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Epigenetic Changes Associated With Anthracycline-
Induced Cardiotoxicity
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Advances in cancer treatment have significantly improved the survival of patients with cancer, but, unfortunately, many of
these treatments also have long-term complications. Cancer treatment-related cardiotoxicities are becoming a significant
clinical problem that a new discipline, Cardio-Oncology, was established to advance the cardiovascular care of patients with
growing cancer populations. Anthracyclines are a class of chemotherapeutic agents used to treat many cancers in adults
and children. Their clinical use is limited by anthracycline-induced cardiotoxicity (AIC), which can lead to heart failure. Early-
onset cardiotoxicity appears within a year of treatment, whereas late-onset cardiotoxicity occurs > 1 year and even up to
decades after treatment completion. The pathophysiology of AIC was hypothesized to be caused by generation of reactive
oxygen species that lead to lipid peroxidation, defective mitochondrial biogenesis, and DNA damage of the cardiomyocytes.
The accumulation of anthracycline metabolites was also proposed to cause mitochondrial damage and the induction of car-
diac cell apoptosis, which induces arrhythmias, contractile dysfunction, and cardiomyocyte death. This paper will provide
a general overview of cardiotoxicity focusing on the effect of anthracyclines and their epigenetic molecular mechanisms on

cardiotoxicity.

CLINICAL BACKGROUND OF ANTHRACYCLINES

Newer early cancer detection technologies and novel can-
cer therapies have significantly improved the prognosis of
cancer in the last few decades.'? However, one class of
seminal anticancer agents, anthracyclines, continues to play
a significant role in cancer treatment worldwide since their
discovery in the1960s. The World Health Organization (WHO)
names anthracyclines on its list of essential medicines® and
researchers all over the world still display substantial inter-
est in the drugs’ anticancer and cardiotoxic mechanisms
through numerous clinical trials and research.* The American
Cancer Society estimates that there are around 1,806,590
new cancer cases in 2020 in the United States, and ~ 16,850
of those cases will be for pediatric patients < 19 years old.®
The continual rise of cancer cases in both adult and pediatric
populations supports the anthracyclines’ role as a signifi-
cant player in antitumor treatment, but their cardiotoxicity
remains an obstacle in cancer pharmacotherapy.

There are currently four anthracyclines that are com-
monly used in clinical practice: doxorubicin, daunorubicin,
epirubicin, and idarubicin, with doxorubicin being the most
common. Doxorubicin is used to treat numerous cancers for
both adult and pediatric populations, such as breast cancer,
Hodgkin’s lymphoma in adults, and acute lymphoblas-
tic leukemia, and acute myeloid leukemia in pediatrics.®’
Daunorubicin is usually utilized in the treatment of acute
leukemias in both adults and pediatrics, whereas epirubi-
cin is mostly used for breast cancer in adults and relapsed

sarcoma in children.® Idarubicin use in adult and pediatric
cancers is still minimal compared with the other anthracy-
clines.® Doxorubicin and its precursor, daunorubicin, were
the first anthracyclines to be discovered and the first to be
put into clinical practice. Epirubicin has a larger volume
of distribution and longer terminal half-life than doxorubi-
cin (doxorubicin terminal half-life = 1-3 hours, epirubicin
31-35 hours). Idarubicin has a higher cellular uptake than
daunorubicin, of which it is a derivative, and is the most
lipophilic anthracycline.* Table 1 summarized the cardiotox-
icity risk of each anthracycline compared with doxorubicin.®
The succeeding anthracyclines, such as idarubicin, epi-
rubicin, and mitoxantrone, are far less cardiotoxic than
doxorubicin, but cardiotoxicity remains problematic with all
anthracyclines.'®

ANTHRACYCLINES AND CARDIOTOXICITY

Anthracyclines are highly effective anticancer drugs
that have contributed to a 5-year survival of 80% among
different cancer types.4 The mechanism of action was hy-
pothesized to be targeting tumor DNA via topoisomerase Il
enzyme inhibition, protein, and cell membrane dysfunction
of rapidly dividing cancer cells. This disruption of DNA rep-
lication and transcription prevents the replication of cancer
cells."

