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Abstract

As the number of cancer survivors has increased significantly over the last decades due to aging 

of population and development of effective cancer therapies, side effects from cancer therapies 

have been increasingly recognized. High-dose anthracyclines, immunotherapies, and concurrent 

radiation, as well as traditional cardiovascular risk factors such as smoking, hypertension, 

diabetes, hyperlipidemia, and obesity increase risks for unintended cardiovascular toxicity. 

However, these factors do not fully explain why only a subset of patients develop adverse 

cardiovascular sequelae from cancer therapies. Recent studies demonstrate that genetics play a 

substantial role in susceptibility to development of cardiovascular toxicities from cancer therapies. 

Common single nucleotide polymorphisms in multiple genes involved in various cellular pathways 

including membrane transport, stress response, and sarcomeres are recognized to increase risks 

for these toxicities. Pathogenic variants in the genes encoding proteins that comprise sarcomeres 

also contribute to cardiomyopathy following cancer therapies. Furthermore, genetic manipulations 

of model systems indicate mechanisms by which cardiotoxicities emerge following cancer 

immunomodulatory therapies. Continued efforts are needed to enable insights into cardiovascular 

responsiveness to these multi-targeted therapies, improve risk stratification of patients, and enable 

therapeutic interventions that limit these unintended adverse consequences from life-saving cancer 

treatments.
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Introduction

Prevalence of cancer has been increasing due to growth and aging of populations, and 

estimated number of new cancer cases is projected to reach approximately 26 million per 

year by 2030 [1]. Moreover, development of effective cancer therapy has led to a decline in 

cancer-related mortality over the past three decades [2]. As the number of cancer survivors 

has increased, adverse effects of cancer therapies have been increasingly recognized.

Estimates indicate that up to 10% of patients, who receive anthracyclines, one of the most 

widely used effective chemotherapeutic agents, develop cardiotoxicity [3]. The risks for 

developing cardiotoxicity escalates with the cumulative anthracycline dose [4], concomitant 

use of additional cardiotoxic cancer therapies such as trastuzumab and paclitaxel [5,6], 

chest radiation therapy [7], advanced age [8], pre-existing heart disease, and presence 

of cardiovascular risk factors such as diabetes or hypertension [9,10]. Based on these 

observations, the American Society of Clinical Oncology expert consensus guidelines 

propose the following patient characteristics and treatment regimens as high risks for 

cardiotoxicity: high-dose anthracycline (e.g., doxorubicin ≥ 250 mg/m2), high-dose radiation 

therapy (≥ 30 Gy) with cardiac exposure, sequential anthracycline and trastuzumab therapy, 

and combination low-dose anthracycline and radiation therapies in patients with underlying 

heart disease or ≥ 2 cardiovascular risk factors (including smoking, hypertension, diabetes, 

hyperlipidemia, obesity, and age ≥ 60 years) [11]. Unfortunately identifying high-risk 

patients with these guidelines and prediction models remains difficult. Moreover, the current 

parameters fail to explain why only a portion of at-risk patients develop cardiotoxicity after 

receiving antineoplastic agents [12-14].

Recent developments of novel cancer therapeutics have added further complexity to risk 

stratification of patients. Many of these new medicines target specific molecules with 

broad tissue expression beyond cancer cells, and thereby increase potential toxicity in 

patient subsets. For example, data indicates that cardiovascular toxicity occurs in 1-15% 

of cancer patients [15-17], who are treated with inhibitors of vascular endothelial growth 

factor (VEGF) (e.g., sunitinib and bevacizumab) and inhibitors of breakpoint cluster region 

(BCR) protein-activator of RhoGEF and GTPase (BCR)-ABL proto-oncogene 1, or the 

non-receptor tyrosine kinase (ABL1) (e.g., dasatinib and imatinib). The risks for toxicity 

from these therapies appear highest among patients with pre-existing vascular disease 

such as coronary artery disease or hypertension. In addition to directly damaging vascular 

beds, these medicines can cause myocardial dysfunction, perhaps by impairing vascular 

reserve and causing perfusion-contraction mismatch [18]. Together these observations imply 

a mechanistic link between the inhibitor’s therapeutic target and the target’s physiologic 

expression and function in cardiovascular tissues.

