR, 83% to EPI and 18% to MTX (14% of all DOX response genes respond to 

MTX), corresponding to 96% of DOX response eGenes responding to at least one TOP2i (Fig 

8C). This indicates that most DOX response eGenes respond to the other AC drugs and have the 

potential to be DNR and EPI response eGenes. Only one DOX response eGene is categorized 

as one of the 68 high-stringency set of DOX-specific response genes. JPH3, involved in 

intracellular ion signaling, shows a significant response to DOX but not to any other drug (Fig 8D).  

 

Genes in AC toxicity-associated loci respond to ACs 

 

A handful of genetic variants have been associated with CVD induced by ACs specifically. 

Variants near three genes (RARG, SLC28A3 and UTG1A6) have the most convincing evidence 

for association with cardiotoxicity and the Canadian Pharmacogenomics Network for Drug Safety 

recommends testing these variants in children who have been prescribed DOX or DNR for cancer 

treatment (40). We were interested in determining whether genes in these loci respond to our 

different TOP2i. We therefore linked these three SNPs (rs2229774, rs7853758, rs17863783) to 
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their potential target genes by i) selecting the closest gene and ii) interrogating the GTEx eQTL 

database to identify genes whose expression is associated with these variants in at least one 

tissue (36). This expanded the potential gene target list to include UTG1A10, ITGB7, TNS2, 

ZNF740, RMI1 and RP11-522120.3. Interestingly, the SNP closest to the RARG gene is not an 

eQTL for RARG. We also considered four genes from an AC TWAS study that identified GDF5, 

FRS2, HDDC2 and EEF1B2 as target genes (41). The TWAS genes were determined by 

integrating cardiotoxicity-associated variants identified in pediatric cancer patients (7), with eQTLs 

identified in at least one tissue assayed by the GTEx consortium (36). We removed genes that 

are not expressed in our iPSC-CMs leaving a final set of eight GWAS-associated genes of RARG, 

TNS2, ZNF740, SLC28A3, RMI1, FRS2, HDDC2 and EEF1B2 to investigate for drug response. 

We find half of these genes to be responsive to all AC treatments but not non-AC treatments 

including TNS2, ZNF740, FRS2, and HDDC2 (Fig 9A). RARG is significantly upregulated in 

response to EPI and DNR (DOX shows a positive fold change but no significant change), and 

SLC28A3 is significantly downregulated after 24 hours treatment with DOX and EPI (DNR shows 

a negative fold change but not a significant change) (Fig 9A). RMI1 is the only gene that responds 

to MTX, although the direction of effect following MTX treatment is the same as that for ACs for 

all other genes. These results suggest that many genes in AC cardiotoxicity-associated loci 

respond to DOX, DNR, and EPI in iPSC-CMs and may mediate the cardiotoxicity effects in patient 

cardiomyocytes. 

 

To determine the effects of the breast cancer drugs on cellular toxicity, we measured activity of 

secreted lactate dehydrogenase and the release of cardiac Troponin I in each individual after 24 

hours of treatment at 0.5 µM. We find a significant increase in both lactate dehydrogenase activity 

(Fig 9B) and Troponin I release (Fig 9C) in the DOX-treated samples only. We note that there is 

variation in the level of release of these factors across individuals.  
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We were next interested in determining the relationship between the expression level of genes in 

AC-cardiotoxicity GWAS loci in response to drug treatment and the level of stress induced across 

individuals. To do so, we averaged the values of Troponin I release and lactate dehydrogenase 

to generate a cardiotoxicity score. We first focused on the three genes associated with rs2229774: 

RARG, TNS2 and ZNF740. For RARG, we find a negative correlation between expression levels 

and the level of cardiotoxicity for the AC treatments and TRZ where higher expression correlates 

with lower toxicity (rho < -0.45; compared to rho = 0.31 for MTX and rho = -0.07 for VEH; Fig 9D 

and S15 Fig) suggesting that this SNP may be relevant to DOX, DNR and EPI treatment. 

Intriguingly, this is one of the EPI variable genes that is nominally significant in DOX and DNR but 

not MTX or TRZ. This is in line with studies that indicate that RARG loss of function contributes 

to AC cardiotoxicity (42). A negative correlation is also observed between the level of 

cardiotoxicity and the expression of the TNS2 gene for DOX, TRZ, and VEH (rho < -0.66) 

suggesting the expression effects on cardiotoxicity are independent of the treatment for this gene. 

There is a negative correlation between the level of cardiotoxicity and the expression of the 

ZNF740 gene for DOX and DNR (rho < -0.66), and a positive correlation for EPI treatment (rho = 

0.48) suggesting a role for this gene in specific AC-induced cardiotoxicity. We next focused on 

the two genes associated with rs7853758: SLC28A3 and RMI. There is a negative correlation 

between expression levels of SLC28A3 and cardiotoxicity following DOX and DNR treatment (rho 

< -0.74) that is absent in the VEH (rho = -0.073) implicating a role for this gene in cardiotoxicity, 

whereas RMI expression is anti-correlated with toxicity for all treatments including vehicle (rho < 

-0.45) suggesting that expression effects on toxicity are not mediated by response to treatment. 

These results are in contrast to a study that showed that SLC28A3 overexpression increases 

DOX-cardiotoxicity and SLC28A3 knockout decreases DOX-cardiotoxicity (43). The TWAS-

associated genes show correlation between expression and cardiotoxicity in treated and 

untreated cells suggesting that the effects are not mediated by the treatment (S15 Fig) potentially 

suggesting that the baseline eQTLs used in this analysis approach may not capture treatment 
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effects. These results suggest that the expression of genes in AC-toxicity loci may mediate effects 

on toxicity. 

 

Discussion 

 

While it is evident from clinical practice that DOX can induce off-target effects on the heart, we 

still have a poor ability to predict cardiotoxicity risk in breast cancer patients treated with DOX 

(44). Similarly, it is unclear whether treatment with related AC drugs will lower the risk of 

cardiotoxicity or not. This uncertainty could be due to a variety of reasons including a non-standard 

definition of cardiotoxicity, inter-individual differences in susceptibility to a drug or class of drugs, 

and the fact that many variables can contribute to the phenotype. In order to understand how 

different breast cancer drugs affect the heart in different women, we used an in vitro iPSC-CM 

model from six healthy female individuals to control the environmental variables and measure 

defined endpoints including global gene expression, calcium handling, cellular stress marker 

release, and cell viability in response to five drugs. Using this system, we identified many effects 

on cardiomyocytes that are consistent following treatment with related drugs including ACs and 

TOP2i. 

 

TOP2i treatments in cardiomyocytes can inform on cardiotoxicity 

 

iPSC-CMs have been extensively characterized as a model for studying cardiotoxicity associated 

with DOX (14), which has paved the way for application to other drugs such as tyrosine kinase 

inhibitors (45), and allowed for the development of  high throughput systems to predict 

cardiotoxicity of novel compounds using a training set of drugs with known effects (46). In our 

study, all TOP2i used in breast cancer treatment that we tested (DOX, EPI, DNR and MTX) 
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affected cardiomyocyte viability across individuals at micromolar concentrations. These 

concentrations are in range of a previous in vitro study on AC treatments in a single individual 

(47), and with what has been observed clinically in cancer patients treated with these drugs (S1 

Table). Interestingly, we observed DNR to be relatively less toxic and MTX to be more toxic in 

breast cancer cell lines than iPSC-CMs indicating differences in toxicities associated with 

cancerous and non-cancerous cells. Using sub-lethal doses of the drugs, we observed effects of 

TOP2i on multiple features related to calcium handling, which can be inferred to affect 

cardiomyocyte contraction. This suggests that these drugs affect basic cardiomyocyte function 

prior to leading to cell death. 

 

TOP2i treatments at sub-lethal concentrations induce a shared gene expression signature 

 

We selected a sub-lethal dose of 0.5 M for each drug to further characterize their effects on 

cardiomyocytes over the course of 24 hours. We did so in order to capture primary drug responses 

and not secondary effects as the cells succumb to stress. Indeed, it has been shown that treating 

iPSC-CMs with ACs at these doses for 48 hours induces the expression of death receptors (35), 

and the initiation of necroptosis pathways (47). 

 

We found TOP2i to induce hundreds of gene expression changes following three hours of 

treatment, and thousands following 24 hours of treatment. After 24 hours, gene expression 

changes are enriched in pathways related to p53 signaling, the cell cycle, DNA replication and 

base excision repair. These gene expression changes are shared across TOP2i and can be 

characterized as TOP2i early-acute response genes, early-sustained and late response genes. 

Clinical guidelines have suggested that EPI may be better tolerated than DOX and DNR given 

the higher maximum recommended cumulative dose (DOX: 400-450 mg/m2, EPI: 900 mg/m2, 

DNR: 400-550 mg/m2)(47). However, we observed similar effects between EPI and DOX and 
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DNR at this dose. A prior study has indicated that treating iPSC-CMs with a range of DOX 

concentrations from 0.625 – 5 M for 24 hours yields several different gene expression response 

clusters across concentrations, and many of these effects are non-linear (15). It is therefore 

possible that the gene expression changes we observe in response to TOP2i may diverge if 

different concentrations of drug are used.  

 

We found that the majority of gene expression changes are shared amongst ACs with only 

hundreds out of thousands of response genes responding specifically to a single AC. The 

increased early response to DNR at three hours is likely due to the fact that the rate of DNR 

uptake into iPSC-CMs is approximately twice as fast as that of DOX or EPI because of its relative 

lipophilicity (47). We do not see enrichment of DNR-specific pathways in our transcriptomic data 

at three hours – these pathways are the same as all enriched pathways in DNR response genes 

related to transcriptional regulation. The same is true for MTX-specific response genes at three 

and 24 hours. However, interestingly, genes that respond specifically to DOX at 24 hours are 

enriched in pathways related to calcium handling and the ryanodine-sensitive calcium release 

channel, unlike all DOX response genes. It is well established that DOX treatment affects calcium 

handling in cardiomyocytes through a variety of mechanisms (48). DOX can bind directly to the 

ryanodine receptor in its closed state and can increase binding to ryanodine in a calcium-

dependent manner (49). It could therefore be the case that DOX, and not EPI or DNR, is able to 

associate with the ryanodine receptor leading to some drug-specific effects. 

