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Cancer therapy-induced cardiotoxicity (CTIC) is an important cause of death in
cancer survivors which often results in the withdrawal or discontinuation of
drugs. The underlying mechanisms of CTIC remain unclear. Circular RNAs
(circRNAs) are a class of non-coding regulatory RNA molecules which have
emerged in recent years. They are generated by back splicing and have powerful
biological functions, including transcription and splicing, isolating or building
macromolecular scaffolds to interfere with microRNA activity and signaling
pathways, and acting as templates for translation. Moreover, circRNAs
demonstrate high abundance and significant stability. CircRNAs can be used as
novel biomarkers because they often function in a cell-type and tissue-specific
manner. CircRNAs have attracted increasing attention in cardiovascular disease
research, and recent studies exploring the role of circRNAs in CTIC have had
promising results. This review will summarize the current understanding of
circRNAs’ biogenesis, regulation and function. Their clinical potential as
biomarkers, therapeutic agents and drug targets will also be explored.
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Introduction

The global survival rate of cancer has increased significantly due to improvements in

diagnosis and treatment. Unfortunately, cancer treatment is associated with high

incidence of adverse cardiac reactions: a rare but fatal condition known as cancer

therapy-induced cardiotoxicity (CTIC) (1, 2). CTIC is considered as a cause of death for

survivors of breast, prostate and bladder cancer, even surpassing the mortality related to

recurrence of the baseline malignancy and impacting the short- and long-term

prognosis of patients, which has given rise to the field of onco-cardiology (3). Onco-

cardiology focuses on the cardiovascular effects of cancer and its treatment. The most

frequently reported cancer CTICs are hypertension, thromboembolism, angiogenesis,

QT interval prolongation and heart failure (4, 5). Heart failure caused by CTIC is a

growing problem in many cancer survivors. Over the past decade, immunotherapy,

particularly immune checkpoint inhibitors (ICIs) and chimeric antigen receptor (CAR)

T cell therapy have dramatically changed the landscape of cancer treatment (6).

Unfortunately, both ICIs and CAR T cell therapy are also associated with a spectrum of

cardiac side effects, such as autoimmune myocarditis, cardiomyopathy, heart failure, etc.

(7, 8). CTIC, a side effect of various chemotherapies, targeted anticancer drugs,

radiotherapy and immunotherapy, is not yet fully understood. Therefore, a deeper

understanding of the molecular mechanisms used to regulate CTIC is required for the

development of more effective diagnostics and therapies.
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Over the last few decades, as a well-known physiological

regulator, non-coding RNAs have been widely explored in the

field of cardiovascular research. Increasing evidence shows that

circular RNAs (circRNAs) are involved in the biological

processes leading to the onset and progression of cardiovascular

diseases (9). Many circRNAs have been located in the heart and

other organs via deep sequencing and new bioinformatics

approaches (10–12). Greater breakthroughs have been made in

understanding the function of these circRNAs. Previous study

has proved that circRNAs can regulate gene expression by

modulating transcription and splicing, titrating microRNAs

(miRNAs), interacting with proteins and acting as templates for

the synthesis of polypeptides (13). The available data suggest that

circRNAs may be biomarkers for the diagnosis and/or prognosis

of CTIC, as well as acting as potential therapeutic targets. In this

review, we summarize the biogenesis, characterization and

functions of circRNAs. Then, we outline the possible

mechanisms of action of different circRNAs in CTIC and discuss

the clinical potential of these circRNAs as biomarkers and

therapeutic agents or targets. Finally, we discuss the challenges

and biological knowledge gaps which need to be addressed to

advance research in this area and bring circRNAs to the

forefront of clinical practice in CTIC.
Biogenesis, characterization and
functions of circRNA

Circular RNAs are single-stranded, covalently closed,

endogenous biomolecules generated from the precursor mRNAs

via back-splicing, in which the downstream 5′ splice site is

joined to the upstream 3′ splice site in the opposite order across

one or more exons (14). Back-splicing of circRNAs formation

requires a canonical spliceosome mechanism. Back-splicing

occurs both co-transcriptionally and post-transcriptionally (15).

