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Abstract

Aims Cardiotoxicity leading to heart failure (HF) is a growing problem in many cancer survivors. As specific treatment strat-
egies are not available, RNA discovery pipelines were employed and a new and powerful circular RNA (circRNA)-based
therapy was developed for the treatment of doxorubicin-induced HF.

Methods
and results

The circRNA sequencing was applied and the highly species-conserved circRNA insulin receptor (Circ-INSR) was iden-
tified, which participates in HF processes, including those provoked by cardiotoxic anti-cancer treatments.
Chemotherapy-provoked cardiotoxicity leads to the down-regulation of Circ-INSR in rodents and patients, which mech-
anistically contributes to cardiomyocyte cell death, cardiac dysfunction, and mitochondrial damage. In contrast, Circ-
INSR overexpression prevented doxorubicin-mediated cardiotoxicity in both rodent and human cardiomyocytes in vitro
and in a mouse model of chronic doxorubicin cardiotoxicity. Breast cancer type 1 susceptibility protein (Brca1) was iden-
tified as a regulator of Circ-INSR expression. Detailed transcriptomic and proteomic analyses revealed that Circ-INSR
regulates apoptotic and metabolic pathways in cardiomyocytes. Circ-INSR physically interacts with the single-stranded
DNA-binding protein (SSBP1) mediating its cardioprotective effects under doxorubicin stress. Importantly, in vitro tran-
scribed and circularized Circ-INSR mimics also protected against doxorubicin-induced cardiotoxicity.

Conclusion Circ-INSR is a highly conserved non-coding RNA which is down-regulated during cardiotoxicity and cardiac remodelling.
Adeno-associated virus and circRNA mimics-based Circ-INSR overexpression prevent and reverse doxorubicin-
mediated cardiomyocyte death and improve cardiac function. The results of this study highlight a novel and translationally
important Circ-INSR-based therapeutic approach for doxorubicin-induced cardiac dysfunction.
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Structured Graphical Abstract

Low levels of Circ-INSR reduces cardiomyocyte viability. Low levels of Circ-INSR reduces cardiomyocyte viability. 
Circ-INSR overexpression reverses doxorubicin-induced cardiotoxicity. Circ-INSR overexpression reverses doxorubicin-induced cardiotoxicity. 
Circ-INSR physically interacts with SSBP1 protein to confer cardioprotection.Circ-INSR physically interacts with SSBP1 protein to confer cardioprotection.

Circular RNA therapy for cardioprotection.
AAV, adeno-associated virus; INSR, insulin receptor; SSBP1, single-stranded DNA-binding protein.

Keywords Heart failure • Circular RNA • Doxorubicin cardiotoxicity • AAVtherapy •Mitochondrial metabolism • Anti-cancer treatment

Translational perspective
The recent advances in anti-cancer treatments have led to a steady increase in the number of cancer survivors, paradoxically also enhancing
the number of heart failure (HF) patients who suffer from the undesired cardiotoxic side effects of these anti-tumour treatments.
Therapeutic options to reduce or reverse chemotherapy-induced HF are unavailable. Circular RNAs exhibit high druggability due to their
high stability arising from special closed loop structure. Circ-INSR overexpression prevents doxorubicin-induced cardiac dysfunction in pre-
clinical murine and human models. Furthermore, Circ-INSR mimics reduced cardiomyocyte death under doxorubicin stress, highlighting the
potential of Circ-INSR-based RNA therapy for future clinical applications.
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Introduction
Cardiovascular disease (CVD) as the leading cause of death results in
an immense health and economic burden globally.1 Cardiomyocyte
death and adverse cardiac remodelling, which ultimately progress
into heart failure (HF), are a frequent outcome induced by
anti-cancer drug treatments leading to the death of the patient.2–4