 

We did not find TRZ to have an effect on any of the phenotypes that we measured at the 

concentration we used (0.5 M) in our panel of individuals. TRZ -induced cardiotoxicity is reported 

to occur in a subset of breast cancer patients (31), and to be reversible unlike DOX-induced 

cardiotoxicity (50). Treatment of iPSC-CMs from breast cancer patients with 0.5 M TRZ induces 
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effects on calcium handling and gene expression over a seven-day treatment period without 

affecting viability (51), suggesting that our timepoint may have been too short to identify robust 

effects. A study investigating the transcriptional response to 100 g/ml TRZ after 48 hours of 

treatment similarly did not identify any DE genes following multiple testing correction (517 genes 

show evidence for DE at a nominal p-value threshold of 0.05)(52). It has also been suggested 

that the combination of AC and TRZ treatment, as is prescribed clinically, is more cardiotoxic than 

either treatment alone (53), and reduces resistance to other stress (54). Determining 

transcriptional responses to combination treatments would be a next step to investigate. 

 

In addition to measuring mean gene expression changes in response to treatment, we also 

investigated the variability in response to drugs across individuals. We found a decrease in 

variation following three hours of treatment with all drugs, followed by an increase in variability in 

the AC treatments only following 24 hours of treatment. Variability in gene expression between 

individuals is similarly dynamic in the course of development where cells in a pluripotent state 

have lower levels of inter-individual variation than cells progressing towards a differentiated state 

(55, 56). In plants, highly variable genes are often environmental response genes (57). Testing 

for differences in variability between each treatment and vehicle, we find hundreds of genes with 

a change in variation after 24 hours of EPI treatment. No other treatment yields genes that pass 

a multiple testing correction but there is evidence for an enrichment of low p-values amongst ACs. 

203 of the nominally significant variable genes are common to all AC treatments suggesting non-

random variability in gene expression. The gene expression variability data is mirrored by the cell 

viability analysis where inter-individual variability in LD50 values from MTX-treated samples is 

lower than AC-treated samples. 
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Inter-individual susceptibility to cardiotoxicity 

 

We began to gain insight into inter-individual susceptibility to cardiotoxicity by integrating our 

response genes from the five drug treatments with data connecting genes to 1) AC sensitivity in 

patients, 2) genes whose expression under genetic control is altered specifically following DOX 

treatment, and 3) genetic variants associated with cardiotoxicity. Chromatin regulators mediate 

sensitivity to DOX when used in the treatment of breast cancer (22). We find that the 54 AC-

sensitive chromatin regulators are enriched amongst the early TOP2i response genes suggesting 

that chromatin regulators may be important in inter-individual differences in susceptibility to 

cardiotoxicity across drugs. Intriguingly, the 1,089 genes that are variable in response to DOX at 

a nominal p-value are enriched for pathways related to histone H3 deacetylation compared to 

genes that are not classified as variable. This suggests that larger studies, which include more 

individuals are warranted. 

 

To specifically investigate genes whose expression has been linked to genetic variants in the 

context of DOX exposure, we retrieved the set of response eGenes from a study of iPSC-CMs by 

Knowles et al. (15). We found that 96% of response eGenes respond to at least one TOP2i in our 

study, suggesting that they have the potential to be eGenes in response to the other drugs, and 

that the overall response to ACs may be similar for each individual. 

 

Several GWAS have been performed in an attempt to identify genetic variants associated with 

AC-induced toxicity. These studies have often not identified genetic variants that meet the 

accepted threshold for genome-wide significance, and that are reproducible, possibly due to small 

sample sizes and heterogeneity in the definition of the cardiotoxicity phenotype. A study of ~3,000 

breast cancer patients identified nine independent loci associated (P < 5x10-5) with AC-induced 

congestive heart failure (8). The top SNP, which replicated in two cohorts, is in a GR binding site 
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implying gene regulatory effects. It is located within 20 kb of the GOLG6A2 and MKRN3 genes 

that are not expressed in our data. An earlier study of 280 patients treated for childhood cancer 

identified a single SNP (P < 5.9x10-8) in the RARG gene associated with cardiotoxicity in the 

original cohort and two replication cohorts (7). The RARG gene product has been suggested to 

influence cardiotoxicity by binding to the TOP2B promoter and repressing its activity. The risk 

SNP is associated with decreased binding, and higher expression of TOP2B consistent with 

increased susceptibility to AC toxicity. To further validate the association, three individuals with 

risk and non-risk alleles were re-recruited from the original GWAS study in order to generate 

iPSCs. The effects of the SNP were recapitulated in an iPSC-CM model of DOX toxicity in these 

individuals (43). Independent genetic manipulation of this susceptibility variant decreases DOX-

induced toxicity in iPSC-CMs (58), and does so through the DNA damage response (59). This 

SNP and gene have therefore been the best characterized cardiotoxicity-associated locus. The 

SNP is present in ~15% of the population (60), and may therefore contribute to cardiotoxicity risk 

in many individuals. Additional GWAS studies using pediatric cases have also replicated the 

association between cardiotoxicity and SNPs in the SLC28A3 gene (P = 1.9x10-5) and the 

UGT1A6 gene (9, 10). These initial studies, that show evidence for replication, led to the 

recommendation that these three SNPs be tested in childhood cancer patients being treated with 

ACs (40). These recommendations state that it is unclear whether changing the type of AC will 

yield lower cardiotoxic effects.  

 

Our study design allowed us to test whether different AC drugs have different cardiotoxic effects. 

We therefore investigated genes in these three loci (RARG, SLC28A3 and UGT1A6), together 

with four genes prioritized by TWAS from the pediatric cancer AC toxicity GWAS study (GDF5, 

FRS2, EEF1B2, HDDC2)(41), for response to cancer drugs in our dataset, excluding any genes 

not expressed in our dataset (GDF5 and UGT1A6). We found FRS2 and HDDC2 to be DE in 

response to all ACs and SLC28A3, and RARG to be DE in response to at least two. These genes 
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were not DE in response to MTX or TRZ suggesting sharing of cardiotoxicity mechanisms across 

ACs specifically.  

 

Given that genetic variants can affect gene expression at a distance, we also investigated all 

genes that are an eQTL for these three SNPs in any GTEx tissue. Indeed, we found that ZNF740 

and TNS2 in the RARG locus respond to all three ACs, and the RMI1 gene in the SLC28A3 locus 

responds to DOX, DNR, and MTX, suggesting that they too may contribute to the cardiotoxicity 

observed. TNS2 is a focal adhesion molecule that binds to actin filaments. ZNF740 is a 

transcriptional regulator whose DNA binding motifs are associated with enhancer usage in heart 

failure suggesting that this gene may indeed play a role in cardiotoxicity (61). RMI1 is implicated 

in double-stranded break repair and heterodimerizes with TOP3A that has topoisomerase activity 

in both mitochondria and the nucleus, again suggesting a mechanism behind the association (62).  

 

To connect the expression of these genes with cardiotoxicity in our system, we measured the 

release of LDH and Troponin I. We identified a significant increase in Troponin I and LDH release 

only in DOX-treated cells, and observed considerable inter-individual variability. These results are 

in line with clinical data indicating that 30% of individuals treated with a high dose of DOX have 

increased Troponin I (63). High Troponin I levels post chemotherapy offer prognostic value for 

cardiac events in subsequent years (64), and may therefore support the clinical observation that 

DNR and EPI associate with slightly fewer cardiac events than DOX (29). However, this clinical 

study implies that MTX is ten times more toxic than DOX, which we do not observe in our data. 

We find a significant correlation between cardiotoxicity and the expression of three of the 

cardiotoxicity-associated response genes across our six individuals (DOX: TNS2-cardiotoxicity; 

DNR: SLC28A3-cardiotoxicity and MTX: RMI1-cardiotoxicity) with the same direction of effect 

often observed in response to the other drugs. 
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Potential limitations of our model 

 

In this study we modelled cardiotoxicity by focusing on cardiomyocytes, the cell type ultimately 

affected by heart failure; however the heart is a complex organ consisting of multiple different cell 

types including endothelial cells, fibroblasts and pericytes (65) that likely interact during the course 

of drug treatment. Cell type interactions are therefore not captured in our system. 

 

We generate iPSC-CMs through directed differentiation of iPSCs as it allows us to obtain 

cardiomyocytes from multiple individuals, and use these cardiomyocytes in carefully controlled 

experiments where we can treat the same batch of cells with all cancer drugs. While these derived 

cells resemble ventricular cardiomyocytes, their phenotype is less mature than adult human 

cardiomyocytes. We try to mitigate this known limitation of iPSC-derived cell types by culturing 

our cells in a glucose-free, galactose-containing media that shifts the iPSC-CMs away from 

glycolysis as the primary metabolic pathway (66). However, it is possible that our in vitro system 

may not fully recapitulate the in vivo situation. 

 

For the bulk of our study, we selected a concentration of each drug that falls within the range of 

concentrations observed in patients being treated for cancer; however, the concentration of drug 

that the heart would be exposed to in vivo is hard to determine. Similarly, our single cell type in 

vitro approach cannot take into account the processing of these drugs that may occur in other 

organs in vivo, or other pharmacokinetic and pharmacodynamic features of the drugs that might 

differ between in vivo and in vitro environments. 

 

In summary, there have been no studies systematically characterizing the effects of multiple 

breast cancer drugs on cardiomyocytes in multiple individuals over time. Here, we profiled the 

response to DOX, EPI, DNR, MTX and TRZ following three and 24 hours of exposure and 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 29 

identified a shared gene expression response signature across TOP2i that included genes in 

known cardiotoxicity loci. 