A second novel class of cancer therapies are immune checkpoint inhibitors (ICI; 

e.g., nivolumab and pembrolizumab that target programmed cell death 1 (PD1) and 

its ligand (PDL1), or ipilimumab targeting cytotoxic-T-lymphocyte-associated antigen 4 

(CTLA4)). ICIs can incite myocarditis with associated QT prolongation and life-threatening 

arrhythmias [19,20]. Although predisposing factors for cardiotoxicities from these cancer 

therapies are poorly understood, experimental studies indicate key roles for PD1 and PDL1 
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in the maintenance of self-tolerance. In the mouse, Pdl1 is expression on cardiac vascular 

endothelium and induced by inflammatory stimuli [21]. By contrast, mice with biallelic 

genetic deletion of Pd1 or Pdl1 spontaneously develop dilated cardiomyopathy with troponin 

I antibodies and myocarditis, respectively [22,23]. The remarkable phenotypic resemblance 

between experimental models and human cardiotoxicities associated with ICIs implies that 

depletion of immunomodulatory molecules renders the heart susceptible to autoimmune 

damage.

Human genotypes provide additional opportunities, beyond clinical profiles, to further 

identify cancer patients at risk for cardiovascular toxicities. The discovery of genes that 

influence pharmacokinetics of therapeutic agents or that harbor variants that influence 

cardiomyocyte, vascular, and immune cell biology, combined with the rapid advances in 

clinical genome sequencing provide new opportunities to explore how genotypes influence 

adverse cardiovascular responses to cancer therapies in patients and in experimental models.

Genetic variants generally are classified into two categories based on their minor allele 

frequency (MAF): common genetic variants and rare monogenic variants. Common genetic 

variants typically have MAF > 5% and rare monogenic variants generally are defined 

as having MAF < 0.1%. Variant assessment is also considered in the context of disease 

prevalence and penetrance [24,25]. For instance, within a reference population, a variant 

that causes a dominant monogenic disorder would be far less than the prevalence of the 

disease, and even lower when the disease is incompletely penetrant. This review provides 

an overview of common genetic variants such as single nucleotide polymorphisms (SNPs) 

and rare monogenic variants that are associated with risk of developing cancer therapy-

induced cardiovascular toxicity. While still emerging, these early insights are poised to 

improve mechanistic studies that may illuminate both pathogenesis and strategies to combat 

cardiovascular toxicities in cancer patients.

Common genetic variants are associated with cancer therapy-induced 

cardiotoxicity

To identify common variants within the general population that convey risks for disease, 

DNA samples from patients are studied using genotyping arrays containing SNPs in 

proximity to candidate genes or arrays with SNPs across the entire genome. With the latter 

approach, genome-wide association studies (GWAS) are performed in combination with 

imputation to deduce SNPs that were not directly genotyped, using statistical analyses of 

haplotypes from a genotype reference panel. These strategies have identified SNPs with 

appreciable frequency in the general population that contribute to the pathogenesis of 

common disease, including diabetes and coronary artery disease [26-28]. Parallel analyses 

have identified SNPs in proximity to genes with encoded proteins involved in drug transport 

and metabolism, oxidative stress responses, topoisomerase-mediated DNA damage, and 

cardiac contractility that either increase or reduce risks for toxicities from cancer therapies 

(Figure and Table 1).

The most common group of genes that have been implicated in cardiovascular 

toxicities to date participate in drug transport. Adenosine triphosphate-binding cassette 
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transporter (ABC) proteins serve as active cellular transporters of multiple drugs including 

anthracyclines [29]. Polymorphisms in this family of genes, including ABCB4 (rs1149222), 

ABCC1 (rs246221 and rs4148350), and ABCC2 (rs8187694 and rs8187710), are associated 

with increased risk of cardiac dysfunction following anthracycline therapies in pediatric and 

adult cancer cohorts with both hematological and solid tumors [30-33].