Despite their contribution to improved survival, the use
of anthracyclines has been plagued by the development of
early and late-onset cardiotoxicity in patients with cancer
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Table 1 The cardiotoxicity risk of each anthracycline compared to doxorubicin

Clinical cardiotoxicity

Anthracycline P value Cardiotoxicity risk comparison
Doxorubicin Reference —
Daunorubicin N/A Although a trend suggested that daunorubicin was less cardiotoxic
than doxorubicin, a definitive conclusion could not be drawn
because of limited statistical power
Epirubicin 0.008 61% lower risk than doxorubicin
Idarubicin N/A Little difference in risk of any cardiotoxic event (clinical and
subclinical) with comparable therapeutic efficacy
Liposomal doxorubicin < 0.0001 22% lower risk than doxorubicin
Dexrazoxane with doxorubicin or epirubicin < 0.0001 79% lower risk than doxorubicin

contributing to increased cardiac morbidity and mortality.
Anthracyline-induced cardiotoxicity (AIC) is observed in
about 57% of the patients treated with anthracyclines and
appears as myocardial cell injury, progresses to subclinical
left ventricular dysfunction, then, if not addressed in a timely
manner, leads to symptomatic heart failure (HF).12 The in-
vestigation into the cardiotoxic effects of anthracyclines has
been of important focus in the area of Cardio-Oncology re-
search. Studies have shown that higher cumulative doses
of chemotherapy increase the probability of developing
myocardial dysfunction and HF."® The risk of cardiotoxicity
associated with doxorubicin rises dramatically when the cu-
mulative dose of doxorubicin is higher than 250-300 mg/m?.
Other factors, such as female sex, age above 60 years, pedi-
atric population, and previous radiotherapy have also been
associated with a higher risk of cardiotoxicity.'* Comorbid
conditions, such as cardiac diseases, arterial hypertension,
diabetes, dyslipidemia, and renal failure, are also significant
risk factors.'51®

Patients treated with anthracyclines are five times more
likely to have reduced left ventricular ejection fraction or
develop HF compared with those treated with other non-an-
thracycline chemotherapy.4 AIC can be acute or chronic,
with acute cardiotoxicity occurring during the treatment or
immediately afterward; this entails pericarditis-myocarditis
and arrhythmias, which are both possibly reversible. The
chronic form could occur decades after the end of treatment
and hold severe and clinically significant consequences, like
morbidity and mortality, in which case long-term therapy will
be required.10 Some patients can tolerate high doses with-
out cardiotoxicity, whereas others developed cardiotoxicity
at low doses. This variability in susceptibility to AIC suggests
a genetic component.'’

MEDICINAL CHEMISTRY OF ANTHRACYCLINES AND
ITS IMPACT ON CARDIOTOXICITY

A basic anthracycline structure consists of two main por-
tions, a sugar portion (L-daunosamine) and a nonsugar
organic portion commonly referred to as an aglycone
(Figure 1).'® The daunosamine sugar and the flat, ar-
omatic part of the aglycone ring system bind to DNA,
whereas the aglycone’s ring is thought to be a bridge
between the DNA and topoisomerase II.'° DNA interca-
lation commences the anthracycline action against tumor
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Figure 1 Doxorubicin structure.

growth. The aglycone rings insert themselves in be-
tween DNA’s two strands, positioning the aglycone ring
along the DNA’s long axis to stabilize the complex. The
daunosamine sugar then binds to the DNA’s minor groove
at the DNA-topoisomerase interface to initiate the DNA
poisoning process.'®

The cardiotoxicity associated with the anthracycline drug
class is thought to be derived from cytotoxic free radicals,
which are formed during anthracycline breakdown. They
are formed by a one-electron reduction of the anthracycline
quinone to hydroquinone by NAPDH/CYP450 reductase.
Free radicals of importance are reactive oxygen species
(ROS), such as the superoxide radical ion and the hydroxyl
radical.?° Superoxide radical ions produce hydrogen perox-
ide when they react, a product that is instrumental to the
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cardiotoxic side effects. Catalase is an enzyme that breaks
down hydrogen peroxide into water and oxygen, which are
ultimately harmless on their own. However, hydrogen per-
oxide is converted to the toxic hydroxyl radical while in the
presence of ferrous ion through the process known as the
Fenton reaction.?’ Anthracyclines are known to interfere
with normal ferritin-iron mobilization, which results in iron
accumulation in the body; this, along with the frequent use
of anthracyclines during treatment, almost guarantees the
steady production of cytotoxic hydroxyl radicals in a pa-
tient undergoing anthracycline therapy. Cytotoxic hydroxyl
radicals are produced throughout the body and especially
within the heart, leading ultimately to acute cardiotoxicity.°
Cardiac tissue is especially susceptible to free radical dam-
age caused by anthracyclines due to its low amounts of
catalase, forcing hydrogen peroxide formed in the myocar-
dium to proceed down the Fenton pathway, producing more
cytotoxic hydroxyl radicals, and setting the patient down
a path of steady cardiotoxicity sustained by anthracycline
therapy.