 

Materials and Methods 

 

Ethics Statement 

 

iPSC lines from the iPSCORE resource were provided by Dr. Kelly Frazer at the University of 

California San Diego as part of the National Heart, Lung and Blood Institute Next Generation 

Consortium (67). The cell lines were generated with approval from the Institutional Review Boards 

of the UCSD and The Salk Institute (Project no. 110776ZF) and informed consent of participants. 

Cell lines are available through the biorepository at WiCell Research Institute (Madison, WI, USA). 

 

Induced pluripotent stem cell lines 

 

We used iPSC lines from six unrelated, healthy female donors of Asian ancestry between the 

ages of 21 and 32 years with no previous history of cardiac disease from the iPSCORE resource 

(67). The individuals are: Individual 1: UCSD129i-75-1, Individual 2: UCSD143i-87-1, Individual 

3: UCSD131i-77-1, Individual 4: UCSD133i-79-1, Individual 5: UCSD132i-78-1, and Individual 6: 

UCSD116i-71-1. 

 

iPSC culture 

 

Cells were cultured at 37°C, 5% CO2 and atmospheric O2. iPSCs were maintained in feeder-free 

conditions in mTESR1 (85850, Stem Cell Technology, Vancouver, BC, Canada) with 1% 

Penicillin/Streptomycin (30-002-Cl, Corning, Bedford, MA. USA) on 1:100 dilution of Matrigel 
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hESC-qualified Matrix (354277, Corning). Cells were passaged using dissociation reagent (0.5 

mM EDTA, 300 mm NaCl in PBS) every 3-5 days when the culture was ~ 70% confluent.  

 

Cardiomyocyte differentiation from iPSCs 

 

Cardiomyocyte differentiation was performed as previously described (39).  Briefly, on Day 0, 

when a 10 cm plate of iPSCs reached 80–95% confluence, media was changed to Cardiomyocyte 

Differentiation Media (CDM) [500 mL RPMI 1640 (15-040-CM Corning), 10 mL B-27 minus insulin 

(A1895601, ThermoFisher Scientific, Waltham, MA) USA), 5 mL GlutaMAX (35050-061, 

ThermoFisher Scientific), and 5 mL of Penicillin/Streptomycin (100X) (30-002-Cl, Corning)] 

containing 1:100 dilution of Matrigel and 12 µM CHIR99021 trihydrochloride (4953, Tocris 

Bioscience, Bristol, UK). Twenty-four hours later (Day 1), the media was replaced with fresh CDM 

without CHIR99021. On Day 3, after 48 hours, spent media was replaced with fresh CDM 

containing 2 µM Wnt-C59 (5148, Tocris Bioscience). CDM was used to replace media on Days 5, 

7, 10, and 12.  Cardiomyocytes were purified through metabolic selection using glucose-free, 

lactate-containing media called Purification Media [500 mL RPMI without glucose (11879, 

ThermoFisher Scientific), 106.5 mg L-Ascorbic acid 2-phosphate sesquimagenesium (sc228390, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA), 3.33 ml 75 mg/ ml Human Recombinant 

Albumin (A0237, Sigma-Aldrich, St Louis, MO, USA), 2.5 mL 1 M lactate in 1 M HEPES (L(+)Lactic 

acid sodium (L7022, Sigma-Aldrich), and 5 ml Penicillin/Streptomycin] on Days 14,16 and 18.  On 

Day 20, purified cardiomyocytes were released from the culture plate using 0.05% trypsin/0.53 

mM EDTA (MT25052CI, Corning) and counted using a Countess 2 machine. A total of 1.5 million 

cardiomyocytes were replated per well of a six-well plate, 400,000 cardiomyocytes per well of a 

12-well plate and 55,000 cardiomyocytes per well of a 96-well plate in Cardiomyocyte 

Maintenance Media (500 mL DMEM without glucose (A14430-01, ThermoFisher Scientific), 50 

mL FBS (MT35015CV, Corning), 990 mg Galactose (G5388, Sigma-Aldrich), 5 mL 100 mM 
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sodium pyruvate (11360-070, ThermoFisher Scientific), 2.5 mL 1 M HEPES (H3375, Sigma-

Aldrich), 5 mL 100X GlutaMAX (35050-061, ThermoFisher Scientific),  and 5 mL 

Penicillin/Streptomycin). iPSC-CMs were matured in culture for a further 7-10 days, with 

Cardiomyocyte Maintenance Media replaced on Days 23, 25, 27, 28, and 30.  

 

Cardiac Troponin T staining for iPSC-CM purity determination  

 

After each iPSC differentiation, cardiomyocyte purity was assessed using flow cytometry. 

Between Days 25-27, iPSC-CMs were detached from the plate using 0.05% trypsin/0.53 mM 

EDTA (MT25052CI, Corning) for 15 minutes. Trypsin was quenched with Cardiomyocyte 

Maintenance Media and cells were strained to remove clumps. One million cells were transferred 

into two test wells per sample and 3 control wells on a deep-well u-bottom plate (96 BRAND™ 

plates lipoGrade™ 96-Well Microplates (13-882-234, BrandTech Scientific, Essex, CT, USA). 

Test wells and the Zombie-only control wells were incubated with Zombie Violet Fixable Dye 

diluted in PBS (Zombie Violet™ Fixable Viability Kit (423113, BioLegend, San Diego, CA, USA) 

for 15 min at 4C in the dark. After incubation, cells were rinsed 1X with PBS and 1X with 

autoMACS running buffer (MACS Separation Buffer (130-091-221, Miltenyi Biotec, San Diego, 

CA, USA). The cardiac Troponin T (TNNT2) antibody (Cardiac Troponin T Mouse, PE, Clone: 13-

11, BD Mouse Monoclonal Antibody (564767, BD Biosciences, San Jose, CA, USA) was diluted 

in Permeabilization Buffer (FOXP3/Transcription Factor Staining Buffer Set, 00–5523, 

ThermoFisher Scientific) and added to both test wells and the TNNT2-only control well. Unstained 

control wells were resuspended in Permeabilization Buffer only. Cells were stained for 45 minutes 

at 4C in the dark, then rinsed 2X in Permeabilization Buffer and resuspended in autoMACS buffer 

to be analyzed using flow cytometry. Ten thousand cells were analyzed per sample on a BD LSR 

Fortessa Cell Analyzer. To determine the percentage of live, TNNT2-positive cells, the following 
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gating steps were taken: 1) The FSC versus SSC density plots were used to exclude cellular 

debris. 2) Cells were gated on FSC-H and FSC-A to exclude aggregate cells. 3) Violet laser-

excitable cells were excluded as 'dead' cells.  4) Unstained iPSC-CMs were used as a negative-

TNNT2 control to determine the TNNT2-positive range. Values reported are the mean of two 

technical replicates for each differentiation of each individual (n = 3). 

 

Drug stocks and usage  

  

The panel of drugs used were Daunorubicin (30450, Sigma-Aldrich), Doxorubicin (D1515, Sigma-

Aldrich), Epirubicin (E9406, Sigma-Aldrich), Mitoxantrone (M6545, Sigma-Aldrich) and 

Trastuzumab (HYP9907, MedChem Express). All drugs were dissolved in molecular biology 

grade water to a concentration of 10 mM per stock. DOX, DNR, EPI, and MTX stocks were stored 

at -80 C and working stocks used at 4 C for up to one week. TRZ was stored at a 1 mM 

concentration at 4 C for up to one month. 

 

Cell viability assay 

 

Day 27 +/- 1 day iPSC-CMs were used for all drug treatments. iPSC-CMs were plated into three 

96 well plates, excluding each plate's outermost rows. Eight concentrations [50 µM, 10 µM, 5 µM, 

1 µM, 0.5 µM, 0.1 µM, 0.05 µM, 0.01 µM] were used for DOX, DNR, EPI, and MTX. The highest 

concentration (50 µM) was excluded for the TRZ treatments. The vehicle control (molecular 

biology-grade water) was used at the same volumes as the corresponding drug concentrations. 

Plate layouts were designed with the Well Plate Maker (wpm) package in R (68) to limit batch 

effects across plates. Each drug concentration was tested in quadruplicate per individual. iPSC-

CMs were exposed to drug treatments for 48 hours. At the 48-hour time point, cell media was 
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removed and stored at -80 C. Cells were washed two times with warm DPBS to remove any 

residual drug and dead cells, and cell viability was assessed using the Presto Blue Cell Viability 

assay (A13262, Invitrogen) according to the manufacturer's instructions. Plate readings were 

obtained using a high throughput plate reader (Biotek Synergy H1) set to an excitation/emission 

of 460/490 nm. Data were processed following the manufacturer's instructions. Briefly, the 

background fluorescence was measured from wells containing no cells on each plate (n = 6). 

These values were averaged and subtracted from all wells of that plate, yielding a relative 

fluorescence unit (RFLU) value for each sample. Each RFLU value of the experiment was then 

normalized to the average RFLU of the vehicle at the same concentration (n = 4). This yielded a 

relative percent cell viability for each sample. The relative percent viability for each sample (n = 

4) was used to generate a dose-response curve with the drc package in R (69). LD50 values, the 

concentration which killed 50% of the cardiomyocytes, for each for drug on the panel was 

extracted from the model. Each individual had two independent dose-response curves performed 

from independent differentiations. The calculated LD50 values for an individual were averaged 

from these two results to produce the reported LD50 values. We were unable to derive meaningful 

LD50 values for TRZ, due to lack of cell death observed at the treatment range used in this assay.  