In contrast, a genetic variant in ABCB1 (rs1045642) appears to have cardioprotective 

effects (odds ratio (OR) 0.48 and p = 0.049) [34]. As this gene encodes an efflux 

transporter, a working model to explain protective effect is that the SNP increases drug 

clearance in cardiomyocytes. Genetic variants in a gene family of soluble carriers (SLCs) 

also show a protective influence on anthracycline-induced cardiomyopathy. These include 

SNPs in SLC22A7 (rs4149178; OR 0.45 and p = 0.001), SCL22A17 (rs4982753; OR 0.5 

and p = 4.4 x 10e-4), SLC10A2 (rs9514091; OR 0.43 and p = 0.003) and SLC28A3 
(rs4877847; OR 0.60 and p = 0.009; rs7853758; OR 0.31 and p = 1.0 x 10e-4). Magdy et 

al. recently recapitulated the cardioprotective effect of the SLC28A3 locus (rs7853758) 

in human-induced pluripotent stem cell-derived cardiomyocytes and demonstrated that 

the SLC competitive inhibitor desipramine is protective against doxorubicin-induced 

cardiotoxicity [35]. Notably, these transporter are expressed in cardiovascular cells and 

transport doxorubicin and nucleoside-based therapeutics as well as physiologic substrates 

[33,36].

Genes that function in drug metabolism can also influence the risk of cancer therapy-

induced cardiovascular toxicities. For example, CBR3 encodes carbonyl reductase 3, 

which catalyzes reduction of anthracyclines to the cardiotoxic alcohol metabolite 

doxorubicinol [37]. Among childhood cancer survivors and adult patients with breast 

cancer, a homozygous missense variant in CBR3 (Val244Met; rs1056892) increased risk of 

cardiomyopathy when patients receive low to moderate doses of doxorubicin (< 250 mg/m2; 

OR 3.3 and p = 0.006) [38]. Additionally, this SNP was associated with cardiotoxicity in 

adult cohorts with breast cancer treated with anthracyclines (4 x 60 mg/m2) with or without 

trastuzumab [34,39]. However, among patients receiving high dose doxorubicin (≥ 250 

mg/m2; OR 1.37 and p = 0.40) this SNP (CBR3 Val244Met; rs1056892) did not influence 

susceptibility to cardiotoxicity [38], an observation which implies that damaging pathways 

activated by doxorubicin are dose-dependent.

Reactive oxygen species mediate pathological response to many common cardiovascular 

disorders [40]. Metabolites of anthracyclines also generate excessive reactive oxygen species 

and oxygen free radicals [41]. Recognizing that these shared signals may account for 

the clinical association between underlying cardiovascular disorders and increased risks 

for cancer therapy toxicities, Wang et al. studied SNPs associated with 2,100 curated 

cardiovascular disease genes. These analyses identified a SNP in hyaluronan synthase 3 

(HAS3; rs2232228) that was significantly associated with cardiomyopathy following high 

doses of anthracyclines (> 250 mg/m2; OR = 5.2 and p = 0.007 for G/A genotype; OR 

9.9 and p = 0.002 for A/A genotype) [42]. HAS3 encodes an enzyme involved in the 

synthesis of hyaluronan, a component of extracellular matrix that serves as a scaffold 

for organizing the cardiac cells, particularly during remodeling after injury. Hyaluronan 

also has anti-oxidant properties that promotes cardiac survival from oxidative stresses 
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that can incite myocardial dysfunction [43]. Notably, human heart samples with the 

rs2232228 A/A genotype have markedly decreased expression (76%) of HAS3 mRNA 

levels in comparison to hearts with the heterozygous G/A genotype, albeit without achieving 

statistical significance [42]. Thus, the HAS3 A/A genotype and associated lower hyaluronan 

levels could increase sensitivity to reactive oxygen species after anthracycline exposure and 

greater risk for cardiotoxicity.