Studies have shown that circRNA production is tightly regulated

by specific cis-acting elements and trans-acting factors, which

have distinct effects on back-splicing (16, 17). Alternative back-

splicing and alternative splicing site selection at one gene locus

can occur during the formation of circRNAs to form multiple

circular RNAs. CircRNAs can be divided into four categories:

exonic circRNA, circular intronic RNA, exon-intron circRNA

and mitochondria-encoded circRNAs (mecciRNAs) (18, 19).

Several exons are contained in most endogenous human

circRNAs, usually two or three. Most circRNAs are expressed at

low levels compared to the linear RNAs (20). Several researchers

have provided evidence that many such circRNAs are caused by

mRNA-splicing errors and are nonfunctional (21). Notably, some

circRNAs were expressed at higher levels than their

corresponding linear mRNAs because their expression was

independent of their linear isoforms (22). Recent studies have

shown that there are cell type-specific and tissue-specific patterns

in circRNAs (23, 24). CircRNAs are significantly enriched in

brain and human platelets, as well as during human epithelial–

mesenchymal transition and differentiation of hematopoietic

progenitors to lymphocytes and bone marrow cells (25, 26).
Frontiers in Cardiovascular Medicine 02
Analysis of non-polyadenylated transcriptomes and RNase R-

treated transcriptomes also revealed that the expression of

circRNAs is very broad in metazoans, ranging from nematodes,

zebrafish, etc. (27–29). Remarkably, once produced, most

circRNAs are very stable, as they are not only resistant to

degradation caused by the linear RNA decay machinery, but also

have a longer half-life compared to their cognate linear RNAs

(30). In addition, many circRNAs are expressed in a disease-

specific manner, demonstrating extraordinary potential in the

pathogenesis of diseases such as tumors, neurodegenerative

diseases, etc. (31–34).

Ongoing investigation has revealed that circRNAs can be used

as molecular sponges to inhibit microRNA interaction with targets

and protein function, or as templates to efficiently generate

peptides via rolling cycle amplification (35). They can also be

used as molecular scaffolds to improve the reaction kinetics of

enzyme–substrate interactions (36). Chromatin modifications and

facilitation of gene expression were promoted by circRNAs in the

nucleus (37). The researchers also revealed that circRNA can

mediate cancer metastasis by modulating the alternative splicing

of genes (38). CircRNAs are resistant to degradation and play a

role in innate immunity, cell proliferation and transformation

and neuronal function (39). They can be encapsulated in

extracellular vesicles and transported via the circulation. Their

dysregulation is associated with diseases which are phenotypically

analyzed in animal models (40). They are closely associated with

urological diseases such as hypertensive nephropathy and

diabetic nephropathy (41–43). In addition, some studies found

that some circRNAs have anti-cancerous or tumor suppressive

effects which allow them to modulate drug resistance in

cardiomyopathies (44, 45).
CircRNA and doxorubicin-induced
cardiotoxicity

Doxorubicin (DOX) remains the most effective and common

chemotherapeutic agent used to treat hematological malignancies

and solid tumors (46). However, severe dose-dependent and

cumulative cardiotoxicity hampers its clinical use. Over the past

few decades, several possible mechanisms of doxorubicin-induced

cardiac toxicity (DOXIC) have been proposed by researchers,

including overproduction of oxidative stress, DNA damage and

altered cardiac energetics, leading to irreversible cell death

ultimately (47, 48). However, the question of how to apply

DOXIC in treatment has yet to be determined. These circRNAs

have not been fully validated and only a few circRNAs have been

explored in detail, as shown in Figure 1 and Table 1.
Circ-INSR

Circ-INSR is derived from the host gene encoding the insulin

receptor (INSR). It is a conserved non-coding RNA. In a recent

issue of European Heart Journal, Lu et al. studied the role of

Circ-INSR in DOXIC (49). They found that circ-INSR
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FIGURE 1

A schematic of different modes of action of circRNAs currently
annotated in cells and in CTIC. In addition to pre-mRNA splicing,
which can be affected by the interplay between back-splicing and
canonical splicing for the same splice site selection, mature circRNAs
themselves can act as decoys or sponges for miRNAs and proteins
and as RNA scaffolds. A portion of the circRNA can translate peptides.
The mechanism of another group of circRNAs is still unclear in CTIC.
The pink labeled circular RNAs have potential interaction with miRNA,
but further experimental verification is needed to confirm this. miRNA,
microRNA; circRNA, circular RNA.