 

Breast cancer cell line toxicity data 

 

EC50 data for breast cancer cell lines treated with drugs in our treatment panel were obtained from 

the DepMap Portal (https://depmap.org/portal/) using the PRISM Repurposing (32), CTRP CTD2  

(33, 70), and Genomics of Drug Sensitivity in Cancer 2 (GDSC2)(34) databases. We selected 

those cell lines that had reported EC50 values that fell within the ranges that each study tested 

(PRISM: 10 µM to 0.61 pM 8-point dilution series; CTRP: 66 µM to 0.65 µM, 16-point dilution 

series; GDSC2: 1 µM to 0.1 nM, 7-point dilution series). Cell lines are from invasive breast 

carcinomas (BT549, CAL51, HCC1143, HDQP1, MCF7, MDAMB231, MDAMB468, T47D, 
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ZR751) and a breast ductal carcinoma in situ (HCC1806). DOX EC50 values are reported as an 

average of EC50 values from the PRISM and CTRP databases, EPI EC50 values are an average 

from the PRISM and GDSC2 databases, and MTX and DNR EC50 values are from the PRISM 

database. 

 

Human in vivo cancer drug concentration data 

 

Clinically-measured human blood serum measurements were obtained from the literature using 

PubMed and the search terms "human plasma levels," or "pharmacokinetics in humans," and 

each chemotherapeutic drug by name (Doxorubicin, Epirubicin, Daunorubicin, Mitoxantrone, 

Trastuzumab). Each reference was reviewed to determine the number of individuals tested, 

cancer diagnosis, number of treatment cycles, and cumulative dosage for each drug. All studies 

obtained which did not include plasma levels for at least one human, or the term pharmacokinetics 

were excluded. We collected the lowest and highest serum concentration measurements taken 

closest to one hour after infusion, and values were transformed to µM, when needed. If the study 

did not provide the maximum and minimum concentration, the median or mean +/- standard 

deviation, maximum or minimum is reported. The final set of reported studies are included in 

Table S1 (34, 71-94). 

 

Treatments for gene expression and cellular stress measurements 

 

1.5 million iPSC-CMs were plated in 6-well plates. On Days 27-29, iPSC-CMs were treated with 

0.5 µM DNR, DOX, EPI, MTX, TRZ, or vehicle in fresh cardiomyocyte maintenance media. iPSC-

CMs and cell culture media were collected three and 24 hours post-treatment, resulting in 72 

samples from 6 individuals. Cell culture media was centrifuged at 10,000 rpm for 10 min at 4 °C 
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to remove cellular debris and stored at -80 °C. iPSC-CMs were washed twice with ice-cold PBS 

and manually scraped in cold PBS on ice. Cell pellets were flash-frozen and stored at −80 °C. 

 

Troponin I ELISA assay 

 

Release of Troponin I into cell culture supernatant was measured using the Human TNNI3/ 

Troponin I, Cardiac Muscle ELISA Kit (RAB0634, Sigma-Aldrich), and 100 uL of cell culture 

supernatant after 24 hours of treatment with each drug at 0.5 M. Each sample was assayed in 

duplicate in a 96-well plate. Measurements are reported as proportions of released Troponin I 

relative to the individual VEH control and standardized between individuals.  

 

Lactate dehydrogenase activity assay 

  

Lactate dehydrogenase activity (LDH) was measured from 5 μL cell culture media using the 

Lactate Dehydrogenase Activity Assay Kit (MAK066, MilliporeSigma) according to the 

manufacturer's instructions. Each sample was assayed in triplicate. LDH activity was measured 

as the change in absorbance of the sample relative to the change in absorbance of the media 

background control, calculated relative to a standard curve, before and after incubation for 10 min 

at 37 C. This value was normalized to the drug concentration-specific VEH sample value for each 

individual.  

 

Calcium imaging and analysis  

 

Day 20 iPSC-CMs from three individuals (Individuals 2, 3, and 5) were plated on Matrigel-coated 

12-well plates, at a density of 400,000 cells/well. On days 27-30, the cells were subjected to a 24-
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hour treatment with 0.5 µM of each drug. Fluorescence measurements of cytosolic calcium were 

obtained using the Fluo-4 AM probe (F14201, Invitrogen, Waltham, MA, USA), with the protocol 

as specified by the manufacturer. The probe was prepared in DMSO and subsequently applied 

to each well to achieve an 8 µM final concentration. Cells were incubated at 37 °C in the dark for 

25 min, rinsed twice with Hank's Balanced Salt Solution (HBSS; 14025092, ThermoFisher) and 

protected from light. Imaging of Fluo-4 AM-treated iPSC-CMs was performed at 37 °C on an 

Olympus spinning disc confocal microscope, using a 488 nm excitation wavelength at 20% power. 

Fluorescence intensity values were captured at a frame rate of 31.34 frames per second for 

approximately 10 seconds. 

 

Calcium transient recordings were archived as .avi files and processed with CALIMA (95) to obtain 

500-1,000 regions of interest for calcium transient recordings. The resultant CALIMA output was 

further processed using Clampfit (Axon™ pCLAMP™ 10 Electrophysiology Data Acquisition & 

Analysis Software, Molecular Devices), employing Gaussian curve fitting to analyze the calcium 

transients, which enabled the computation of parameters such as amplitude, rising slope, decay 

slope, and full-width-at-half-maximum for each calcium transient within the recording space. This 

process was carried out for each drug treatment in each individual.  

 

Individual peaks from the CALIMA output were subsequently analyzed in R. A representative 

trace from the ensemble of all measured traces per individual was computed to represent the 

amplitude of the calcium signal, termed "Intensity". These average traces were then utilized to 

detect calcium transient peaks following signal noise removal. Peaks were defined as instances 

where Intensity[i] > (Intensity[i + 1] & Intensity[i - 1]) & (Intensity[i] > quantile(Intensity, 0.6)). Beat 

rate was calculated by dividing the total number of detected peaks by the duration of the recording.  
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For PCA clustering analysis, Mean Amplitude, Rising Slope, Decay Slope, Contraction Rate, and 

Full-Width-at-Half-Maximum parameters were averaged across individuals for each drug 

condition. 

 

RNA extraction  

 

RNA was extracted from the flash-frozen cell pellets using the Zymo dual DNA/RNA extraction kit 

(D7001, Zymo, Irvine, CA, USA). Extractions were performed in batches of 12 where all 

treatments and timepoints per individual were extracted in the same batch. RNA concentration 

and quality was measured using the Agilent 2100 Bioanalyzer. RIN scores were greater than 7.5 

for all samples with a median of 9.35, 9.6, 9.3, 9.6, 9.65, and 9.55 across treatments for individuals 

1-6, respectively. 

 

RNA-seq library preparation 

 

RNA-seq libraries were generated using 250 ng of RNA using the NEBNext® Poly(A) mRNA 

Magnetic Isolation Module kit (E7490L, Ipswich, MA, USA), NEBNext Ultra II RNA library prep 

with Sample Purification Beads kit (E7775K) and the NEBNext® Multiplex Oligos for Illumina® 

(96 Unique Dual Index Primer Pairs) kit (E6440S). Libraries were prepared in time and treatment 

balanced batches of 12 for each individual, following the manufacturer's protocol. RNA-seq library 

sizes were determined using the Agilent 2100 Bioanalyzer DNA chip before quantification and 

sequencing on the NextSeq 550 using 75 bp single-end reads. All samples (n = 72) were pooled 

and sequenced together on four lanes for a total of five runs to generate a minimum of 20 million 

reads per sample (median = 31,666,884).  
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RNA-seq analysis 

 

Reads were assessed for quality using the MultiQC package (96) in Linux. Subread (97, 98) was 

used to align the reads to the hg38 reference genome, with the featureCounts function within the 

package used to quantify the read number across annotated genes in R. We transformed the 

counts to log2 counts per million with the edgeR package (99) and excluded genes with a mean 

log2 cpm < 0 across samples, leaving 14,084 expressed genes for downstream analysis.  

 

Differential expression analysis 

We performed pairwise differential expression analysis using the edgeR-voom-limma pipeline 

(100), contrasting each treatment against the vehicle at each timepoint. DE genes are defined as 

those genes for each treatment-vehicle pair that meet an adjusted P value threshold of < 0.05. 

 

We jointly modeled pairs of tests with the Cormotif package in R (101). Cormotif implements a 

Bayesian clustering approach that identifies common expression patterns (or correlation motifs) 

that best fit the given data. We used TMM-normalized log2 cpm values as input and paired each 

drug treatment with the VEH at the corresponding timepoint. Using the BIC and AIC, we found 

that the best fit model to the data was four motifs. A gene was considered to belong to one of the 

four motifs when it had > 0.5 probability of belonging to the motif and < 0.5 probability of being in 

any of the other motifs. This threshold yields assignment of 99.6% of genes to a single motif. 

 

Expression variance analysis 

Gene expression variance was analyzed using the log2 cpm counts in R as has been previously 

described (56). The mean and variance were calculated by treatment (n = 6) and time (n = 2) 

across individuals for each expressed gene. The function var.test was used to assess the 
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variance of each gene of each treatment compared to vehicle at each timepoint. We used the 

qvalue package (102) to correct for multiple testing (FDR < 0.05). 

 

Gene ontology and pathway analysis  

Gene set enrichment analysis was performed on each gene set and a background set of all 

expressed genes using the gProfiler2 tool in R (103, 104). Significance of pathway enrichment 

was determined at an FDR < 0.05. 

 

Comparison with published data 

 

-AC-sensitive chromatin regulators 

A list of 408 curated chromatin regulator genes and 54 AC-sensitive chromatin regulator genes 

were obtained from Seoane et al., supplementary tables 1 and 4, respectively (22). We 

intersected these sets with our response categories to determine the enrichment of chromatin 

regulators within the early-acute, early-sustained, and late response sets with respect to the no-

response set. The chi-square test of proportions was used to test for enrichment. A P < 0.05 was 

considered a significant difference in proportions, and the transformed -log10 P values are reported 

as heatmaps using ComplexHeatmap (105, 106) in R. 