MECHANISM OF ACTION OF ANTHRACYCLINE-
INDUCED CARDIOTOXICITY

The mechanism of AIC is very complicated. Although the
exact mechanism remains unclear, multiple processes
have been revealed to be involved in the development of
AIC. Most of these processes focus on cardiomyocyte in-
jury and death. The most common and widely accepted
mechanism of action of AIC is the anthracycline-induced
generation of ROS.2% The ROS are formed through at least
two pathways, a nonenzymatic and an enzymatic path-
way. In the nonenzymatic pathway, anthracyclines react
with ferric ion and produce free radicals. In the enzymatic
pathway, anthracyclines react with the mitochondrial
respiratory chain and other cytochrome-containing en-
zymes to produce free radicals.??> These free radicals
can then circulate to the heart, damaging numerous cell
components, such as proteins, nucleic acids, and cell
membrane lipids, eventually leading to cell death and
cardiotoxicity.?? Anthracyclines have different modes of
action for efficacy and toxicity (Figure 2): (i) to interfere
with replication of proliferating cancer cells by interact-
ing with Topoisomerase 2a, which increases DNA breaks
and prevents DNA and RNA synthesis by inducing the
apoptosis for cancer cells (efficacy), and (ii) to induce
cardiotoxicity by interacting with Topoisomerase 23 that
leads to increasing iron release and accumulating in mi-
tochondria causing mitochondrial dysfunction, which is
associated with ROS formation and apoptosis to cardiac
cells (toxicity).?®

Doxorubicin, the most common anthracycline used in
cancer treatment, is particularly harmful to the heart mus-
cle because it has direct effects on the mitochondria and is
associated with doxorubicin-induced cardiotoxicity (DIC).*
The pumping function of the heart to circulate blood flow
throughout the entire body requires a significant amount of
energy production from the mitochondria.'® Mitochondria is
an active site where most of the ROS are produced as a re-
sult of electrons escaping from the electron transport chain
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and captured by oxygen; this makes it the home of superox-
ide production and primarily leads to lipid peroxidation and
DNA damage in cardiomyocytes, %24 these studies focused
particularly on doxorubicin, making this mechanism of car-
diotoxicity specific to doxorubicin only. It is currently not
clear if other anthracyclines confer cardiotoxicity through
the same mechanism. Other proposed mechanisms of DIC
include the accumulation of cardiotoxic metabolites in the
heart, disruption of calcium homeostasis, and induction of
apoptosis.?®

A recent study has demonstrated the role of ferroptosis
in DIC.2® Ferroptosis is a new form of regulated cell death
that is characterized by iron release from heme degra-
dation to be accumulated to the fetal level. The authors
reported that doxorubicin increases the accumulation of
the nuclear factor erythroid 2 (Nrf2) gene, which translo-
cates to the nucleus and binds to the antioxidant response
element. This binding activates the heme oxygenase
(decycling) 1 (Hmox1) and promotes the expression, facil-
itating the release of free iron, which leads to ferroptosis
and HF.2® The heme oxygenase enzymes, Hmox1 and
Hmox2, have a role in catalyzing hydroxylation of heme
to carbon monoxide, ferrous iron, and biliverdin.?’ In ad-
dition, they found that inhibiting ferroptosis significantly
reduced DIC.?®

Another process attributing to AIC is the poisoning of
topoisomerase, an enzyme that is crucial for DNA syn-
thesis and replication in all cell types, this helps to cease
the growth of proliferating cancer cells, but it also leads to
the damage and apoptosis of cardiac myocytes.20 Other
factors that contribute to cardiotoxicity are the anthracy-
clines’ planar structure and its interaction with DNA and the
downregulation of transcription factors during anthracycline
exposure, these transcription factors are necessary for car-
diac sarcomere synthesis and maintenance.?®