Cheng et al. 10.3389/fcvm.2023.1152436
significantly decreased in patients suffering from cardiotoxicity

after the DOX therapy and in HL-1 cardiomyocyte-like cells and

human-induced pluripotent stem-cell-derived cardiomyocytes

after DOX treatment. In vitro, siRNA-mediated circ-INSR down-

regulation in cardiomyocytes leads to impaired metabolic activity

and induces apoptosis during DOX stress. Overexpression of

circ-INSR by AAV6 (adeno-associated virus serotype 6) in HL-1

cardiomyocytes and primary rat cardiomyocytes attenuated

DOX-induced cardiomyocyte injury. In vivo, overexpression of

circ-INSR by AAV6 significantly improved DOX-induced cardiac

atrophy and dysfunction. In addition, cardiomyocyte death under

DOX stress was reduced by Circ-INSR mimics. Furthermore, the

expression of Circ-INSR was found to be regulated by breast

cancer type 1 susceptibility protein, while Circ-INSR physically

interacts with single-stranded DNA-binding protein 1 to regulate

apoptotic and metabolic pathways in cardiomyocytes. In

summary, these results illustrate the promising development of

Circ-INSR in preventing anti-cancer drug-induced cardiotoxicity.
CircITCH

CircITCH is a tumor suppressor whose host gene is ITCH (E3

ubiquitin protein ligase). A further investigation reported in

Circulation Research showed that CircITCH also plays a role in

DOXIC (50). First, the authors performed circular RNA sequencing
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to identify CircITCH involved in DOXI pathogenesis. They found

that pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)

were induced in DOX-treated humans and CircITCH was

downregulated in autopsy specimens from cancer patients with

DOX-induced cardiomyopathy. DOX-induced hiPSC-CM injury

and dysfunction was prevented by the overexpression of CircITCH.

DOX-induced hiPSC-CM cellular/mitochondrial oxidative stress

and DNA damage were regulated. Mechanistically, miR-330-5p was

identified as a direct target of CircITCH. The indicators in

quantitative polymerase chain reaction were upregulated by

CircITCH which serve as an endogenous miR-330-5p sponge. The

interaction between miR-330-5p and 3’-UTRs of SIRT6, BIRC5 and

ATP2A2 mRNA alleviated CircITCH-mediated DOXIC. Finally,

overexpression of an AAV9 (adeno-associated virus serotype 9)

vector based on the highly conserved CircITCH partially prevented

DOXIC in mice. Collectively, these methods validated the role of

CircITCH in DOXIC progression and identified it as a meaningful

therapeutic agent for DOX-based chemotherapy.
CircTTN

CircTTN is derived from the titin (TTN) gene, which produces

the largest protein in humans and plays an important role in

cardiac homeostasis. The production of a large proportion of

circTTNs depends on the splice regulator RBM20 (63). CircTTN

has multiple functions and plays an important role in cardiac

homeostasis (64). The role of Quaking (QKI) was explored by

Gupta et al. in an issue of Circulation Research (51). QKI is an

RBP which plays an important role in DOX-induced heart

failure. AAV9-mediated cardiac overexpression of QKI isoform

Qki5 attenuated DOX-induced cardiac apoptosis, atrophy and

improved cardiac function. Moreover, Qki5 was associated with

expression of circular RNAs derived from Ttn, Fhod3 and Strn3.