 

-eGenes in heart 

We obtained a list of 9,642 eGenes (q value < 0.05) from human heart:left ventricle from the GTEx 

v8 data (http://www.gtexportal.org). We intersected this list with our expressed genes (14,084) to 

obtain a list of 6,261 expressed eGenes and 7,823 expressed genes that are not eGenes (not 

eGene category). We then tested for enrichment of proportions of DE and not DE between the 

eGene and not eGene sets using the chi-square test of proportions. P < 0.05 was considered a 

significant difference in proportions.  
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-DOX response eGenes 

A list of 521 minimally expressed eQTLs from Knowles et al., supplementary table 4, and 376 

DOX-response eQTLs, supplementary table 5, were used to intersect with our data (15). The two 

eGene sets shared 104 genes, which were excluded from our analysis, leaving 417 genes 

baseline eGenes, and 273 DOX-response eGenes. A chi-square test was used to test for 

enrichment of DE genes found in baseline eGenes and DOX-response eGenes by time and 

treatment. P < 0.05 was considered a significant difference in proportions, and the transformed -

log10 P values are reported as heatmaps.  

 

-Genes in AC-induced cardiotoxicity GWAS loci 

Three SNPs associated with AC-induced cardiotoxicity (rs2229774, rs7853758, and rs17863783) 

are currently recommended for testing in pediatric patients by the Canadian Pharmacogenomics 

Network for Drug safety (7). We used the GTEX eQTL database (https://gtexportal.org) to 

associate these SNPs with potential target genes i.e., eGenes in any tissue. This yielded a list of 

nine genes: RARG, SLC28A3, UTG1A6, UTG1A10, ITGB7, TNS2, ZNF740, RMI1 and RP11-

522120.3. We also selected genes associated with AC-toxicity by TWAS, which included GDF5, 

FRS2, HDDC2, and EEF1B2 (41). We removed genes from both data sets that were not 

expressed in our data to yield a list of eight genes to focus on for treatment response: RARG, 

SLC28A3, TNS2, ZNF740, RMI1, FRS2, HDDC2. We visualized the magnitude of the response 

to each drug by plotting the log2 fold change values from the differential expression analysis. A 

cardiotoxicity score was generated by averaging the relative Troponin I release and LDH release 

at 24 hours following 0.5 M drug treatments. The Spearman correlation was calculated between 

the cardiotoxicity score and the log2 cpm reported for each gene in each sample. 

 

  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 41 

Acknowledgements 

 

We thank all members of the Ward Lab for helpful discussions. We thank Kelly Frazer and the 

University of California San Diego for providing the iPSC lines through the iPSCORE resource. 

We thank the Molecular Genomics Core Facility at the University of Texas Medical Branch for 

sequencing the RNA-seq libraries, the Flow Cytometry and Cell Sorting Core Facility for access 

to flow cytometers, and Michael Sheetz and the Mechanomedicine Microscopy facility for access 

to the spinning disc confocal microscope. This work was funded by a Cancer Prevention Research 

Institute of Texas (CPRIT) Recruitment of First-Time Faculty Award (RR190110) to M.C.W. O.D.J 

was supported by a Jeane B. Kempner Predoctoral Fellowship. 

 

References 

 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394-424. 
2. Surveillance Research Program NCI. SEER*Explorer: An interactive website for 
SEER cancer statistics [Internet]. 2023. 
3. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, Bronnum D, et al. 
Risk of ischemic heart disease in women after radiotherapy for breast cancer. N Engl J 
Med. 2013;368(11):987-98. 
4. Mehta LS, Watson KE, Barac A, Beckie TM, Bittner V, Cruz-Flores S, et al. 
Cardiovascular Disease and Breast Cancer: Where These Entities Intersect: A Scientific 
Statement From the American Heart Association. Circulation. 2018;137(8):e30-e66. 
5. Giordano SH, Lin YL, Kuo YF, Hortobagyi GN, Goodwin JS. Decline in the use of 
anthracyclines for breast cancer. J Clin Oncol. 2012;30(18):2232-9. 
6. Swain SM, Whaley FS, Ewer MS. Congestive heart failure in patients treated with 
doxorubicin: a retrospective analysis of three trials. Cancer. 2003;97(11):2869-79. 
7. Aminkeng F, Bhavsar AP, Visscher H, Rassekh SR, Li Y, Lee JW, et al. A coding 
variant in RARG confers susceptibility to anthracycline-induced cardiotoxicity in childhood 
cancer. Nat Genet. 2015;47(9):1079-84. 
8. Schneider BP, Shen F, Gardner L, Radovich M, Li L, Miller KD, et al. Genome-
Wide Association Study for Anthracycline-Induced Congestive Heart Failure. Clin Cancer 
Res. 2017;23(1):43-51. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 42 

9. Visscher H, Ross CJ, Rassekh SR, Barhdadi A, Dube MP, Al-Saloos H, et al. 
Pharmacogenomic prediction of anthracycline-induced cardiotoxicity in children. J Clin 
Oncol. 2012;30(13):1422-8. 
10. Visscher H, Ross CJ, Rassekh SR, Sandor GS, Caron HN, van Dalen EC, et al. 
Validation of variants in SLC28A3 and UGT1A6 as genetic markers predictive of 
anthracycline-induced cardiotoxicity in children. Pediatr Blood Cancer. 2013;60(8):1375-
81. 
11. Yang H, Bhoo-Pathy N, Brand JS, Hedayati E, Grassmann F, Zeng E, et al. Risk 
of heart disease following treatment for breast cancer - results from a population-based 
cohort study. Elife. 2022;11. 
12. Pinto AR, Ilinykh A, Ivey MJ, Kuwabara JT, D'Antoni ML, Debuque R, et al. 
Revisiting Cardiac Cellular Composition. Circ Res. 2016;118(3):400-9. 
13. Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ, Moens AL. 
Doxorubicin-induced cardiomyopathy: from molecular mechanisms to therapeutic 
strategies. J Mol Cell Cardiol. 2012;52(6):1213-25. 
14. Burridge PW, Li YF, Matsa E, Wu H, Ong SG, Sharma A, et al. Human induced 
pluripotent stem cell-derived cardiomyocytes recapitulate the predilection of breast 
cancer patients to doxorubicin-induced cardiotoxicity. Nat Med. 2016;22(5):547-56. 
15. Knowles DA, Burrows CK, Blischak JD, Patterson KM, Serie DJ, Norton N, et al. 
Determining the genetic basis of anthracycline-cardiotoxicity by molecular response QTL 
mapping in induced cardiomyocytes. Elife. 2018;7. 
16. Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF. Adriamycin-induced DNA 
damage mediated by mammalian DNA topoisomerase II. Science. 1984;226(4673):466-
8. 
17. Lowe SW, Bodis S, McClatchey A, Remington L, Ruley HE, Fisher DE, et al. p53 
status and the efficacy of cancer therapy in vivo. Science. 1994;266(5186):807-10. 
18. Uuskula-Reimand L, Wilson MD. Untangling the roles of TOP2A and TOP2B in 
transcription and cancer. Sci Adv. 2022;8(44):eadd4920. 
19. Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, Liu LF, et al. Identification of the 
molecular basis of doxorubicin-induced cardiotoxicity. Nat Med. 2012;18(11):1639-42. 
20. Maillet A, Tan K, Chai X, Sadananda SN, Mehta A, Ooi J, et al. Modeling 
Doxorubicin-Induced Cardiotoxicity in Human Pluripotent Stem Cell Derived-
Cardiomyocytes. Sci Rep. 2016;6:25333. 
21. Pang B, Qiao X, Janssen L, Velds A, Groothuis T, Kerkhoven R, et al. Drug-
induced histone eviction from open chromatin contributes to the chemotherapeutic effects 
of doxorubicin. Nat Commun. 2013;4:1908. 
22. Seoane JA, Kirkland JG, Caswell-Jin JL, Crabtree GR, Curtis C. Chromatin 
regulators mediate anthracycline sensitivity in breast cancer. Nat Med. 2019;25(11):1721-
7. 
23. Qiao X, van der Zanden SY, Wander DPA, Borras DM, Song JY, Li X, et al. 
Uncoupling DNA damage from chromatin damage to detoxify doxorubicin. Proc Natl Acad 
Sci U S A. 2020;117(26):15182-92. 
24. Florescu M, Magda LS, Enescu OA, Jinga D, Vinereanu D. Early detection of 
epirubicin-induced cardiotoxicity in patients with breast cancer. J Am Soc Echocardiogr. 
2014;27(1):83-92. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 43 