Due to novel and improved anti-cancer treatments, the number of
cancer survivors is steadily increasing5,6 which, paradoxically, in-
creases the number of HF patients as a result of the undesired side
effects of these treatments.7 A perfect example is doxorubicin, an
anthracycline class drug, which was identified as a very powerful
anti-cancer medication that has been applied in clinics since the
late 1960s.8 However, both acute and long-term adverse effects, es-
pecially on the heart leading to myocardial damage and HF, limit
doxorubicin administration to cancer patients who may otherwise
strongly benefit from this treatment and other chemotherapeutic
agents of its kind.9,10 This complex dilemma is addressed by the
new field of cardio-oncology, which explores novel therapeutic strat-
egies for the treatment of anti-cancer drug-induced HF and, most im-
portantly, novel therapeutic targets for the primary and secondary
prevention of cardiotoxic effects, to avoid the development of
HF. In this regard, non-coding RNAs (ncRNAs), particularly
microRNAs and long ncRNAs, have emerged as powerful targets
for the prevention and treatment of CVD in pre-clinical models
and beyond.11–15 Indeed, the first human clinical trial using ncRNA
modulator in HF patients showed encouraging results, thus highlight-
ing the translational potential for the next generation of RNA-based
HF therapeutics.13,16 In addition to microRNAs and long ncRNAs, a
recently discovered class of ncRNA molecules, circular RNAs
(circRNAs), are beginning to gain more focus as novel therapeutic
targets for CVDs.17 Characterized by covalently linked ends, thus
forming closed RNA circles, these circRNAs possess higher levels
of stability when compared with linear RNA.18,19 The CircRNAs
are mainly formed through non-canonical splicing of pre-mRNA
transcripts, a process known as back splicing.20 They are abundant
in certain tissue types and diseases and often seen to be highly con-
served across species, which facilitates their pre-clinical investigation
and underlines their translational potential.21,22 There is experimen-
tal evidence describing that circRNAs are indeed functional mole-
cules with several modes of action.17,18 These include the ability to
act as a molecular sponge for microRNAs or RNA-binding proteins,
to provide a scaffold function for protein complexes, to regulate cel-
lular processes such as nuclear-cytoplasmic shuttling, and to encode
for functional micro-peptides.23–25 However, the mechanisms of
circRNAs in HF or cardiotoxicity are still poorly understood and
await in-depth studies.

Here, we investigated novel circRNAs as potential therapeutic tar-
gets for HF specifically in the context of doxorubicin-induced cardiac
dysfunction. Our circRNA sequencing approach identified a novel,
highly abundant, and sequence conserved circRNAmolecule derived
from the host gene encoding the insulin receptor (INSR). While
INSR signalling is known to play an important role in cardiac homeo-
stasis and disease,26 we found that the circRNA derived from this lo-
cus, Circ-INSR, is regulated by breast cancer Type 1 susceptibility
protein (Brca1) independently of the host gene expression. We

applied various gain- and loss-of-function studies specific for
Circ-INSR to validate its cardioprotective effects and elucidate the
underlying mode of action both in vitro and in vivo.We also succeeded
in producing of in vitro transcribed Circ-INSR mimics, which can be
used as a fast and efficient method to deliver the circRNA molecule
to initiate the therapeutic process. In this study, we discovered
Circ-INSR as a promising target for the prevention of anti-cancer
drug-induced cardiotoxicity.

Methods
Detailed methods are provided in the Supplementary material online.

Human tissues sampling
Cardiac tissue samples included those from patients with HF,27

doxorubicin-induced HF, or healthy controls.12 This study (using failing
hearts and healthy controls) was performed with the approval of the in-
stitutional ethics committee of the Hannover Medical School, Germany.
Collection of the human heart tissue (doxorubicin anti-cancer therapy)
was approved by the scientific advisory board of the biobank of the
University Medical Center Utrecht, Utrecht, The Netherlands and the
University Medical Center Groningen, Groningen, The Netherlands
(Protocol Nos 12/387 and 15/252). The study was performed in accord-
ance with the guidelines from the declaration of Helsinki and its amend-
ments or comparable ethical standards. For details, see Supplementary
material online.