Furthermore, siRNA-mediated inhibition of CircTTN 105–111

increased susceptibility to DOX. The knockdown of CircTTN

105–111 in pLV Qki5-overexpressing cell line also resulted in

induced caspase activity. On the contrary, lentiviral mediated

overexpression of CircTTN 105–111 led to lower caspase 3/7

activity and increased cell survival. This suggests that circular

RNAs, especially CircTTN 105–111, are downstream mediators

of Qki5-mediated protective effects. However, the roles of the

other circRNA candidates in DOXIC and the functional

relationship between these circRNAs, especially TTN 105–111,

and QKI-5 has not been established. In addition, the potential

mechanisms associated with the inhibition of apoptosis in

cardiac myocytes by CircTTN 105–111 have yet to be studied.

Despite the limitations described above, this study may provide a

rational basis for new therapeutic strategies for DOXIC.
Circ-Foxo3

CircRNA Forkhead box O3 (Circ-Foxo3) formed from the exon

2 of FOXO3 plays important roles in cancer (65). The role of circ-

Foxo3 in cardiovascular disease has gradually attracted attention.
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TABLE 1 circRNAs in cancer therapy-induced cardiotoxicity.

CircRNAs Diseases Type of
experiment

Expression Mechanisms/
Approaches

Function References

Circ-INSR Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Down Interacted with SSBP1 to
rescue mitochondrial

impairment

DNA damage Apoptosis
Mitochondrial dysfunction

Lu et al. (49)

CircITCH Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Down Sponged miR-330-5p to
upregulate CircITCH/miR-

330-5p axis

Oxidative stress DNA
damage Apoptosis

Regulation of contractility
Calcium handling

Han et al. (50)

CircTTN Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Down Unknown Apoptosis Gupta et al. (51)

Circ-Foxo3 Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Up Unknown DNA damage Apoptosis
Oxidative stress

Du et al. (52)

CircNlgn Doxorubicin-Induced
Cardiotoxicity

In vivo Down Interacted with H2AX to
upregulate IL-1b, IL-2Rb, IL-6,

EGR1 and EGR3

Proliferation, Survival
Apoptosis

Xu et al. (53)

CircArhgap12 Doxorubicin-Induced
Cardiotoxicity

In vivo Up Sponged miR-135a-5p Apoptosis Oxidative stress Wang et al. (54)

CircPan3 Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Down Unknown Myocardial fibrosis
Apoptosis

Ji et al. (55)

Circ-Amotl1 Doxorubicin-Induced
Cardiotoxicity

In vitro/In vivo Down Interacted with PDK1 and
AKT1 to facilitate AKT
activation and nuclear

translocation

Proliferation Survival
Apoptosis

Zeng et al. (56)

Hsa_circ_0097435 Doxorubicin-Induced
Cardiotoxicity

In vivo Up Sponged multiple microRNAs
to regulate the expression of
downstream target genes of

miRNA

Apoptosis Han et al. (57)

Circ-LTBP1 Doxorubicin-Induced
Cardiotoxicity

In vivo Up Sponged miR-107 to elevate
ADCY1

Proliferation Inflammation
Apoptosis Oxidative stress

Li et al. (58)

Circ-SKA3 Doxorubicin-Induced
Cardiotoxicity

In vitro Up Sponged miR-1303 to
upregulate TLR4

Apoptosis Li et al. (59)

mmu_circ_0015773,
mmu_circ_0002106,
mmu_circ_0016006

Doxorubicin-Induced
Cardiotoxicity

In vitro Up Sponged miR-344g-3p and
miR-22-3p to regulate the

expression of mRNA

Apoptosis Xing et al. (60)

The ATO-related lncRNA-
circRNA co-regulation
network

Arsenic Trioxide-
Induced Cardiotoxicity

In vivo down Interacted with protein-coding
genes and/or regulated

miRNA.