25. Yu H, Qiu Y, Yu H, Wang Z, Xu J, Peng Y, et al. Anthracycline Induced Cardiac 
Disorders in Childhood Acute Lymphoblastic Leukemia: A Single-Centre, Retrospective, 
Observational Study. Front Pharmacol. 2021;12:598708. 
26. Coleman RE, Maisey MN, Knight RK, Rubens RD. Mitoxantrone in advanced 
breast cancer--a phase II study with special attention to cardiotoxicity. Eur J Cancer Clin 
Oncol. 1984;20(6):771-6. 
27. Smith LA, Cornelius VR, Plummer CJ, Levitt G, Verrill M, Canney P, et al. 
Cardiotoxicity of anthracycline agents for the treatment of cancer: systematic review and 
meta-analysis of randomised controlled trials. BMC Cancer. 2010;10:337. 
28. van Dalen EC, Michiels EM, Caron HN, Kremer LC. Different anthracycline 
derivates for reducing cardiotoxicity in cancer patients. Cochrane Database Syst Rev. 
2010;2010(5):CD005006. 
29. Feijen EAM, Leisenring WM, Stratton KL, Ness KK, van der Pal HJH, van Dalen 
EC, et al. Derivation of Anthracycline and Anthraquinone Equivalence Ratios to 
Doxorubicin for Late-Onset Cardiotoxicity. JAMA Oncol. 2019;5(6):864-71. 
30. Allegra JC, Woodcock T, Woolf S, Henderson IC, Bryan S, Reisman A, et al. A 
randomized trial comparing mitoxantrone with doxorubicin in patients with stage IV breast 
cancer. Invest New Drugs. 1985;3(2):153-61. 
31. Zhou S, Cirne F, Chow J, Zereshkian A, Bordeleau L, Dhesy-Thind S, et al. Three-
Year Outcomes Following Permissive Cardiotoxicity in Patients on Trastuzumab. 
Oncologist. 2023. 
32. Corsello SM, Nagari RT, Spangler RD, Rossen J, Kocak M, Bryan JG, et al. 
Discovering the anti-cancer potential of non-oncology drugs by systematic viability 
profiling. Nat Cancer. 2020;1(2):235-48. 
33. Seashore-Ludlow B, Rees MG, Cheah JH, Cokol M, Price EV, Coletti ME, et al. 
Harnessing Connectivity in a Large-Scale Small-Molecule Sensitivity Dataset. Cancer 
Discov. 2015;5(11):1210-23. 
34. Picco G, Chen ED, Alonso LG, Behan FM, Goncalves E, Bignell G, et al. Functional 
linkage of gene fusions to cancer cell fitness assessed by pharmacological and CRISPR-
Cas9 screening. Nat Commun. 2019;10(1):2198. 
35. Zhao L, Zhang B. Doxorubicin induces cardiotoxicity through upregulation of death 
receptors mediated apoptosis in cardiomyocytes. Sci Rep. 2017;7:44735. 
36. Consortium GT. The GTEx Consortium atlas of genetic regulatory effects across 
human tissues. Science. 2020;369(6509):1318-30. 
37. Packard JE, Dembowski JA. HSV-1 DNA Replication-Coordinated Regulation by 
Viral and Cellular Factors. Viruses. 2021;13(10). 
38. Pommier Y, Nussenzweig A, Takeda S, Austin C. Human topoisomerases and 
their roles in genome stability and organization. Nat Rev Mol Cell Biol. 2022;23(6):407-
27. 
39. Ward MC, Banovich NE, Sarkar A, Stephens M, Gilad Y. Dynamic effects of 
genetic variation on gene expression revealed following hypoxic stress in 
cardiomyocytes. Elife. 2021;10. 
40. Aminkeng F, Ross CJ, Rassekh SR, Hwang S, Rieder MJ, Bhavsar AP, et al. 
Recommendations for genetic testing to reduce the incidence of anthracycline-induced 
cardiotoxicity. Br J Clin Pharmacol. 2016;82(3):683-95. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 44 

41. Scott EN, Wright GEB, Drogemoller BI, Hasbullah JS, Gunaretnam EP, Miao F, et 
al. Transcriptome-wide association study uncovers the role of essential genes in 
anthracycline-induced cardiotoxicity. NPJ Genom Med. 2021;6(1):35. 
42. Magdy T, Jiang Z, Jouni M, Fonoudi H, Lyra-Leite D, Jung G, et al. RARG variant 
predictive of doxorubicin-induced cardiotoxicity identifies a cardioprotective therapy. Cell 
Stem Cell. 2021;28(12):2076-89 e7. 
43. Magdy T, Jouni M, Kuo HH, Weddle CJ, Lyra-Leite D, Fonoudi H, et al. 
Identification of Drug Transporter Genomic Variants and Inhibitors That Protect Against 
Doxorubicin-Induced Cardiotoxicity. Circulation. 2022;145(4):279-94. 
44. Kabore EG, Macdonald C, Kabore A, Didier R, Arveux P, Meda N, et al. Risk 
Prediction Models for Cardiotoxicity of Chemotherapy Among Patients With Breast 
Cancer: A Systematic Review. JAMA Netw Open. 2023;6(2):e230569. 
45. Sharma A, Burridge PW, McKeithan WL, Serrano R, Shukla P, Sayed N, et al. 
High-throughput screening of tyrosine kinase inhibitor cardiotoxicity with human induced 
pluripotent stem cells. Sci Transl Med. 2017;9(377). 
46. Grafton F, Ho J, Ranjbarvaziri S, Farshidfar F, Budan A, Steltzer S, et al. Deep 
learning detects cardiotoxicity in a high-content screen with induced pluripotent stem cell-
derived cardiomyocytes. Elife. 2021;10. 
47. Bozza WP, Takeda K, Alterovitz WL, Chou CK, Shen RF, Zhang B. Anthracycline-
Induced Cardiotoxicity: Molecular Insights Obtained from Human-Induced Pluripotent 
Stem Cell-Derived Cardiomyocytes (hiPSC-CMs). AAPS J. 2021;23(2):44. 
48. Shinlapawittayatorn K, Chattipakorn SC, Chattipakorn N. The effects of 
doxorubicin on cardiac calcium homeostasis and contractile function. J Cardiol. 
2022;80(2):125-32. 
49. Saeki K, Obi I, Ogiku N, Shigekawa M, Imagawa T, Matsumoto T. Doxorubicin 
directly binds to the cardiac-type ryanodine receptor. Life Sci. 2002;70(20):2377-89. 
50. Ewer MS, Vooletich MT, Durand JB, Woods ML, Davis JR, Valero V, et al. 
Reversibility of trastuzumab-related cardiotoxicity: new insights based on clinical course 
and response to medical treatment. J Clin Oncol. 2005;23(31):7820-6. 
51. Kitani T, Ong SG, Lam CK, Rhee JW, Zhang JZ, Oikonomopoulos A, et al. Human-
Induced Pluripotent Stem Cell Model of Trastuzumab-Induced Cardiac Dysfunction in 
Patients With Breast Cancer. Circulation. 2019;139(21):2451-65. 
52. Necela BM, Axenfeld BC, Serie DJ, Kachergus JM, Perez EA, Thompson EA, et 
al. The antineoplastic drug, trastuzumab, dysregulates metabolism in iPSC-derived 
cardiomyocytes. Clin Transl Med. 2017;6(1):5. 
53. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al. Use 
of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast cancer 
that overexpresses HER2. N Engl J Med. 2001;344(11):783-92. 
54. Chen J, Long JB, Hurria A, Owusu C, Steingart RM, Gross CP. Incidence of heart 
failure or cardiomyopathy after adjuvant trastuzumab therapy for breast cancer. J Am Coll 
Cardiol. 2012;60(24):2504-12. 
55. Banovich NE, Li YI, Raj A, Ward MC, Greenside P, Calderon D, et al. Impact of 
regulatory variation across human iPSCs and differentiated cells. Genome Res. 
2018;28(1):122-31. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 45 

56. Blake LE, Thomas SM, Blischak JD, Hsiao CJ, Chavarria C, Myrthil M, et al. A 
comparative study of endoderm differentiation in humans and chimpanzees. Genome 
Biol. 2018;19(1):162. 
57. Cortijo S, Aydin Z, Ahnert S, Locke JC. Widespread inter-individual gene 
expression variability in Arabidopsis thaliana. Mol Syst Biol. 2019;15(1):e8591. 
58. Christidi E, Huang H, Shafaattalab S, Maillet A, Lin E, Huang K, et al. Variation in 
RARG increases susceptibility to doxorubicin-induced cardiotoxicity in patient specific 
induced pluripotent stem cell-derived cardiomyocytes. Sci Rep. 2020;10(1):10363. 
59. Huang H, Christidi E, Shafaattalab S, Davis MK, Tibbits GF, Brunham LR. RARG 
S427L attenuates the DNA repair response to doxorubicin in induced pluripotent stem 
cell-derived cardiomyocytes. Stem Cell Reports. 2022;17(4):756-65. 
60. Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, et 
al. A global reference for human genetic variation. Nature. 2015;526(7571):68-74. 
61. Gacita AM, Dellefave-Castillo L, Page PGT, Barefield DY, Wasserstrom JA, 
Puckelwartz MJ, et al. Altered Enhancer and Promoter Usage Leads to Differential Gene 
Expression in the Normal and Failed Human Heart. Circ Heart Fail. 2020;13(10):e006926. 
62. Bizard AH, Hickson ID. The many lives of type IA topoisomerases. J Biol Chem. 
2020;295(20):7138-53. 
63. Cardinale D, Sandri MT, Martinoni A, Borghini E, Civelli M, Lamantia G, et al. 
Myocardial injury revealed by plasma troponin I in breast cancer treated with high-dose 
chemotherapy. Ann Oncol. 2002;13(5):710-5. 
64. Cardinale D, Sandri MT, Colombo A, Colombo N, Boeri M, Lamantia G, et al. 
Prognostic value of troponin I in cardiac risk stratification of cancer patients undergoing 
high-dose chemotherapy. Circulation. 2004;109(22):2749-54. 
65. Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D, Worth CL, Lindberg EL, et 
al. Cells of the adult human heart. Nature. 2020;588(7838):466-72. 
66. Rana P, Anson B, Engle S, Will Y. Characterization of human-induced pluripotent 
stem cell-derived cardiomyocytes: bioenergetics and utilization in safety screening. 
Toxicol Sci. 2012;130(1):117-31. 
67. Panopoulos AD, D'Antonio M, Benaglio P, Williams R, Hashem SI, Schuldt BM, et 
al. iPSCORE: A Resource of 222 iPSC Lines Enabling Functional Characterization of 
Genetic Variation across a Variety of Cell Types. Stem Cell Reports. 2017;8(4):1086-100. 
68. Borges H, Hesse AM, Kraut A, Coute Y, Brun V, Burger T. Well Plate Maker: a 
user-friendly randomized block design application to limit batch effects in large-scale 
biomedical studies. Bioinformatics. 2021;37(17):2770-1. 
69. Ritz C, Baty F, Streibig JC, Gerhard D. Dose-Response Analysis Using R. PLoS 
One. 2015;10(12):e0146021. 
70. Rees MG, Seashore-Ludlow B, Cheah JH, Adams DJ, Price EV, Gill S, et al. 
Correlating chemical sensitivity and basal gene expression reveals mechanism of action. 
Nat Chem Biol. 2016;12(2):109-16. 
71. Barker IK, Crawford SM, Fell AF. Determination of plasma concentrations of 
epirubicin and its metabolites by high-performance liquid chromatography during a 96-h 
infusion in cancer chemotherapy. J Chromatogr B Biomed Appl. 1996;681(2):323-9. 
72. Barpe DR, Rosa DD, Froehlich PE. Pharmacokinetic evaluation of doxorubicin 
plasma levels in normal and overweight patients with breast cancer and simulation of 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 46 