EPIGENETICS AND AIC

Along with researching anthracyclines’ clinical data, scien-
tists are currently using pharmacogenomic approaches to
determine which patients are at higher inherent risk of devel-
oping AIC. The field of epigenomics is the study of variations
in gene expression that are inheritable but without changes
in the genomic DNA sequence.?® These variations include
DNA methylation, post-translational histone modification,
and microRNAs. Current advances in epigenetic studies
show that DNA methylation can play an important role in
the pharmacodynamics of different drugs by regulating the
expression of specific drug-metabolizing enzymes.30 DNA
methylation is associated with transcriptional repression,
and it has been implicated in different cardiovascular dis-
eases, such as atherosclerosis, coronary heart disease,
and abdominal aortic aneurysm.30 Epigenetic therapies
have not yet been widely tested in pediatric patients, but
studies currently underway are providing some rationale for
their use.®'

In addition to the several hypotheses for the asso-
ciation between genetic variants and susceptibility to
cardiotoxicity,?>7® recent studies showed that the epigen-
etic mechanism might play a role in promoting long-term
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Figure 2 Proposed mechanisms of anthracycline-induced cardiotoxicity and cancer cell death. ROS, reactive oxygen species.

doxorubicin toxicity.2*” Previous study showed that long-
term exposure to doxorubicin causes a persistent and
irreversible alteration of metabolism and gene expression
in mitochondria.®® Mitochondrial metabolism changes by
the environment, and has an effect on the epigenomic
landscape of nuclear DNA. When the energy is produced,
the enzymes use mitochondrial-derived adenosine tri-
phosphate and acetyl coenzyme A to phosphorylate and
acetylate chromatin, to help in increasing gene expression.
When the metabolism decreased the gene expression also
reduced.®

miRNAS and anthracycline-induced cardiotoxicity

MiRNAs are small, non-coding RNA molecules (~ 20-25
nucleotides) that play important roles in eukaryotic gene
regulation. Currently, around 2,800-3,000 human miRNAs
have been identified.*® A miRNA can regulate multiple tar-
get mRNAs, and multiple miRNAs together can work as a
functional cluster to coordinate the expression of a particular
gene. It is involved in cell proliferation, differentiation, apop-
tosis, angiogenesis, etc.*’ MiRNAs also play vital roles in the
pathophysiology of cardiovascular diseases, such as myo-
cardial infarction, hypertrophy, fibrosis, HF, etc.*> MiRNAs
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have been considered as critical regulators during heart
development. Genetic studies demonstrated that miRNA
changes during the process of cardiac differentiation of stem
cells, such as miR-1, miR-208, miR-133, and miR-499, are
strongly associated with cardiac maturation.*®

Detecting early biomarkers for toxicity is essential to
manage anticancer treatment. Several clinical studies re-
ported that some cardiac biomarkers, such as troponin |
and troponin T, could be used to confirm cardiotoxicity,
and high levels of troponin indicate there is irreversible
myocardial cell injury in patients with cancer who received
chemotherapy. B-type natriuretic peptides and N-terminal
fragment of the prohormone brain natriuretic peptide are
also considered routine biomarkers for cardiac dysfunc-
tion and HF diagnosis during chemotherapy.**~*¢ The main
disadvantage of these biomarkers is that they cannot be
used as an early indicator of cardiotoxicity because their
expressions occur after the irreversible cardiac damage.
So there is an urgent need to identify new potential early
detection biomarkers to provide early warning for chemo-
therapy-induced cardiotoxicity.

Circulating miRNAs have been the focus of research as
biomarkers for diagnosis and prevention, given their ease of
detection in blood using noninvasive procedures. The origin
of circulating miRNAs can be identified because of miRNA
specificity in tissue. However, several circulating miRNAs
in plasma still have a completely unknown origin and func-
tionality.*” The stability of circulating miRNAs makes them
promising candidates for biomarkers for different diseases.