A recent study also suggested that another detoxification enzyme and free radical scavenger, 

glutathione S-transferase Mu-1 (GSTM1), is associated with cancer therapy-induced 

cardiotoxicity. GSTM1 genotypes in 75 subjects with and 92 subjects without cardiotoxicity 

showed a significant association between homozygous deletion of GSTM1 and cancer 

therapy-related cardiomyopathy (OR 2.7 and p = 0.007). Concurrent studies of human-

induced pluripotent stem cell-derived cardiomyocytes from childhood cancer survivors with 

anthracycline-induced cardiomyopathy confirmed reduced GSTM1 expression [44].

Inadequate protection of the heart from stress can ultimately result in cell death, an 

outcome that emerges from regulated signaling pathways that activate apoptosis, necrosis, or 

autophagy [45]. By contrast, the chemical properties of anthracyclines trigger cell death 

through ferroptosis, a pathway characterized by iron accumulation that induces lethal 

lipid peroxidation and mitochondrial dysfunction and demise [46-48]. Anthracyclines bind 

iron and impair iron metabolism, while dexrazoxane, a derivative of EDTA that chelates 

iron and reduces anthracycline-iron complexes, limits anthracycline toxicities [49,50]. 

Genetic analyses support the importance of these biochemical interactions. HFE encodes 

a cell surface molecule that regulates iron uptake and is mutated in the iron-storage 

disorder hemochromatosis. A missense SNP in HFE (His63Asp; rs1799945) is significantly 

enriched (p < 0.005) among anthracycline-treated breast cancer patients, who developed 

cardiomyopathy compared to those without cardiotoxicity [51]. Moreover, anthracyclines 

significantly increased iron accumulation across multiple organs in mice lacking Hfe, 

causing greater mitochondrial damage and earlier death compared to untreated mutant mice 

[52].

Anthracyclines also trigger cell death by forming the ternary complex with DNA and 

topoisomerase II isoenzymes, which introduce single or double strand DNA breaks [53]. 

Topoisomerase IIα (TOP2A) is active during the cell cycle and is highly expressed in 

dividing tumor cells, but when bound by anthracyclines, cell proliferation is inhibited. 

Topoisomerase IIβ (TOP2B) is expressed in quiescent cells including adult cardiomyocytes 

[54]. Anthracyclines bound to TOB2B suppress expression of the peroxisome proliferator-

activated receptor, impair mitochondrial oxidative metabolism, and activate multifaceted 

downstream abnormalities. Cardiac-specific deletion of Top2b in mice are resistant to 

doxorubicin-induced DNA double-strand breaks and were protected from development of 

heart failure [55]. Notably, an additional cardioprotective effect of dexrazoxane includes 

proteasomal degradation of Top2b [56].

TOP2B expression likely provides the mechanism by which SNPs in the retinoic acid 

receptor g (RARG) convey risks for anthracycline-induced cardiotoxicity risk. A GWAS of 

280 childhood cancer patients, including 32 with cardiotoxicity, identified a RARG missense 
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variant (Ser247Leu; rs2229774) that conveyed increased risk (OR 4.7 and p = 5.9 x 10e-8) 

and was confirmed in a replication cohort [57]. Ligand-activated retinoic acid receptors are 

known to bind DNA regulatory elements and alter the expression of multiple downstream 

genes [58]. Experimental studies showed that wild-type Rarg protein expressed in a rodent 

cardiomyoblast line repressed Top2b levels; while Rarg protein harboring the Ser247Leu 

variant attenuated Top2b repression [57]. Together these indicated that RARG SNPs convey 

risk for cardiotoxicity by influencing TOP2B expression.