Animal experiment
All animal experiments were approved by the local authorities at
Hannover Medical School and Niedersächsisches Landesamt für
Verbraucherschutz und Lebensmittelsicherheit, LAVES. For details, see
Supplementary material online.

Cell culture
Cardiomyocyte-like, HL-1 cells, HEK-293T cells, neonatal mouse/rat car-
diomyocytes, and human-induced pluripotent stem-cell (hiPSC) line
Phoenix (hHSC_Iso4_ADCF_SeV-iPS2, alternative name: MHHi001-A)
were cultured according to standard protocols. Phoenix hiPSCs were
differentiated into cardiomyocytes usingWnt pathway modulators using
a previously established cardiomyocyte differentiation protocol.28,29 For
details, see Supplementary material online.

Circular RNA overexpression plasmid
strategy
Murine Circ-INSR sequence and the circularization elements were poly-
merase chain reaction (PCR) amplified from HL-1 cell genomic DNA
using Hot Star Taq Master Mix (Qiagen). EcoRI and Xhol sites present
in the forward and reverse primers were used to add restriction enzyme
sites to the amplified transgene, which was subcloned into the
pcDNA3.1(+) Laccase2 MCS Exon Vector (Addgene #69893) cloning.
For details, see Supplementary material online.

In vitroRNA transcription and circularization
In vitro RNAs were produced and modified by using RiboMax large RNA
production system (Promega) according to the manufacturer’s protocol.
Briefly, 5 μg PCR-amplified T7DNA fragments were incubated in 100 μL
reaction system with 10 μL T7 RNA polymerase enzyme mix, 25 mM
ATP, 25 mM CTP, 25 mM GTP, 20 mM GMP, and 5 mM GTP at 37°C
for 2 h, followed by DNase I treatment for 15 min at 37°C to remove
DNA templates. The GMP is required for the production of
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5′-monophosphate RNA and subsequent RNA circularization. In vitro
RNAs were precipitated with 3 M NaOAc (pH 5.2) and isopropyl alco-
hol, washed with 70% ethanol and resuspended in RNase-free water.
One micromolar linear RNAs were incubated with 3 μM DNA splint
oligomer (complementary 10-nt regions at the 5′ and 3′ ends of the
RNA), T4 DNA ligase (Thermo Fisher) in 500 μL reaction for 2 h accord-
ing to the published protocol.30

Statistics
All data were analysed using GraphPad Prism software. Data are presented
as mean+ standard error mean (SEM), and an unpaired two-tailed t-test or
Mann–WhitneyU test was performed to calculate significance between two
groups, one-way analysis of variance (ANOVA) with post hoc Tukey test or
Bonferroni’s multiple comparison test was used to calculate significance be-
tween ≥3 groups, and two-way ANOVA with Sidak’s or Tukey’s multiple
comparison test was used to calculate significance between ≥3 groups
wherever required. P, 0.05 was considered as statistically significant.

Results

Identification and validation of the
conserved circular RNA, Circ-INSR, in
heart failure
We performed global circRNA profiling in left ventricular cardiac tis-
sue from healthy humans and HF patients and from mouse hearts
with and without left ventricular pressure overload-induced cardiac
remodelling. A total of 6257 circRNAs were detected in human
hearts by circRNA sequencing, of which 1945 circRNAs were differ-
entially expressed (fold change .2) between healthy and failing hu-
man left ventricles (Supplementary material online, Figure S1A). We
focused on highly conserved circRNAs between mice and humans,
and detected 749 conserved circRNA homologs, which were de-
rived from 404 host genes. As circRNAs are back spliced from pre-
cursor mRNAs, we hypothesized that circRNAs could have
comparable function to their host mRNAs.
We thus applied gene ontology (GO) analyses to pinpoint