The miRNAs currently have an essential role as potential
biomarkers in toxicological studies and are used as biomark-
ers for drug-induced tissue injury. Several studies reported
the association between AIC and the dysregulation of cir-
culating miRNA. For example, miR-34a-5p, miR-199a-3p,
miR-423-5p, and miR-126-3p were upregulated after epi-
rubicin treatment.®® In another study, miRNAs, such as
miR-143, miR-361, and miR21, were downregulated in pa-
tients with breast cancer treated with doxorubicin.*® MiR-1
was upregulated in patients with breast cancer after doxo-
rubicin treatment and showed strong ability to distinguish
between patients with and without DIC more than tropo-
nin I, which increases its potential to be a promising new
biomarker.®® MiR-133b, miR-146a, and miR-423-5p were
also upregulated with doxorubicin treatment in patients
with breast cancer.>® A pilot study included a different type
of cancers in children (acute myeloid leukemia, acute lym-
phoid leukemia, hepatoblastoma, Hodgkin’s lymphoma,
etc.) demonstrated higher expression of circulating miR-
29b and miR-499 after anthracycline treatment (mainly
doxorubicin) in patients who developed cardiotoxicity con-
firming by high-sensitivity troponin T increase > 5 ng/L from
baseline.’’

Circulating miRNAs were also used as biomarkers in drug
safety assessment because of their tissue specificity and
early release in plasma after tissue injury. Several studies
reported the association of specific circulating miRNAs and
cardiotoxicity,”” hepatotoxicity,>? and, nephrotoxicity.>** In
this review, we have summarized the studies reporting miR-
NAs that are associated with AIC using in vivo and in vitro
approaches (Table 2, Figure 3).

Clinical and Translational Science

Methylation and AIC
A previous study showed that treating H9c2 (rat heart-de-
rived cell line) with doxorubicin decreased the DNA
methyltransferase | mMRNA expression, which might reduce
the mitochondrial DNA (mtDNA) methylation level. mtDNA
plays an important role in the upregulation of some mito-
chondrial genes and maintains the function of mitochondria.
Downregulation of DNA methyltransferase | was associated
with mtDNA hypomethylation under oxidative stress. This
finding supports the presence of dynamic mitochondrial
epigenetic mechanisms associated with doxorubicin treat-
ment,®® as illustrated in Figure 4. Another study found that
rats treated with doxorubicin had decreased global DNA
methylation in the heart, these changes were associated with
alteration in mRNA expression of different functional gene
groups, and disruption in cardiac mitochondrial biogenesis,
which was demonstrated by decreasing of mtDNA levels
and alteration in transcript levels of mitochondrial genes
encoded by nuclear and mitochondrial genomes.*® This
study also showed that doxorubicin disturbs the mitochon-
drial-dependent production of the main acetyl and methyl
donors (acetyl coenzyme A and S-adenosylmethionine, re-
spectively) and consequently imprints a long-lasting toxic
epigenetic effect that can be detected in metabolic tran-
scriptome and metabolome.®®

Another study reported that variability in gene expression
of cardiac aldo-keto reductases (AKR7A2), the most abun-
dant anthracyclines reductase in the heart, might have an
impact on the metabolism of anthracycline substrates and
subsequently increasing the risk of AIC. The authors also
found there was a relative linear correlation between DNA
methylation status in specific CpG sites of the AKR7A2
locus and intracardiac synthesis of cardiotoxic alcohol
metabolites, and they concluded this correlation might
be potentially associated with cardiac AKR7A2 gene ex-
pression and maximal anthracyclines reductase activity.®’
Moreover, in a different study, DIC in Wistar rats was de-
creased by co-administrating the major biological methyl
donor S—adenosylmethionine.58

MANAGEMENT OF CARDIOTOXICITY

There are many strategies to manage AIC without alter-
ing the efficacy of antitumor treatment. The most utilized
strategies are (i) dose reduction, (i) changing the treatment
frequency from classical dosing of once every 2-3 weeks to
weekly or continuous infusion dos,ing,59 (ili) managing car-
diovascular risk factors of patients with cancer,?® and (iv)
using cardioprotective agents.5'63