Apoptosis Inflammation Jiang et al. (61)

CircFOXO3 Radiation-Induced
Cardiotoxicity

In vitro Up Unknown DNA damage, Apoptosis Qiu et al. (62)

Cheng et al. 10.3389/fcvm.2023.1152436
In a previous issue of European Heart Journal, Du et al. explored the

potential effect of circ-Foxo3 on DOX-induced cardiomyopathy

(52). They found that DOX treatment induced mouse heart

senescence and increased the circ-Foxo3 level. Overexpression of

circ-Foxo3 enhanced DOX-induced mouse heart senescence,

apoptosis and cardiac fibrosis, which were repressed by circ-Foxo3

silencing. Functionally, cardiac function deterioration promoted

ectopic expression of circ-Foxo3; the process appeared to be

reduced by silencing endogenous circ-Foxo3. In brief, CircFoxo3 is

thought to prevent the localization of FAK to mitochondria or the

translocation of hypoxia-inducible factor 1α (HIF1α) to the

nucleus in stressed cells through the interaction of senescence-

associated proteins ID-1 and E2F1, as well as stress-associated

proteins FAK and HIF1α in the cytoplasm.
CircNlgn

Circular neuroligin RNA (circNlgn) produced from the neuroligin

gene. CircNlgn is involved in cardiac overload-induced remodeling of
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fibrosis and heart failure through its translation protein Nlgn173 (66).

Recently, the research team investigated the role of the circNlgn in

DOX-induced cardiac remodeling and fibrosis (53). A transgenic

mouse line overexpressing circNlgn was developed. CircNlgn was

found to be a mediator of DOX-induced cardiac fibrosis, while

cardiac function decreased as a result of the increased expression of

circNlgn. Myocardial fibrosis was induced by upregulation of

Gadd45b, Sema4C and RAD50 and activation of p38 and p-JNK in

circNlgn transgenic hearts. The effect of DOX on cardiac cell

activity was reduced by small interfering RNA (siRNA) silencing

targeting circNlgn and the expression of DOX-induced fibrosis-

related molecules was thus prevented. H2AX can be bound and

activated by circNlgn-translated protein (Nlgn173). γH2AX was

produced and IL-1β, IL-2Rb, IL-6, EGR1, and EGR3 were produced

during this process. The researchers determined that DOX-induced

prevention of cardiomyocyte apoptosis, an increase in

cardiomyocyte viability, a decrease in cardiac fibroblast proliferation,

and inhibition of collagen production could be achieved by

silencing these molecules. This mechanism may have therapeutic

significance in alleviating the side effects of DOX in cancer patients.
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CircArhgap12

A study by Wang et al. explored the regulatory role of

differentially expressed circRNAs in mouse cardiomyocytes in

DOX-induced cardiotoxicity (54). Expression profiles of

circRNAs were obtained by next-generation sequencing and 48

significantly upregulated and 16 downregulated circRNAs were

found in the DOX-injected group. Bioinformatics analysis such

as KEGG and KOG classifications revealed that the differentially

expressed circRNAs may be related to DOX-induced

cardiomyocyte apoptosis. Furthermore, they proved that circRNA

encoded by the Arhgap12 gene (known as circArhgap12) was

upregulated in mouse heart tissue after DOX intervention. Both

RNA sequencing results and subsequent RT-qPCR validation

indicated that circArhgap12 coded by the Arhgap12 gene was

upregulated in the mouse heart tissue following DOX

intervention. DOX-induced cardiomyocyte apoptosis and

oxidative stress were aggravated by circArhgap12 sponging miR-

135a-5p. Further experimental results proved ADCY1 was a

potential target of miR-135a-5p through the use of Cytoscape

and luciferase reporter assays. However, the functional

relationship between miR-135a-5p and ADCY1 has not been

established and the role and underlying mechanism of ADCY1

in DOXIC have yet to be determined. The interactions in the

circRNA-miRNA-mRNA network may be an important

mechanism used to regulate DOXIC. In summary, this study

explored the use of circRNA network-based therapy for the

modulation of DOXIC.
CircPan3

Circular Pan3 (circPan3) derived from the poly(A) specific

ribonuclease subunit PAN3 (Pan3) gene has been proved to

positively contribute to cardiovascular disease (67). Ji et al.

explored the mechanism of DOXIC (67) and showed that

circPan3 was negatively regulated in cardiomyocytes by DOX

treatment. The overexpression of circPan3 demonstrated a

protective effect against DOX-induced myocardial apoptosis.