circRNAs potentially involved in cardiovascular processes. We
identified four highly conserved circRNAs whose host genes
are crucially involved in cardiac function, namely Circ-INSR
(mmu-circ-0014773 and hsa-circ-0000885), Circ-ATP1A1 (mmu_
circ_0010303 and hsa_circ_0013692), Circ-SLC8A1 (mmu_circ_
0000823 and hsa_circ_0120059), and Circ-GAB1 (mmu_circ_0015017
and hsa_circ_0125422; Figure 1A). We validated the expression of
these circRNAs in murine failing hearts and human hearts fromHF pa-
tients (Figure 1B and C). As Circ-INSR displayed a significant decrease
in both rodent and human failing heart tissue, we selected this candi-
date to further explore its function in otherHFmodels. TheCirc-INSR
was additionally down-regulated in a doxorubicin-mediated cardio-
toxicity mouse model and in cardiac tissue from patients who devel-
oped cardiotoxicity after anti-cancer treatment with doxorubicin
(Figure 1D and E). This repression could be consistently recapitulated
in vitro after treatment of murine HL-1 cardiomyocyte-like cells and
human-induced pluripotent stem-cell-derived cardiomyocytes with
doxorubicin (Supplementary material online, Figure S1B and C).
We validated the high sequence conservation of Circ-INSR

using NCBI BLAST analysis (human vs. mouse 85.87%, human vs.
rat 86.41%, rat vs. mouse 95.83%; Supplementary material online,

Figure S1D). Next, the back-splicing sites were confirmed by Sanger
sequencing of PCR products generatedwith Circ-INSR-specific diver-
gent primers in different species (Supplementary material online,
Figure S1E). Increased resistance against exonucleolytic digest by
RNaseR and the lack of polyA sequences, two important charac-
teristics of circRNAs,17 further confirmed the circular structure
of Circ-INSR (Supplementary material online, Figure S1F and G).
Subcellular fractionation and RNA-FISH experiments revealed a
predominant cytoplasmic localization of Circ-INSR within the
cell (Figure 1F and G). Treatment of HL-1 and neonatal rat cardio-
myocytes with the transcription blocker actinomycin D revealed a
longer half-life of Circ-INSR compared with linear INSR (Figure 1H
and Supplementary material online, Figure S1H). Circ-INSR is highly
enriched in human-induced pluripotent stem-cell-derived cardio-
myocytes compared with human umbilical vein endothelial cells
and human cardiac fibroblasts (Supplementary material online,
Figure S1I). Collectively, these data validate Circ-INSR to be sensi-
tive to doxorubicin treatment and thus it may function as a poten-
tial therapeutic target in doxorubicin-induced HF.

Lack of Circ-INSR impairs metabolic
activity and survival of cardiomyocytes
To gain further functional insights, we designed siRNAs which specif-
ically targeted the back-splicing sequence of Circ-INSR degrading the
circular transcript without affecting the linear INSR transcript. We
found two siRNAs that explicitly degraded Circ-INSR but not the lin-
ear transcript (Supplementary material online, Figure S2A and B).
Interestingly, INSRwas up-regulated after Circ-INSR siRNA2 transfec-
tion in HL-1 cells. Therefore, we selected siRNA1 for targeting mouse
Circ-INSR in the following experiments.We performed RNA sequen-
cing inHL-1 cardiomyocyteswith andwithoutCirc-INSR silencing.We
identified 1376 genes to be differentially expressed (P, 0.05, fold
change .2) after Circ-INSR knockdown (Figure 2A). The KEGG ana-
lysis pointed to the regulation of genes involved in cardiac biology
and metabolic processes (Figure 2B). We next tested the functional
involvement of Circ-INSR in doxorubicin-mediated cardiotoxicity
and found silencing of Circ-INSR exaggerated the doxorubicin-induced
cardiotoxicity (Figure 2C and Supplementary material online,
Figure S2C). In line, cellular viability was reduced under doxorubi-
cin stress and deteriorated further after Circ-INSR knockdown
(Figure 2D). As RNA sequencing suggested metabolic pathways to
be regulated by Circ-INSR, we analysed the metabolic activity of neo-
natal mouse cardiomyocytes after siRNA-mediated Circ-INSR down-
regulation. Circ-INSR silencing (Supplementary material online,
Figure S2D) negatively influenced mitochondrial respiration as indi-
cated by lower oxygen consumption rate and reduced spare respira-
tory capacity (Figure 2E and F). Collectively, these data demonstrate
that loss of Circ-INSR in cardiomyocytes leads to impaired metabolic
activity and induces apoptosis during doxorubicin stress, suggesting
that Circ-INSR possesses cardioprotective effects.