Genotypes that influence the structure of sarcomeres, the basic contractile units of 

cardiomyocytes, can also contribute to the development of cardiotoxicity after cancer 

therapies. A polymorphism in the RNA-binding protein, CUGBP Elav-like family member 

4 (CELF4), which regulates developmental splicing of the sarcomere thin filament gene 

encoding cardiac troponin T (TNNT2) [59] was identified in a GWAS of childhood 

cancer survivors. The CELF4 SNP (rs1786814) was enriched in cancer survivors with 

cardiomyopathy (n = 112) and compared to those without (n = 219) cardiomyopathy (OR 

2.3 and p = 0.006) [60]. Strikingly, OR increased to 10.2 (p < 0.001) in subjects with 

the G/G genotype compared to the G/A or A/A genotypes among patients, who received 

more than 300 mg/m2 of anthracyclines, demonstrating a dose-dependent association. This 

study further assessed the impact of the CELF4 SNP on TNNT2 splicing. Among 33 

human hearts with the rs1786814 genotype, both the embryonic and adult TNNT2 isoforms 

were identified, an admixture that perturbed calcium responses and diminished contractility, 

thereby implying a direct mechanism by which this SNP could increase risk of cardiac 

dysfunction after chemotherapy.

Rare pathogenic variants increase risk of cancer therapy-induced 

cardiotoxicity

Hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic 

cardiomyopathy (ACM) are monogenic disorders that are caused by damaging variants 

within protein coding sequences. A genetic etiology accounts for approximately 30-50% of 

HCM and 10-30% of DCM patients [61,62]. Pathogenic variants that cause HCM typically 

occur in eight sarcomere genes encoding: cardiac myosin binding protein C (MYBPC3), 

β-myosin heavy chain (MYH7), myosin regulatory light chain (MYL2), myosin essential 

light chain (MYL3), cardiac troponin I (TNNI3), TNNT2, α-tropomyosin (TPM1), and 

cardiac α -actin (ACTC1) [63-67]. However, pathogenic variants predominate in MYBPC3 
and MYH7, accounting for up to 50% of all HCM cases and 75% of cases with a defined 

genetic cause [62,68,69].

Genetic causes of DCM are more varied and scores of putative DCM genes have been 

reported [70]. Despite this considerable genetic heterogeneity, causal variants are most 

often identified in a subset of all DCM genes. Pathogenic variants in gene titin (TTN) is 

the most common genetic cause of adult-onset DCM, accounting for 15 to 20% of the 

affected individuals, but are rarely identified in childhood-onset DCM [71,72]. Titin is a 

giant protein that spans a half of a sarcomere and serves as a scaffold to support formation 

of the contractile apparatus and also as a molecular spring that influences contractility and 

Kim et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relaxation. Pathogenic variants in TTN that cause DCM by creating premature truncation of 

the protein are denoted TTNtv [73]. The second most common genetic cause of DCM are 

rare pathogenic variants in LMNA, which encodes a ubiquitously expressed inner nuclear 

membrane protein, lamin A/C, that participates in the maintenance of nuclear structure [74]. 

LMNA variants account for approximately 6% of DCM cases and have a higher prevalence 

among DCM patients with cardiac conduction abnormalities [75].

HCM and ACM can cause variable symptoms late in childhood, adolescence, or not until 

adulthood while DCM most typically presents in adults. The considerable variability in the 

age of onset and severity of manifestations contributes to the lack of clinical recognition 

of pathogenic variants in asymptomatic individuals. However, additional stresses can 

unmask cardiac dysfunction that results from these variants. For example, in addition to 

causing DCM, pathogenic variants in TTN contribute to ~15% of patients with peripartum 

cardiomyopathy [76] and ~10% of patients alcohol-induced cardiomyopathy [77].