Moreover, this study revealed the upstream signaling molecular

mechanism regulating circPan3, in which QKI directly

upregulates circPan3. As a negative regulator of circPan3, miR-

31-5p worked by suppressing QKI directly. In conclusion, the

researchers found that silencing of QKI using miR-31-5p can

contribute to the downregulation of circPan3 by DOX, which

may be a potential therapeutic direction for DOXIC.
Circ-Amotl1

In a recent issue of Theranostics, Zeng et al. described a circular

RNA, circ-Amotl1, derived from angiomotin-like 1 gene which is

highly expressed in neonatal human cardiac tissue and explored

the effect of circ-Amotl1 on DOXIC in mice (56). They showed

that ectopic expression of circ-Amotl1 improved DOX-induced
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In addition, HE and Sirius-Red staining showed that the enlarged

left ventricle and remodeling of the LV were reduced by ectopic

expression of circ-Amotl1. Moreover, TUNEL staining showed

that DOX-induced cardiomyocytes apoptosis was abolished by

circ-Amotl1 delivery. Mechanistically, the researchers revealed

that myocardial protective nuclear translocation of p-AKT was

facilitated by circ-Amotl1 binding to PDK1 and AKT1

simultaneously. In conclusion, these results suggested the

potential of circ-Amotl1 expression for a therapeutic approach to

prevent adverse cardiac remodeling.
Hsa_circ_0097435

In an issue of Frontiers in Genetics, Han et al. screened for the

circular RNA (hsa_circ_0097435), which was significantly expressed

in patients with heart failure, and explored its effect on DOX-

induced apoptosis in human cardiomyocyte-like AC16 cells (57).

They showed that the expression level of hsa_circ_0097435 in AC16

cells was time-dependently upregulated by DOX. The

overexpression of hsa_circ_0097435 promoted cardiomyocyte

apoptosis, while silencing hsa_circ_0097435 inhibited apoptosis.

The results showed that hsa_circ_0097435 plays a key role in the

pathogenesis and development of HF. Therefore, hsa_circ_0097435

was proved to be a blood biomarker that provides a strong basis for

the development of new therapies for heart failure.
Circ-LTBP1

Circ-LTBP1 is encoded by latent transforming growth factor

(TGF)-beta binding protein-1 (LTBP1). Li et al. explored the roles

of circ-LTBP1 in DOXIC (58). Circ-LTBP1 was overexpressed in

DOX-stimulated AC16 cells. Effects on AC16 cell proliferation,

inflammation, apoptosis and oxidative stress could be abolished by

si-circ-LTBP1 inhibition of Circ-LTBP1. Furthermore, circ-LTBP1

negatively regulated expression of miR-107 and performed its

function by sponging miR-107 in DOX-stimulated AC16 cells. The

researchers also revealed that miR-107 exerted a cardioprotective

effect on DOX-induced AC16 cells through ADCY1. Overall, these

results indicate that circ-LTBP1 participates in DOXIC by

targeting the miR-107/ADCY1 signaling pathway, which provides

biomarkers and potential targets.
Circ-SKA3

CircRNAs spindle and exciton-associated protein 3 (circ-

SKA3) facilitate the malignant biological behaviors of tumors. In

a recent study, Li et al. investigated the role and mechanism of

circ-SKA3 in DOXIC (59). They showed that circ-SKA3 was

upregulated in DOX-treated AC16 cells and the knockdown of

circ-SKA3 protected AC16 cells from DOXIC via the miR-1303/

TLR4 axis. In addition, they stated that circ-SKA3 can be

packaged into exosomes and the exosomal circ-SKA3 level was
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elevated in DOX-treated AC16 cells, which indicated that exosomal

circ-SKA3 might be an ideal biomarker for preventing DOXIC.
Other circRNAs

A study by Xing et al. (60), reported in the Journal of Applied

Toxicology, comprehensively analyzed the expression profiles of

circular RNA and mRNA in DOXIC mice. Eleven significantly

altered circRNAs were identified via whole transcriptome

sequencing in the DOXIC mouse heart, of which seven were

upregulated and four were downregulated. Dysregulation of

three circRNAs (mmu_circ_0015773, mmu_circ_0002106 and

mmu_circ_0016006) were verified by real-time quantitative PCR,

and 35 DEmRNAs were discovered using the ceRNA network.