Circ-INSR therapy prevents
doxorubicin-induced metabolic defects
and apoptosis in cardiomyocytes
To test whether counteracting endogenous down-regulation of
Circ-INSR could reverse doxorubicin-induced cardiotoxicity, we
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Figure 1 Identification of Circ-INSR from failing hearts and validation in various heart failure models. (A) Pipeline to select candidates from
RNA-Seq data. (B) Relative expression of circRNA and their linear host genes (Circ-INSR, INSR, Circ-GAB1, GAB1, Circ-SLC8A1, SLC8A1,
Circ-ATP1A1, and ATP1A1) in TAC model at 13 weeks (n= 8 mice/group). (C ) Relative expression of circRNA and their linear host genes
(Circ-INSR, INSR, Circ-GAB1, GAB1, Circ-SLC8A1, and SLC8A1) in failing heart (n= 6 patients) compared with healthy
(n= 12), expression of Circ-ATP1A1 was not detectable in the human samples. (D) Relative expression of Circ-INSR in mouse hearts treated
with doxorubicin (n= 6 per group). (E) Relative expression of Circ-INSR in male patient heart with doxorubicin-induced heart failure (n= 4) com-
pared with healthy (n= 10; Mann–Whitney U test was performed). (F ) Circ-INSR expression in neonatal rat cardiomyocytes represented after
normalization to the respective subcellular fraction (18S applied for normalization of cytoplasmic fraction, Xist applied for normalization of nuclear
fraction, n= 6 per group from duplicates of three independent experiments). (G) RNA fluorescence in situ hybridization (RNA-FISH) of Circ-INSR
in HL-1 cells (scale bar, 25 μm). Thin yellow arrows indicate cytoplasmic localization of the Circ-INSR as observed in RNA-FISH experiment.
(H ) Relative expression of Circ-INSR and INSR in HL-1 cells treated with Actinomycin D (n= 6 per timepoint). All quantitative data are presented
as mean+ standard error mean, and an unpaired two-tailed t-test or Mann–Whitney U test was performed to calculate significance between two
groups. P, 0.05was considered as statistically significant. exp., expression; FC, fold change; GO, gene ontology; NRCM, neonatal rat cardiomyocyte;
TAC, transverse aortic constriction; Rel., relative.
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Figure 2 Down-regulation of Circ-INSR reduces cardiomyocytes survival and disrupts metabolic activity. (A) Heat map of RNA-Seq data for se-
lected genes from the HL-1 cells treated with Circ-INSR-siRNA compared with Scramble siRNA (blue indicates down-regulated genes, yellow in-
dicates up-regulated genes). (B) KEGG analysis of the dysregulated gene pathways from the RNA sequencing data. Orange box in the bubble plot
highlights the most prominently regulated cellular processes after Circ-INSR knockdown. (C ) Annexin-V and 7-AAD staining of Circ-INSR-siRNA
transfected HL-1 cells with/without doxorubicin treatment (0.25 μM48 h, n= 9 wells per group from triplicates of three independent experiments,
one-way analysis of variance was performed within Scramble siRNA, Scramble siRNA+Doxorubicin, and Circ-INSR-siRNA+Doxorubicin).
(D) Percentage of viable cells (WST-1 assay) in Circ-INSR-siRNA treated HL-1 cells compared with Scramble siRNA with/without doxorubicin
treatment (0.25 μM 48 h, n= 9 wells per group from triplicates of three independent experiments, one-way analysis of variance was performed
within Scramble siRNA, Scramble siRNA+Doxorubicin, and Circ-INSR-siRNA+Doxorubicin, unpaired two-tailed t-test was performed between
Scramble siRNA and Circ-INSR-siRNA). (E) Mean oxygen consumption rate at various time points of Mito stress assay (n= 10 wells per group from
one experiment). (F ) Spare respiratory capacity of neonatal mouse cardiomyocytes treated with Circ-INSR-siRNA compared with Scramble siRNA
(n= 10 wells per group from one experiment). All quantitative data are presented as mean+ standard error mean, and an unpaired two-tailed
t-test was performed to calculate significance between two groups, and one-way analysis of variance with post hoc Tukey test was used to calculate
significance between ≥3 groups wherever required. P, 0.05 was considered as statistically significant. NMCM, neonatal mouse cardiomyocyte;
OCR, oxygen consumption rate.
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constructed a Circ-INSR overexpression cassette consisting of the
Circ-INSR exon flanked by intronic sequences containing circulariza-
tion elements (Supplementary material online, Figure S3A). The over-
expression construct was subcloned into the pcDNA backbone
followed by transfection into HL-1 cardiomyocytes after which the
successful up-regulation of Circ-INSR was confirmed by RT-qPCR
and agarose gel electrophoresis (Supplementary material online,
Figure S3B). To induce Circ-INSR expression in primary cardiomyo-
cytes, the overexpression cassette was subcloned into the
adeno-associated virus (AAV) backbone and packaged into AAV6
viral particles allowing efficient transduction of Circ-INSR in primary
rat and mouse cardiomyocytes (Supplementary material online,
Figure S3C and D). Overexpression of Circ-INSR in HL-1 cardiomyo-
cytes attenuated doxorubicin-mediated apoptosis and enhanced
cell viability (Figure 3A and B, Supplementary material online,
Figure S3E). In line, overexpression of Circ-INSR in primary rat car-
diomyocytes also attenuated doxorubicin-induced DNA damage
and apoptosis (Figure 3C and D). Notably, overexpression of
Circ-INSR increased mitochondrial performance indicated by im-
proved oxygen consumption rate, basal and spare respiratory cap-
acity as well as maximal respiration both under basal conditions or
after doxorubicin treatment (Figure 3E–G, Supplementary material
online, Figure S3F).