Dexrazoxane (Zinecard®) is currently the only cardiopro-
tective agent that is approved for AIC by the US Food and
Drug Administration (FDA).%* Dexrazoxane is an iron chelator
that binds to free irons and prevent anthracyclines-iron com-
plex formation. By preventing oxygen free radical formation,
dexrazoxane protects cardiac cells from cardiotoxicity.65 The
clinical efficacy of dexrazoxane was previously attributed to
its ability to chelate iron, which prevents the formation of ROS
that would ultimately damage the myocardium.®® This initial
hypothesis of dexrazoxane’s cardioprotective mechanism
of action gradually became inadequate, because it could
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Anthracyclines

miRNA Model Sample type Regulation Putative target pathway References
miR-17-5p Human Blood EC-D Down Not reported I
miR-210 Human Blood EC-D Down Not reported I
let-7a Human Plasma DOX Up Not reported 49
let-7f Human Blood EC-D Down Not reported I
let-7f-2-3p Cell lines Cardiomyocytes DOX Up Long noncoding RNA NEAT1 &
inhibits XPO1-mediated HAX-1
nuclear export
Let-7g Rat Heart tissue DOX, L-DOX Down Not reported 6.7
miR-1 Human/rat/ Plasma/heart tissue DOX Up Not reported 50,78,79
mice

miR-1 Cell lines Cardiomyocytes from Epirubicin Down Suppress the PIBK/AKT/mTOR and 80

treated animals NF-kB signalling pathways
miR-122-5P Mice Plasma DOX Down Not reported 81
miR-125 Human Plasma DOX Up Not reported 49
miR-126-3p Human Plasma Epirubicin Up Not reported 48
miR-127-3p Mice Plasma DOX Down Not reported 81
miR-1303 Cell lines Cardiomyocytes DOX Down Not reported 82
miR-130a Cell lines Cardiac cells DOX Up Apoptosis pathway 83
miR-133a Rat, mice Plasma DOX Up Not reported 7884
miR-133a-3p Mice Plasma DOX Down Not reported 81
miR-133a-3p Mice Plasma DOX Up Not reported 8
miR-133b Mice/human Plasma DOX Up Not reported 50,84
miR-1-3p Mice Plasma DOX Down Not reported 81
miR-140-3p Mice Plasma DOX Down Not reported 85
miR-140-5p Rat/mice Heart tissue DOX Up Mitochondrial apoptosis, oxidative 86,87

stress
miR-143 Human Plasma DOX Down Not reported 49
miR-145 Human Plasma DOX Up Not reported 49
miR-146a Human Plasma DOX Up Not reported 50
miR-146a Rat Neonatal rat cardiac DOX Up ErbB4 88
myocytes

miR-146a Cell lines (hPSC-CM) DOX Down MMPs via the Fos/AP-1 pathway 89
miR-15b Cell lines (hPSC-CM) DOX Down TGFB-pathway 8
miR-15b-5p Rat Cardiomyocytes from DOX Up Apoptosis, oxidative stress, and 90

treated animals mitochondria damage
miR-182-5p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-187-3p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-191 Human Plasma DOX Up Not reported 49
miR-199a-3p Human Plasma Epirubicin Up Not reported 48
miR-1a Mice Plasma DOX Up Not reported 84
miR-200c Mice Heart tissue DOX Up Zinc finger E-box 9
miR-206 Rat Plasma DOX Up Not reported I
miR-208a Rat Heart tissue DOX, L-DOX Down Myosin heavy chain expression 6
miR-208a Mice Heart tissue DOX Up GATA4 92
miR-208a Human Plasma DOX Not released Not reported 9
miR-208b Rat Rat heart DOX Up Not reported 94
miR-20a Human Blood EC-D Down Not reported “
miR-21 Mice Heart tissue DOX Up Not reported 79,95
miR-21 Rat/mice Mouse heart tissues DOX Up B cell translocation gene 2 96

and rat H9C2

cardiomyocytes
miR-21 Human Plasma DOX Down Not reported 49
miR-215 Rat Rat heart DOX Up Not reported 94
miR-215-5p Mice Plasma DOX Down Not reported 81

(Continues)
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Table 2 (Continued)