These insights have propelled analyses of selected cardiomyopathy genes in patients with 

cancer therapy cardiotoxicity. In 2010, van den Bert et al. reported sequencing analysis 

of LMNA, TNNT2, and MYH7 in six DCM families that included a cancer patient 

with anthracycline-associated cardiomyopathy. Two cancer patients were found to have 

a pathogenic missense variant and a premature stop codon in MYH7 [78]. In follow-up 

analysis of 48 cardiomyopathy genes, 11 missense variants were identified in patients 

with cancer therapy cardiotoxicities [79] Although nine of 11 these missense residues are 

now classified as variants of unknown significance based on large normative databases 

that provide more accurate population-based variant prevalence, these studies support 

the potential role for monogenic variants in the genetic susceptibility to cardiotoxicity 

after cancer therapy. Subsequent analysis that harnessed next-generation sequencing of 

cardiomyopathy genes identified TTNtv in two breast cancer patients, who developed 

cardiomyopathy five to seven months after receiving either doxorubicin alone or combined 

with trastuzumab [80].

Our group undertook genetic analysis of three independent cohorts comprised of 213 adult 

and pediatric patients with cardiotoxicities after treatment for solid and hematological 

malignancies [81]. Two of these three cohorts had cardiac assessments to ensure normal 

function before the initiation of cancer therapies. We prioritized the analysis of nine 

DCM genes including BCL2-associated athanogene-3 (BAG3), desmoplakin (DSP), LMNA, 
MYH7, sodium voltage-gated channel, alpha subunit 5 (SCN5A), telethonin (TCAP), 

cardiac troponin C (TNNC1), TNNT2, and TTN. These studies revealed a significant 

enrichment of TTNtv among these patients (7.5%) compared to healthy volunteers (0.7% 

with p = 3.4 x 10e-6) and the Cancer Genome Atlas participants (1.1% with p = 7.4 

x 10e-8). Furthermore, the adult cancer patients with TTNtv experienced worse clinical 

outcomes, including a higher prevalence of heart failure, atrial fibrillation (p = 0.003), and 

impaired myocardial recovery (p = 0.03) than those without TTNtv.

To further confirm a significant role of TTNtv in development of cardiotoxicity after cancer 

therapy we treated mice that harbor a heterozygous truncating variant in Ttn (Ttntv/+) with 

low-dose anthracycline. Both wild-type and Ttntv/+ mice developed cardiac dysfunction 
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within 4 weeks after anthracycline administration. Cardiac function recovered to baseline in 

wild-type mice by week 8 after anthracycline exposure, but it remained depressed through 

week 12 in Ttntv/+ mice.

These human and experimental data indicate that a seemingly healthy myocardium with 

genetic vulnerability can succumb to cardiovascular stress in the context of cardiotoxic 

cancer therapies (Figure). The widespread availability of clinical genetic testing for 

cardiomyopathies could allow the identification of these high-risk patients in advance of 

cancer treatments.

Mechanisms and genetic contributors to cardiovascular toxicities from targeted cancer 

therapies (Table 2) are areas of active research. Human epidermal growth factor receptor 

2 (HER2) is amplified in 25-30% of breast cancers and overexpression is associated with 

increased tumor aggressiveness [82,83]. Trastuzumab is a monoclonal antibody targeting 

Erb-B2 receptor tyrosine kinase 2 (commonly called HER2), which is over expressed in 

multiple malignancies, including breast cancers. When combined with traditional treatments 

of anthracycline and cyclophosphamide, trastuzumab has demonstrated significantly 

improved clinical efficacy. However, 27% of patients receiving this therapeutic triad 

develop cardiac dysfunction [84]. Unexpectedly, cardiac-specific deletion of Her2 in mice 

demonstrated chamber dilation, wall thinning and decreased contractility, and isolated 

cardiomyocytes were more susceptible to anthracycline toxicity [85]. As neuregulin, which 

is released from endothelial cells in response to cardiac stresses binds Her2 and activates 

compensatory responses [86], trastuzumab-mediated inactivation of HER2 may attenuate 

pro-survival mechanisms in the heart.