Design and efficacy of Circ-INSR therapy
in a murine in vivo model of
doxorubicin-induced cardiotoxicity
To test the therapeutic potential of Circ-INSR in vivo, we employed a
previously established mouse model of chronic doxorubicin-induced
cardiotoxicity.29,31,32 We produced AAV9-Circ-INSR and control
AAV9-Empty viral particles and injected them into adult male mice
(8 weeks) followed by chronic doxorubicin treatment for 5 weeks
(cumulative dose 25 mg/kg) (Figure 4A). In this model, we confirmed
the previously identified doxorubicin-induced down-regulation of
Circ-INSR (Figure 1D and E), while AAV9-Circ-INSR-mediated treat-
ment led to a six-fold cardiac up-regulation of Circ-INSR expression
(Figure 4B). No change in cardiac expression of the linear INSR
mRNA was observed assuring specific overexpression of the
Circ-INSR only (Figure 4B). Cardiac function analyses by echocardi-
ography showed a significant reduction of left ventricular ejection
fraction in AAV9-Empty control-treated mice chronically treated
with doxorubicin. Notably, cardiac function was prevented in mice
treated with AAV9-Circ-INSR (Figure 4C and D). Chronic doxorubi-
cin treatment induced adverse cardiac remodelling such as increase
in left ventricular end-systolic volume as well as cardiac atrophy mea-
sured by ventricular wall thinning, which was significantly improved in
mice treated with AAV9-Circ-INSR compared with AAV9-Empty
controls (Figure 4E–G). A complete overview of the echocardiog-
raphy analyses is provided in Supplementary material online,
Table S1. Histopathological analyses of transverse heart sections
from thesemice, revealed a strong induction of cardiomyocyte apop-
tosis in response to doxorubicin, which was blunted in mice receiving
AAV9-based Circ-INSR treatment (Figure 4H). Doxorubicin-induced
cardiac atrophy was completely prevented by AAV9-based
Circ-INSR overexpression suggesting cardiac protection of these an-
imals (Figure 4I).