Further bioinformatics analysis showed that the apoptotic process

of cardiomyocytes was activated by the alterations in three

circRNAs. In summary, this study provides new ideas about the

mechanism of DOX-induced cardiotoxicity and suggests potential

biomarkers or therapeutic targets.
CircRNA and arsenic trioxide-induced
cardiotoxicity

Arsenic trioxide (As2O3, ATO), a traditional Chinese medicine,

is emerging as a frontline antineoplastic agent for the treatment of

acute promyelocytic leukemia (68). Unfortunately, the increased

use of ATO has resulted in adverse cardiac effects, the main

manifestations of which are long QT syndrome, tachycardia and

sudden cardiac death (69). Cardiotoxicity poses a major obstacle

to ATO’s therapeutic value and its mechanism of cardiotoxicity

has not been fully explored. Previous studies found that ATO

induces oxidative stress-mediated cardiotoxicity by causing

apoptosis and imbalance in the redox state of cardiomyocytes

through the activation pathway of caspase-3 or changes in

internal MMP (70). In addition, the imbalance of trace elements

caused by arsenic trioxide may lead to an imbalance in

mitochondrial dynamics, which leads to the induction of

apoptosis and limits cellular metabolism. In a recent issue of

Biomedicine and Pharmacotherapy, Jiang et al. attempted to

explain the molecular basis of ATO-induced cardiotoxicity from

a transcriptome analysis and the circRNA-lncRNA network

construction in ATO-treated mice myocardium (61). They

observed 94 differentially expressed circRNAs, 49 upregulated

and 45 downregulated, in the myocardium of ATO-treated mice.

The expression of mm9_circ_009519 (upregulated) and

mm9_circ_016007 (downregulated) validated by real-time PCR

was in accordance with the RNA sequencing results. Moreover, a

circRNA-mRNA co-expression network containing 94 circRNAs

and 113 mRNA was constructed to explain the functions of

aberrantly expressed circRNAs. Nine circRNAs, five miRNAs and

eight mRNAs were constructed by a circRNA-miRNA-mRNA

network. Thus, these aberrantly expressed circRNA may be

involved in ATO-induced cardiotoxicity by interacting with

protein-coding genes and/or regulating miRNA to perform
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biological functions. Therefore, this study provides a novel

strategy for the prevention and treatment of ATO-induced

cardiotoxicity.
CircRNA and radiation-induced
cardiotoxicity

Radiation therapy is one of the main treatment options for

cancer, which can lead to delayed heart damage. However, the

underlying mechanisms and biomarkers of radiation-induced

cardiotoxicity are not yet clear. Qiu et al. explored the role of

cirFOXO3 in radiation-induced cardiotoxicity and showed that

circFOXO3 is significantly upregulated in cardiomyocytes after

radiation (62). In addition, they established circFOXO3-

knockdown or -overexpression cardiomyocytes and showed that

knockdown of the circFOXO3 aggregated radiation-induced

DNA damage and apoptosis in cardiomyocytes, which were

reversed by circFOXO3 overexpression.

Mechanistically, they found that the levels of pro-apoptotic

markers Bax, caspase 3 and caspase 7 were elevated by

circFOXO3 and anti-apoptotic marker Bcl-2 expression was

decreased. Thus, they summarized that circFOXO3 protected

cardiomyocytes from radiation-induced cardiotoxicity by

reducing DNA damage and apoptosis. CircFOXO3 is expect to

be a potential target for the treatment of radiation cardiotoxicity.
Conclusions and perspectives

Cancers pose a serious threat to the global economy and

human health, though long-term survival rates have improved in

recent years as a result of various new anti-cancer therapies.