Anthracyclines

miRNA Model Sample type Regulation Putative target pathway References
miR-216b Rat Rat heart DOX Up Not reported 94
miR-23a Rat Primary neonatal DOX Up PGC-1a/p-Drp1, thereby inhibiting 7
rat ventricular mitochondria-dependent
myocytes apoptosis
miR-29b Rat Heart tissue DOX Down Mitochondria-dependent pathway 98
by directly targeting Bax
miR-29b Human Plasma Anthracycline Up Not reported 51
miR-30 Rat Cardiomyocytes from DOX Down Pro-apoptotic gene BNIP3L/NIX 99
treated animals
miR-30a Rat Cardiomyocytes from DOX Up Autophagy in a miR-30e/beclin-1 100
treated animals signal pathway
miR-30e Rat Cardiomyocytes from DOX Up Autophagy in a miR-30e/beclin-1 100
treated animals signal pathway
miR-301b-3p Mice Plasma DOX Up Not reported 8
miR-30c Rat Cardiomyocytes from DOX Up Autophagy in a miR-30e/beclin-1 100
treated animals signal pathway
miR-320a Mice Heart tissue DOX Up Not reported 101
miR-32-5p Mice Plasma DOX Up Not reported 85
miR-339 Mice Plasma DOX Down Not reported 84
miR-34a Mice, rat/cell Plasma, heart tissue/ DOX Up Not reported 84,89,102,103
lines (hPSC-CM)
miR-34a-3p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-34a-5p Mice/rat Cardiomyocytes/ DOX Up Not reported 81,85,104
plasma
miR-34a-5p Human Plasma Epirubicin Up Not reported 48104
miR-34b-3p Mice Plasma DOX Up Not reported 85
mir-34c Rat Rat heart DOX Up Not reported 94
miR-34c-3p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-34c-5p Mice/cell lines Plasma/ DOX Up Not reported 62,85
cardiomyocytes
miR-361 Human Plasma DOX Down Not reported 49
miR-367 Rat Rat heart DOX Up Not reported 94
miR-378 Human Blood EC-D Down Not reported “
miR-423-5p Human Plasma DOX/epirubicin Up Not reported 48,50
miR-431-5p Mice Plasma DOX Down Not reported 85
miR-4423-3p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-451a Mice Plasma DOX Down Not reported 85
miR-455-3-p Mice Plasma DOX Down Not reported 81
miR-486-3p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-486-5p Cell lines Cardiomyocytes DOX Up Not reported 82
miR-499 Human Plasma Anthracycline Up Not reported 51
mir-499-5p Mice Plasma DOX Up Not reported 85
miR-499a-5p Mice Plasma DOX Down Not reported 81
miR-500a-3p NA Cardiomyocytes DOX Down Not reported 105
miR-532-3p NA Cardiomyocytes DOX Up Not reported 108
miR-532-3p Mice Mice heart and DOX Up Mitochondrial fission and 106
cardiomyocytes apoptosis
miR-6236 Mice Plasma DOX Down Not reported 84
miR-6240 Mice Plasma DOX Down Not reported 84
miR-6946 Mice Plasma DOX Down Not reported 84
miR-7058 Mice Plasma DOX Up Not reported 84
miR-93-5p Mice Plasma DOX Down Not reported 85

AIC, anthracycline-induced cardiotoxicity; Akt, protein kinase B; AP-1, Activator protein 1; BAX , Bcl-2 Associated X-protein; BNIP3L, BCL2 Interacting
Protein 3 Like; DOX, doxorubicin; EC-D, epirubicin/cyclophosphamide followed by docetaxel; Erb-B2, Receptor Tyrosine Kinase 4; GATA4, GATA Binding
Protein 4; HAX1, HCLS1 Associated Protein X-1; hPSC-CM, human induced pluripotent stem cell-derived cardiomyocytes; MHC, major histocompatibility
complex; miRNA, microRNA; MMPs, Matrix metallopeptidases; mTOR, The mammalian target of rapamycin; NEAT1, Nuclear Enriched Abundant Transcript
1; NF-kB, Nuclear factor kappa B; PI3K, Phosphoinositide 3-kinase; PGC-1a, coactivator 1-alpha; TGF(, Transforming growth factor beta; XPO1, Exportin 1.
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Figure 3 Summary of most of microRNAs regulation detected in different models treated with doxorubicin.

not explain why other iron chelators have not been shown
to protect against AIC as well.®® New research indicated
that dexrazoxane’s clinical efficacy against cardiotoxicity
comes from its role as a catalytic inhibitor of topoisomer-
ase Il. Although both anthracyclines and dexrazoxane target
topoisomerase, the distinction in their mechanisms is their
effects on DNA breakage.®® Doxorubicin blocks the refor-
mation of double-stranded DNA after the DNA has been
cleaved by topoisomerase Il. This prevents the replication
of cancer cells, but it also results in DNA double-stranded
breaks that remain in the body and eventually lead to cell
death.® In contrast, dexrazoxane changes the configuration
of topoisomerase, preventing anthracyclines from binding to
it altogether and thereby prevents cardiomyocyte death, mi-
tochondrial dysfunction, and the suppression of antioxidant
gene expression.67 Dexrazoxane also binds iron before it
enters cardiomyocytes, which prevents the formation of the
iron-anthracycline complex; which prevents the free radical
formation and, ultimately, cardiac dalmage.67 Dexrazoxane’s
contrasting mechanism to the anthracyclines helps protect