Brca1 promotes Circ-INSR formation
during doxorubicin-induced
cardiotoxicity
To investigate the upstream regulators of Circ-INSR, we used the
RegRNA 2.0 software tool to predict the potential splicing regula-
tory motifs (Figure 5A). Since, the ALU elements facilitate circRNA
formation, we predominantly looked at enhancers, which interact
exactly within the circularization elements of Circ-INSR and found
Brca1 to be the most promising candidate based on the binding pre-
diction values.

Interestingly, the decreased expression of Circ-INSR in the hearts
of doxorubicin-treated mice was paralleled by a down-regulation of
Brca1 expression (Figure 5B). The siRNAs designed against Brca1 ef-
ficiently blocked Brca1 expression in HL-1 cardiomyocytes
(Figure 5C) which led to a significantly reduced expression of
Circ-INSR without affecting the host gene INSR (Figure 5D).
Co-transfection of a Circ-INSR overexpression plasmid and Brca1
siRNAs into HL-1 cardiomyocytes resulted in significantly lower
Circ-INSR levels compared with co-transfection with control
siRNAs, demonstrating that Brca1 facilitates Circ-INSR formation
(Figure 5E). These results suggest Brca1 as a modulator of
Circ-INSR expression which is independent of the host gene.

Circ-INSR physically interacts with
single-stranded DNA-binding protein 1
to regulate mitochondrial function in
cardiomyocytes
To investigate underlying mechanisms of Circ-INSR-mediated cardio-
protection, we aimed to screen for proteins that explicitly interact
with Circ-INSR. We designed two different biotin-labelled probes
which could hybridize either to the back-splice junction of
Circ-INSR or to the linear INSR mRNA (Supplementary material
online, Figure S4A). The RT-qPCR experiments validated the specificity
and efficiency of the probes (Supplementary material online,
Figure S4B). Mass spectrometry analysis of the pulldown lysates iden-
tified potential Circ-INSR-bound proteins. Fifty-eight proteins were
preferentially enriched by the Circ-INSR probe comparedwith the lin-
ear INSRmRNA probe consistently in all three independent pulldown
sets analysed in the mass spectrometry (Figure 6A). These 58
Circ-INSR associated proteins were further used to construct a path-
way cluster network for Gene Ontology (GO) using Cluego.33 In line
with the RNA sequencing analysis, after Circ-INSR knockdown, the
most enriched GO term was ‘metabolic process’ (Figure 6B). The 58
candidates were additionally subjected to in silico prediction for their
interaction probability with Circ-INSR by applying the CatRAPID algo-
rithm,34 which yielded single-stranded DNA-binding protein 1
(SSBP1) as the strongest possible binding partner based on fold change
and interaction propensity (Supplementary material online, Figure S4C,
Table S2). The physical interaction between Circ-INSR and SSBP1 was
validated in RNA pulldown experiments (Figure 6C) as well as SSBP1
immunoprecipitation experiments (Supplementary material online,
Figure S4D). In addition, immuno-RNA-FISH staining revealed that
the Circ-INSR-specific RNA-FISH signals co-localize with SSBP1 im-
munofluorescence signals in the cytoplasm (Figure 6D, grey arrows)
further corroborating a strong direct interaction.
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Figure 3Circ-INSR overexpression alleviates doxorubicin-induced metabolic disorder and cardiomyocyte apoptosis. (A) Percentage of apoptotic