dose adjustment by different indexes of body mass. Eur J Pharm Sci. 2010;41(3-4):458-
63. 
73. Bogason A, Quartino AL, Lafolie P, Masquelier M, Karlsson MO, Paul C, et al. 
Inverse relationship between leukaemic cell burden and plasma concentrations of 
daunorubicin in patients with acute myeloid leukaemia. Br J Clin Pharmacol. 
2011;71(4):514-21. 
74. Eksborg S, Hardell L, Bengtsson NO, Sjodin M, Elfsson B. Epirubicin as a single 
agent therapy for the treatment of breast cancer--a pharmacokinetic and clinical study. 
Med Oncol Tumor Pharmacother. 1992;9(2):75-80. 
75. Gonzalez Garcia J, Gutierrez Nicolas F, Nazco Casariego GJ, Batista Lopez JN, 
Ceballos Lenza I, Ramos Diaz R, et al. Influence of Anthropometric Characteristics in 
Patients With Her2-Positive Breast Cancer on Initial Plasma Concentrations of 
Trastuzumab. Ann Pharmacother. 2017;51(11):976-80. 
76. Green RM, Stewart DJ, Hugenholtz H, Richard MT, Thibault M, Montpetit V. 
Human central nervous system and plasma pharmacology of mitoxantrone. J Neurooncol. 
1988;6(1):75-83. 
77. Harahap Y, Ardiningsih P, Corintias Winarti A, Purwanto DJ. Analysis of the 
Doxorubicin and Doxorubicinol in the Plasma of Breast Cancer Patients for Monitoring 
the Toxicity of Doxorubicin. Drug Des Devel Ther. 2020;14:3469-75. 
78. Hempel G, Flege S, Wurthwein G, Boos J. Peak plasma concentrations of 
doxorubicin in children with acute lymphoblastic leukemia or non-Hodgkin lymphoma. 
Cancer Chemother Pharmacol. 2002;49(2):133-41. 
79. Hu OY, Chang SP, Song YB, Chen KY, Law CK. Novel assay method for 
mitoxantrone in plasma, and its application in cancer patients. J Chromatogr. 
1990;532(2):337-50. 
80. Ji D, Shen W, Zhang J, Cao J, Li W, Lam LH, et al. A phase I study of 
pharmacokinetics of trastuzumab emtansine in Chinese patients with locally advanced 
inoperable or metastatic human epidermal growth factor receptor 2-positive breast cancer 
who have received prior trastuzumab-based therapy. Medicine (Baltimore). 
2020;99(44):e22886. 
81. Lammers PE, Dank M, Masetti R, Abbas R, Hilton F, Coppola J, et al. Neoadjuvant 
PF-05280014 (a potential trastuzumab biosimilar) versus trastuzumab for operable 
HER2+ breast cancer. Br J Cancer. 2018;119(3):266-73. 
82. Larson RA, Daly KM, Choi KE, Han DS, Sinkule JA. A clinical and pharmacokinetic 
study of mitoxantrone in acute nonlymphocytic leukemia. J Clin Oncol. 1987;5(3):391-7. 
83. Lofgren C, Lehmann S, Jonsson-Videsater K, Mollgard L, Linder O, Tidefelt U, et 
al. Higher plasma but not intracellular concentrations after infusion with liposomal 
daunorubicin compared with conventional daunorubicin in adult acute myeloid leukemia. 
Ther Drug Monit. 2007;29(5):626-31. 
84. Nagel JD, Varossieau FJ, Dubbelman R, ten Bokkel Huinink WW, McVie JG. 
Clinical pharmacokinetics of mitoxantrone after intraperitoneal administration. Cancer 
Chemother Pharmacol. 1992;29(6):480-4. 
85. Nicoletto MO, Padrini R, Galeotti F, Ferrazzi E, Cartei G, Riddi F, et al. 
Pharmacokinetics of intraperitoneal hyperthermic perfusion with mitoxantrone in ovarian 
cancer. Cancer Chemother Pharmacol. 2000;45(6):457-62. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 47 

86. Oliveira ML, Rocha A, Nardotto GHB, Pippa LF, Simoes BP, Lanchote VL. Analysis 
of daunorubicin and its metabolite daunorubicinol in plasma and urine with application in 
the evaluation of total, renal and metabolic formation clearances in patients with acute 
myeloid leukemia. J Pharm Biomed Anal. 2020;191:113576. 
87. Palm C, Bjork O, Bjorkholm M, Eksborg S. Quantification of doxorubicin in plasma-
-a comparative study of capillary and venous blood sampling. Anticancer Drugs. 
2001;12(10):859-64. 
88. Paul C, Baurain R, Gahrton G, Peterson C. Determination of daunorubicin and its 
main metabolites in plasma, urine and leukaemic cells in patients with acute myeloblastic 
leukaemia. Cancer Lett. 1980;9(4):263-9. 
89. Ricciarello R, Pichini S, Pacifici R, Altieri I, Pellegrini M, Fattorossi A, et al. 
Simultaneous determination of epirubicin, doxorubicin and their principal metabolites in 
human plasma by high-performance liquid chromatography and electrochemical 
detection. J Chromatogr B Biomed Sci Appl. 1998;707(1-2):219-25. 
90. Sottani C, Poggi G, Melchiorre F, Montagna B, Minoia C. Simultaneous 
measurement of doxorubicin and reduced metabolite doxorubicinol by UHPLC-MS/MS in 
human plasma of HCC patients treated with TACE. J Chromatogr B Analyt Technol 
Biomed Life Sci. 2013;915-916:71-8. 
91. Storniolo AM, Pegram MD, Overmoyer B, Silverman P, Peacock NW, Jones SF, 
et al. Phase I dose escalation and pharmacokinetic study of lapatinib in combination with 
trastuzumab in patients with advanced ErbB2-positive breast cancer. J Clin Oncol. 
2008;26(20):3317-23. 
92. Tidefelt U, Sundman-Engberg B, Paul C. Comparison of the intracellular 
pharmacokinetics of daunorubicin and idarubicin in patients with acute leukemia. Leuk 
Res. 1994;18(4):293-7. 
93. Treder N, Maliszewska O, Oledzka I, Kowalski P, Miekus N, Baczek T, et al. 
Development and validation of a high-performance liquid chromatographic method with a 
fluorescence detector for the analysis of epirubicin in human urine and plasma, and its 
application in drug monitoring. J Chromatogr B Analyt Technol Biomed Life Sci. 
2020;1136:121910. 
94. Zhou X, Yu J, Wang W, Song G, Wang X, Ren J, et al. A phase I dose-escalation 
study of a biosimilar trastuzumab in Chinese metastasis breast cancer patients. 
Springerplus. 2015;4:803. 
95. Radstake FDW, Raaijmakers EAL, Luttge R, Zinger S, Frimat JP. CALIMA: The 
semi-automated open-source calcium imaging analyzer. Comput Methods Programs 
Biomed. 2019;179:104991. 
96. Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results 
for multiple tools and samples in a single report. Bioinformatics. 2016;32(19):3047-8. 
97. Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable read 
mapping by seed-and-vote. Nucleic Acids Res. 2013;41(10):e108. 
98. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for 
assigning sequence reads to genomic features. Bioinformatics. 2014;30(7):923-30. 
99. Chen Y, Lun AT, Smyth GK. From reads to genes to pathways: differential 
expression analysis of RNA-Seq experiments using Rsubread and the edgeR quasi-
likelihood pipeline. F1000Res. 2016;5:1438. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 5, 2023. ; https://doi.org/10.1101/2023.10.03.560405doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.03.560405
http://creativecommons.org/licenses/by-nc/4.0/


 48 

100. Law CW, Alhamdoosh M, Su S, Dong X, Tian L, Smyth GK, et al. RNA-seq analysis 
is easy as 1-2-3 with limma, Glimma and edgeR. F1000Res. 2016;5. 
101. Wei Y, Tenzen T, Ji H. Joint analysis of differential gene expression in multiple 
studies using correlation motifs. Biostatistics. 2015;16(1):31-46. 
102. Storey JD BA, Dabney A, Robinson D. qvalue: Q-value estimation for false 
discovery rate control. . http://github.com/jdstorey/qvalue.: 
https://bioconductor.org/packages/qvalue; 2023. 
103. Kolberg L, Raudvere U, Kuzmin I, Vilo J, Peterson H. gprofiler2 -- an R package 
for gene list functional enrichment analysis and namespace conversion toolset g:Profiler. 
F1000Res. 2020;9. 
104. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, et al. g:Profiler: a 
web server for functional enrichment analysis and conversions of gene lists (2019 
update). Nucleic Acids Res. 2019;47(W1):W191-W8. 
105. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in 
multidimensional genomic data. Bioinformatics. 2016;32(18):2847-9. 
106. Gu Z. Complex heatmap visualization. iMeta. 2022;1(3). 
107. Blischak JD, Carbonetto P, Stephens M. Creating and sharing reproducible 
research code the workflowr way. F1000Res. 2019;8:1749. 
 
 

Supporting information 

 

S1 Appendix: Document containing Supplemental Figures 1-15. 

S2 Appendix: Document containing Supplemental Tables 1-12.  