The incidence of cardiotoxicities from ICIs including ipilimumab (targeting CTLA4) and 

nivolumab and pembrolizumab (targeting PD1 and PDL1) are not well established. A 

retrospective safety database review by the manufacturer of nivolumab and ipilimumab 

reported myocarditis in 0.27% of treated patients [19], while a meta-review of case reports 

identified takotsubo cardiomyopathy in 9.7% of patients receiving ICIs [87]. Pericardial 

disease, vasculitis, and arrhythmias can also occur and like myocardial toxicities, these are 

associated with high morbidity and mortality [88,89].

Cancer immunotherapies target the adaptive immune system, which is physiologically 

controlled by balancing stimulatory and inhibitory pathways that adequately mount an 

immune response to fight infection yet avoid autoimmunity with unintended tissue 

inflammation and damage. Presumably, these powerful agents shift the homeostatic balance 

and result in excessive immune system activation that attacks multiple organs including 

the cardiovascular system. Experimental model systems to study these mechanisms support 

this hypothesis. Genetic deletion of Ctla4 in mice results in fatal autoimmune myocarditis, 

mediated by CD8 T-cells [90]. Deletion of Pd1 caused fulminant myocarditis with heart 

failure and deposition of autoantibodies to troponin I in wild-type mice, but not mice 

lacking Rag2, a required gene for immunoglobulin recombination [91,92]. Furthermore, 

a recent study demonstrated that monoallelic deletion of Ctla4 in the absence of Pd1 
leads to development myocarditis, suggesting interaction between Ctla4 and Pd1 in a gene 

dosage-dependent manner [93]. This result supports clinical observation that incidence of 
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myocarditis is increased when combination ICI therapy is used [19,20]. Understanding 

these unintended signals for excessive immunoactivation in experimental models and human 

patients will be critical to establish strategies to reduce these cardiotoxicities.

Summary and future directions

Genetic studies both in humans and animal model systems have provided insights into 

a mechanism of cancer therapy-induced cardiotoxicity and opportunities to optimize care 

of patients, who are undergoing cancer treatment. It is currently postulated that multiple 

genes from distinct, but intertwined pathways, which transport and metabolize drugs, 

mediate cellular stress response, and regulate myocardial contractile function work together 

to maintain homeostasis of cardiomyocytes upon cancer-therapy treatment. While these 

insights are largely from studies of adult cancer patients, emerging analyses of pediatric 

cases identify the same genes or genes with similar functions. Notably, common SNPs and 

rare monogenic variants likely play an important role in pathogenesis of not only cancer 

therapy-induced cardiomyopathy, but also DCM by lowering a threshold when vulnerable 

myocardium develops dysfunction. Therefore, discovery of the genes that are associated 

with increased risk of cancer therapy-induced cardiomyopathy will help facilitate elucidation 

of its pathogenesis and that of DCM and may accelerate establishment of their therapeutic 

strategies.

The recognition of common and rare monogenic variants that influence susceptibility to 

cardiomyopathy after receiving cardiotoxic cancer therapies can improve cardiovascular risk 

stratification of cancer patients. There has been growing interest and attempt to establish risk 

prediction models using both clinical and genetic variables to provide personalized treatment 

plan for cancer patients [33,36]. One prediction model, which was built using 5 SNPs 

from GWAS studies (rs7853758, rs17863783, rs10426377, rs2305364, and rs4148808) 

and clinical risk factors such as a high cumulative dose of anthracyclines and concurrent 

radiation therapy has been shown to have area under the curve (AUC) equaling 0.77 [94]. 

Another prediction model, which was established by also combining clinical and genetic risk 

factors showed better performance (AUC 0.79) than using clinical (AUC 0.69) or genetic 

(AUC 0.67) models alone [32]. Identification of further genetic risk factors in addition 

to clinical risk factors will facilitate establishment of a better prediction score model and 

improve its predictability for cancer therapy-induced cardiomyopathy.