Unfortunately, the risk of cardiovascular complications has also

increased due to the adverse side effects of these treatment

methods. Previous studies have found that circRNAs perform

important functions in a variety of human diseases, particularly

cardiovascular disease (71). A brief overview of the discovery,

biogenesis and general function of circRNAs was summarized in

this review. Then, we described relevant studies that highlight

circRNAs’ potential as therapeutic targets for cardiotoxicity and

explained the hypothesized mechanisms of their biological action,

revealing the therapeutic and diagnostic potential of circRNAs.

RNA therapy is a rapidly evolving class of drugs and therapies,

which is transitioning from basic to clinical practice at

unprecedented speed (72). CircRNA-based therapeutic

approaches have promising medical and research applications in

therapeutic drugs and protein replacement therapies for

prophylactic vaccines (73). On the one hand, circRNA therapy,

like other RNA therapies, has emerged as a potential therapy

which can modulate gene expression or exert modular effects

(74). On the other hand, it uses other methods, such as CRISPR-

Cas9 or siRNA, to target local circRNAs for biomarker or

sponging treatment of different diseases (75, 76). Emerging data

suggest that circRNAs have exceptional promise as therapeutic

agents, as well as potential biomarkers for CTIC. However, only
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a few circRNAs are involved in CTIC. CircRNA has no

applicability in clinical practice. At present, several problems

hinder the translation prospects of circRNAs. Firstly, the cyclic

nature of circRNAs leads to specific technical problems in

detection and quantification, which may reduce the

reproducibility and complicate the development of the

biomarker. Except for the BSJ site, the primary sequence of

circRNA is identical to its homologous linear RNA. Thus,

distinguishing circRNAs from their linear isoforms remains

challenging at multiple levels, such as annotation, validation, etc.

Secondly, since the expression level of circRNAs is generally low

in mammals and binding sites with miRNAs are relatively few in

number, the idea of using circRNAs to control the stability and

quantity of miRNAs and achieve measurable effects should be

considered carefully. However, because of the low abundance of

circRNAs, the probe must be restricted to the region spanning

the BSJ. Other barriers include specific conformations of the BSJ

and interacting proteins which may affect the sensitivity of the

probe; thus, it is difficult to detect circRNAs by using

Fluorescence In Situ Hybridization (FISH). Large-scale discovery

and validation studies must be conducted before circRNAs can

be widely accepted as molecules with clinical diagnostic and

therapeutic value. Thirdly, the specificity, sensitivity, and stability

of the circRNAs under investigation as potential pathological

biomarkers requires further careful evaluation. Fourthly, the

consistency of the computational tools used in circRNAs studies

is found to be relatively low. There is currently no systematic

method for identifying circRNAs in the human transcriptome.

Fifthly, the problems of controlling the expression level of

circRNA to avoid sustained overexpression due to its exceptional

stability, large-scale manufacturing of highly purified artificial

circRNAs and targeted delivery of circRNAs still need to be

resolved in circRNA-based therapeutic approaches. Finally,

research on circRNA biology is developing rapidly, but its studies

exploring combination with CTIC are lagging. At present, the

circRNAs related to CTIC reported in this review are basically

exonic circRNAs. Most of them function in the cytoplasm.

Therefore, the process of circRNA nuclear export is crucial for its

function. Study has shown that efficient circRNA nuclear export

is a previously unappreciated layer of regulation which is critical

to normal physiological function (77). The abnormalities in

circRNA nuclear export lead to physiological defects (78, 79). No

studies have been reported concerning the export of circRNAs in
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CTIC. Therefore, these challenges may be addressed and

overcome through further research.

In summary, we have reviewed recent findings which illustrate

the important role of circRNAs as therapeutic targets and

biomarkers in CTIC. These studies provide new insights into the

future of diagnosis and personalized medicine for CTIC patients.

Future research is needed to explore their potential as therapeutic

agents in animal models. Promising biomarker candidates should

be validated in multicenter trials. With the deepening of circRNA

research, the field of circRNA research has great translational

prospects.
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