 

Data reporting 
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analysis scripts used for this project are available at https://github.com/mward-

lab/Matthews_TOP2i_cardiotox_2023 made possible by the workflowr package (107). 
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Figure 1: TOP2i drugs affect cardiomyocyte viability in a dose-dependent manner. (A) 
Experimental design of the study. iPSCs derived from six healthy women aged 20 to 30 were 
differentiated into cardiomyocytes (iPSC-CMs) and exposed to a panel of drugs used in the 
treatment of breast cancer. The response to TOP2i Doxorubicin (DOX), Epirubicin (EPI), 
Daunorubicin (DNR) and Mitoxantrone (MTX) is compared to the non-TOP2i Trastuzumab (TRZ) 
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and a water vehicle (VEH). Effects on cell viability, cell function, cellular stress, and gene 
expression are measured. (B) Proportion of viable cardiomyocytes following exposure to 
increasing concentrations of each drug. Cell viability in each individual (colored line) was 
assessed following 48 hours of drug treatment. Dose-response curves were generated using a 
four-point log-logistic regression with the upper asymptote set to 1. Each data point reflects the 
mean viability from two independent differentiations per individual where each is measured in 
quadruplicate. (C) LD50 values for each drug treatment for each individual. Each value is 
calculated as the mean across two independent experiments. LD50 values could not be calculated 
for TRZ and VEH treatments. (D) EC50 values for each drug treatment in ten breast cancer cell 
lines were obtained from the Depmap portal (https://depmap.org) using the PRISM (32), CTRP 
CTD2 (33), and GDSC2 (34) databases. Asterisk represents a statistically significant change in 
LD50 (C) or EC50 (D) values between each drug and DOX treatment (*p < 0.05, **p < 0.01, ***p < 
0.001). 
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Figure 2: Calcium dysregulation occurs in iPSC-CMs post exposure to sub-lethal 
concentrations of TOP2i. (A) Schematic representation of the features measured to assess 
intracellular calcium flux in beating iPSC-CMs from three individuals treated with DOX, EPI, DNR, 
MTX, TRZ and VEH. Fluorescent intensity of the calcium-sensitive fluorescent dye Fluo-4 AM 
was measured over time by spinning disc confocal microscopy. (B) Mean amplitude of calcium 
peaks in each individual (orange dot: Individual 2, blue dot: Individual three, green dot: Individual 
5) in response to DOX (mauve), EPI (pink), DNR (yellow), MTX (blue), TRZ (dark green), VEH 
(light green). (C) Mean rising slope of calcium peaks. (D) Mean decay slope of calcium peaks. (E) 
Mean peak width at half maximum peak height. (F) Mean contraction rate over ten seconds. (G) 
PCA representing five calcium flux features. TOP2i drugs are represented as triangles and non-
TOP2i drugs as circles. Colors represent the specific drug treatment. Asterisk represents a 
statistically significant change in calcium flux measurements between drug treatments and vehicle 
(*p < 0.05, **p < 0.01, ***p < 0.001).  
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Figure 3: TOP2i induce global gene expression changes in iPSC-CMs over 24 hours. (A) 
PCA of RNA-seq-derived expression measurements (log2 cpm) across 72 samples representing 
six individuals (1,2,3,4,5,6), the length of exposure (three hours: circles; 24 hours: triangles), and 
six treatments (DOX (mauve), EPI (pink), DNR (yellow), MTX (blue), TRZ (dark green), VEH (light 
green)). Data is representative of 14,084 expressed genes. (B) Expression levels of the two 

isoforms of TOP2 (TOP2 and TOP2) that are inhibited by TOP2i in response to each drug at 
three and 24 hours. Expression levels are represented as log2 cpm.  
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Figure 4: iPSC-CM gene expression responses to AC treatments converge over time. (A) 
Correlation between drug responses across drugs. The log2 fold change of expression between 
each drug treatment and VEH was calculated for all 14,084 expressed genes at each time point. 
These values were compared across 12 treatment-time groups by hierarchical clustering of the 
pairwise Pearson correlation values. Color intensity indicates the strength of the correlation. Drug 
responses are colored by whether the drug is a TOP2i (TOP2i: dark green; non-TOP2i: light 
green), whether the drug is an AC (AC: dark orange; non-AC: light orange), and the exposure 
time (3 hours: pink; 24 hours: brown). (B) Comparison of differentially expressed genes in 
response to each drug treatment after three hours of exposure. n = the total number of 
differentially expressed genes per drug treatment. N = the total number of differentially expressed 
genes across drugs. (C) Comparison of differentially expressed genes in response to each drug 
treatment after 24 hours of exposure. (D) All biological pathways enriched amongst differentially 
expressed genes in response to drug treatments at three hours. Individual drug treatments as 
well as genes that respond to all ACs and all TOP2i are shown. KEGG pathways that are 
significantly enriched in at least one treatment group compared to all expressed genes are 
displayed (HSV-1 infection and p53 signaling pathways), where color represents the significance 
of the enrichment across groups and treatment groups where the pathways that are significantly 
enriched are represented with an asterisk. (E) Top biological pathways enriched amongst 
differentially expressed genes in response to drug treatments at 24 hours. BER: base excision 
repair; DNA rep.: DNA replication.   
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Figure 5: TOP2i induce a time-dependent gene expression response in iPSC-CMs. (A) Gene 
expression motifs identified following joint modeling of test pairs. Shades of black represent 
posterior probabilities of genes being differentially expressed in response to each drug treatment 
compared to VEH at each time point. Genes are categorized based on their posterior probabilities: 
genes with a p > 0.5 in only 24 hour TOP2i drug treatments are designated as ‘Late response 
genes’ (LR: blue), genes with a p > 0.5 in only three hour TOP2i drug treatments are designated 
as ‘Early-acute response genes’ (EAR: red), genes with a p > 0.5 in the three and 24 hour TOP2i 
drug treatments are designated as ‘Early-sustained response genes’ (ESR: green), and genes 
with a p < 0.5 across all tests are designated as ‘Non-response genes’ (NR: purple). (B) The total 
number of genes that are assigned to each TOP2i response category. (C) The mean absolute 
log2 fold change of each gene in response to each drug at each timepoint within each TOP2i 
response category.  
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Figure 6: Chromatin regulators that mediate breast cancer sensitivity to ACs are enriched 
amongst early TOP2i response genes. (A) Enrichment of chromatin regulators amongst TOP2i 
response gene categories (EAR: early-acute response; ESR: early-sustained response; LR: late 
response) compared to the non-response gene category. A curated list of chromatin regulators 
(n = 408) and chromatin regulators that are sensitive to ACs in breast cancer patients (n = 54) 
was obtained from Seoane et al. (22). Enrichment amongst response categories was calculated 
by a Chi-square test of proportions. Color represents the -log10 P value for all tests. Significant 
tests are denoted with an asterisk. (B) Gene expression levels of two AC-responsive chromatin 
regulators characterized by Seoane et al. KAT6B and KDM4B. KAT6B is categorized as an EAR 
gene and KDM4B as an LR gene.  
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Figure 7: AC treatments induce transcriptional variation across individuals over time. (A) 
Mean expression levels of all 14,084 expressed genes across individuals for each drug treatment 
at each timepoint. (B) Variance of gene expression levels of all 14,084 expressed genes across 
individuals for each drug treatment at each timepoint. (C) The F-statistic was used to test for 
differences in the variance between each drug treatment and VEH for all 14,084 expressed genes 
at each timepoint. These values were compared across 12 treatment-time groups by hierarchical 
clustering of the Spearman correlation values. Color intensity indicates the strength of the 
correlation. Drug responses are colored by whether the drug is a TOP2i (TOP2i: dark green; non-
TOP2i: light green), whether the drug is an AC (AC: dark orange; non-AC: light orange), and the 
exposure time (3 hours: pink; 24 hours: brown). Asterisk represents a statistically significant 
change between drug treatment and vehicle (*p < 0.05, **p < 0.005, ***p < 0.0005). 
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Figure 8: DOX response eGenes are enriched amongst TOP2i response genes. 
(A) Proportion of drug response genes amongst eGenes in left ventricle heart tissue. Heart 
eGenes (adjusted P < 0.05) were obtained from the GTEx database (36) and filtered to retain only 
those genes expressed in our data. All expressed genes that are not eGenes in heart tissue are 
denoted as ‘not eGene’. These gene sets were compared amongst genes classified as 
differentially expressed in response to a particular treatment (DE: light blue) at 24 hours or not 
differentially expressed (not DE: dark blue). Asterisk represents drug treatments where there is a 
significant difference in the proportion of DE genes amongst eGenes and non-eGenes. 
(B) Proportion of drug response genes amongst DOX response eGenes in DOX-treated iPSC-
CMs. eGenes identified in iPSC-CMs (base eGenes) and in response to DOX (response eGene) 
were obtained from Knowles et al. (15). (C) Overlap between DOX eGenes identified by Knowles 
et al. that are responsive to DOX in our data, and genes that are differentially expressed in 
response to at least one other TOP2i. (D) Example of one of the five DOX response eGenes that 
responds to DOX in our cells but not to any other drug treatment. JPH3 expression levels following 
24 hours of treatment are shown.  
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Figure 9: Genes in AC toxicity-associated loci respond to TOP2i. (A) The gene expression 
response to each drug treatment at 24 hours for genes in loci associated with AC-induced 
cardiotoxicity. The log2 fold change for each drug compared to VEH is shown. Genes that are 
classified as differentially expressed in response to a drug treatment are represented with an 
asterisk. Genes were selected based on genes in GWAS loci (See Methods; (40) and TWAS (41). 
Genes are colored by whether the gene was selected based on GWAS (yellow), or TWAS 
(purple), the associated SNP from GWAS (rs229774: blue; rs7853758: red), if the associated 
gene is an eGene (dark blue) or not (light blue), and the gene expression response category (LR: 
Late response; light blue and NR: Non-response: light purple). The genes closest to the SNP from 
GWAS are denoted with a gray star. (B) Lactate dehydrogenase release into cell culture media 

following treatment with 0.5 M of each drug for 24 hours. Asterisk represents a statistically 
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significant change between drug treatment and VEH (*p < 0.05). (C) Troponin I release into cell 

culture media following treatment with 0.5 M of each drug for 24 hours. (D) Correlation between 
gene expression levels of genes in AC-induced cardiotoxicity-associated loci and a measure of 
cardiotoxicity across six individuals. A cardiotoxicity score was calculated by averaging the levels 
of lactate dehydrogenase and Troponin I obtained from (B) and (C). Spearman correlation values 
were calculated for each gene expression-cardiotoxicity pair for each individual. Significant 
correlations are represented by an asterisk. 
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