Genetic susceptibility not only increases risk of cardiotoxicity, but also worsens clinical 

outcome. For instance, cancer patients harboring TTNtv experienced more heart failure (p = 

0.003), atrial fibrillation (p = 0.003), and impaired myocardial function recovery (p = 0.03) 

compared to those without these variants [81]. Individualization of cancer treatment plan and 

cardiovascular screening before, during, and after cancer therapy for each patient based on 

their genetic predisposition may improve clinical outcome and needs further investigation.

In summary, genetic predisposition plays an essential role in both development and clinical 

outcomes of cardiovascular toxicities following cancer therapies. However, our ability 

to predict who will develop cancer therapy-induced cardiotoxicity and to personalize 

the cancer treatment based on known genetic and clinical risk factors remains limited. 
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Ongoing investigation with efforts to identify additional genetic risk factors will enhance 

identification of cancer patients, who are at the highest risk for adverse cardiovascular 

outcomes and ultimately improve their clinical outcome by co-optimizing cancer therapies 

and proactive interventions to minimize or prevent adverse cardiovascular sequalae.
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Highlights

• Survivors of cancer therapies have life-long increased risks for heart disease.

• Both common and rare damaging gene variants convey cardiotoxicity risks.

• Emerging cancer immunotherapies can evoke cardiotoxic autoimmunity.

• Improving cancer care requires identification and treatment of cardiotoxicity 

risks.
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Figure. Contributors to cancer therapy-induced cardiovascular toxicity.
A combination of clinical and genetic risk factors leads to increased risk of 

developing toxicity upon cancer therapy treatment. Elucidation of genetic contributors of 

cancer therapy-induced cardiovascular toxicity facilitates understanding of its molecular 

mechanism and development of its therapeutic strategies.
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Table 1.

Common genetic variants that are associated with risk of cancer therapy-induced cardiotoxicity

Proposed mechanism Gene Reference SNP ID Odds ratio p-value

Drug transport

ABCB1 rs1045642 [34] 0.48 0.049

ABCB4 rs1149222 [33] 1.87 0.005

ABCC1
rs246221 [30] 1.59 0.02

rs4148350 [33] 3.44 0.001

ABCC2
rs8187694 [31] 2.3 0.049

rs8187710 [32] 4.33 < 0.01

SLC10A2 rs9514091 [33] 0.43 0.003

SLC28A3
rs4877847 [33] 0.60 0.009

rs7853758 [33] 0.31 1.0 x 10e-4

SLC22A7 rs4149178 [36] 0.45 0.001

SLC22A17 rs4982753 [36] 0.50 4.4 x 10e-4

Drug metabolism CBR3 rs1056892 [39] 3.3 (G/G genotype) 0.006 (G/G genotype)

Oxidative stress response
HAS3 rs2232228 [42] 5.2 (G/A genotype)

9.9 (A/A genotype)
0.007 (G/A genotype)
0.002 (A/A genotype)

GSTM1 N/A (Homozygous deletion) [44] 2.7 0.007

Iron metabolism HFE rs1799945 [51] 3.44 0.005

Topoisomerase-mediated DNA damage RARG rs2229774 [57] 4.7 5.9 x 10e-8

Splicing of a sarcomere gene CELF4 rs1786814 [60] 2.3 0.006
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Table 2.

Experimental models to establish mechanisms of cardiovascular toxicities from targeted cancer therapies

Cancer therapy Target Experimental model Phenotype

Trastuzumab HER2 Cardiac-specific deletion of Her2 in mice [85] Dilated cardiomyopathy

Immune checkpoint 
inhibitors

CTLA Deletion of Ctla4 in mice [90]
Monoallelic loss of Ctla4 in Pd1 null mice [93] Fatal autoimmune myocarditis

PD1 PDL1 Deletion of Pd1 in mice [91,92] Fulminant myocarditis with heart failure and 
deposition of auto-antibodies to troponin I
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