Doxorubicin DNMT1

mtDNA hypomethylation

& — @D —

the heart from the anthracyclines’ cardiotoxicity by prevent-
ing the creation of DNA breaks and their eventual damage
to the myocardium. Although dexrazoxane has been proven
to help protect against AIC, its use in pediatrics has been
limited because of its adverse effects.

There are debatable concerns in adult and pediatric pa-
tients that are receiving dexrazoxane that might reduce the
response of anthracyclines on tumor cells and increase the
risk of secondary malignancies.65 At least two randomized
clinical trials have shown a three-fold increase in the inci-
dence of primary, secondary malignancies in acute myeloid
leukemia and pediatric patients with Hodgkin’s disease
compared with controls after dexrazoxane prescription.68 A
retrospective cohort performed in US hospitals for second-
ary acute myeloid leukemia demonstrated no association
with increased risk of secondary malignancies in pediat-
ric patients with cancer.®® Conflicting results in pediatric
studies emphasize the necessity for more research in this
population. Today, there are limited options for cardiac pro-
tection in cancer therapy, and the need continues to rise as

Disrupted Cardiac mitochondrial

Figure 4 The effect of doxorubicin on DNA methyltransferase | (DNMT1), which leads to mitochondrial DNA (mtDNA) hypomethylation

and disruption of the cardiac mitochondrial cell.
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anthracycline use increases in both pediatric and adult pa-
tients with cancer. Additional studies on dexrazoxane and its
side effects are warranted to move toward more stable and
effective cancer treatment regimens.

PHARMACOGENOMICS OF AIC

Pharmacogenomics, or the identification of genomic
determinants of drug response or adverse effects, is a
tool that has been used in individualized medication ther-
apy.70 The Clinical Pharmacogenomics Implementation
Consortium (CPIC) develops and publishes peer-reviewed
gene-drug guidelines to facilitate clinical implementa-
tion of pharmacogenomic test. There have been a few
pharmacogenomic studies of AIC in adults and pediatric
patients with cancer,®*"""2 but none have reached CPIC
level strength of evidence. However, there was a recom-
mendation published by the Canadian Clinical Practice
Recommendations Group that aims to encourage cancer
institutes to perform germline DNA pharmacogenomic
testing in all pediatric patients with cancer who will receive
anthracyclines, such as doxorubicin or daunorubicin to re-
duce theincidence of cardiotoxicity.73 The genetic variants
recommended to be tested include retinoic acid receptor
gamma (RARG) rs2229774, solute carrier transporters
(SLC28A3) rs7853758 and UDP-glucuronosyltransferase
family 1A, isoform 6 (UGT1A6%4) rs17863783 variants.
These tests were not recommended for adults and other
pediatric patients with cancer receiving different types of
anthracyclines,.73 In our opinion, these germline variants
need to be validated in independent cohort studies or
randomized trials before they can be implemented in the
clinical setting.

CONCLUSION

In summary, AIC is a severe problem associated with the
administration of anthracyclines in many patients with
cancer in adults and pediatrics. Current literature sup-
ports the important role of epigenetic changes, including
miRNA and DNA methylation in the development of AIC,
mediated through disrupting mitochondrial biogenesis,
increasing ROS release, inducing apoptosis, and ferro-
ptosis of cardiac cells. The miRNAs have been reported
in several studies to be affected by drugs, and the poten-
tial of miRNAs as biomarkers and diagnostic tools has
been considered. In addition, the main aspect discussed
for the advantage of miRNA is the alteration of miRNA
expression in cardiac cells upon treatment with anthra-
cyclines, circulating miRNAs play an important role as a
promising early biomarker of cardiotoxicity. Epigenetics
studies showed that DNA methylation could affect the
pharmacodynamics of different drugs by regulating
the expression of specific drug-metabolizing enzymes.
Further investigation of different epigenetic mechanisms
associated with cardiotoxicity might have the potential to
decrease the risk of AIC.
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