cells quantified by Annexin-V and 7-AAD staining of pcDNA-Empty and pcDNA-Circ-INSR transfected HL-1 cells with/without doxorubicin
(0.25 μM 48 h, n= 12/6/19/18 from three independent experiments, one-way analysis of variance was performed within pcDNA-Empty,
pcDNA-Empty+Doxorubicin, and pcDNA-Circ-INSR+Doxorubicin). (B) Percentage of viable HL-1 cells (WST-1 assay) in pcDNA-Circ-INSR
overexpression HL-1 cells compared with pcDNA-Empty control (0.25 μM 48 h, n= 12/8/8/10 from three independent experiments, one-way
analysis of variance was performed within pcDNA-Empty, pcDNA-Empty+Doxorubicin, and pcDNA-Circ-INSR+Doxorubicin, unpaired two-
tailed t-test was performed between pcDNA-Empty and pcDNA-Circ-INSR). (C ) γ-H2AX (red) staining in nuclei (DAPI, blue) of neonatal rat car-
diomyocytes (cTNT, green) transduced with either AAV6-Empty control or AAV6-Circ-INSR, in the presence or absence of doxorubicin. Yellow
arrows denote DNA damage (0.25 μM 48 h, n= 8/6/8/8 from three independent experiments, one-way analysis of variance was performed within
AAV6-Empty, AAV6-Empty+Doxorubicin, and AAV6-Circ-INSR+Doxorubicin). Representative images left; quantification right (scale bar,
50 μm). (D) TUNEL positive (green) staining in nuclei (DAPI, blue) of neonatal rat cardiomyocytes (cTNT, red) transduced with either
AAV6-Empty control or AAV6-Circ-INSR, in the presence or absence of doxorubicin. Yellow arrows indicate apoptotic cells (0.25 μM 48 h, n=
6/5/6/6 from three independent experiments, one-way analysis of variance was performed within AAV6-Empty, AAV6-Empty+Doxorubicin, and
AAV6-Circ-INSR+Doxorubicin); Representative images left; quantification right (scale bar, 50 μm). (E) Mean oxygen consumption rate at various
time points of Mito Stress Assay (5 μM, 2 h, n= 17/16/16/16 wells from one experiment). (F and G) Basal respiration and spare respiratory capacity
of NMCMs treated with AAV6-Circ-INSR compared with AAV6-Empty under basal conditions or doxorubicin treatment (5μM, 2 h, n= 17/16/16/16
wells from one experiment; one-way analysis of variance (Bonferroni’s multiple comparison test) was performed within AAV6-Empty, AAV6-Empty+
Doxorubicin and AAV6-Circ-INSR+Doxorubicin, unpaired two-tailed t-test was performed between AAV6-Empty and AAV6-Circ-INSR). All quan-
titative data are presented as mean+ standard error mean, and one-way analysis of variance with post hoc Tukey test or Bonferroni’s multiple com-
parison test was used to calculate significance between ≥3 groups wherever required. P, 0.05 was considered as statistically significant. FC, fold
change; NRCM/NMCM, neonatal rat/mouse cardiomyocyte; OCR, oxygen consumption rate.
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Figure 4 Circ-INSR therapy protects from doxorubicin-induced cardiotoxicity in vivo. (A) Schematic representation of the in vivo animal model of
chronic doxorubicin-induced heart failure. (B) Relative expression of Circ-INSR and INSR in AAV9-Circ-INSR and AAV9-Empty heart tissue (n= 6
mice/group). (C ) Representative figures of echocardiography (Echo) after AAV9-Circ-INSR therapy in presence or absence of doxorubicin cardi-
otoxicity. (D–G) Ejection fraction, left ventricular end-systolic volume (volume; s), dimension (in mm) of the anterior wall of the left ventricle at
systole (s), dimension (in mm) of the posterior wall of the left ventricle at systole (s) in AAV9-Circ-INSR and AAV9-Empty-treated mice with
or without doxorubicin (n= 6/6/6/7 mice, one-way analysis of variance was performed within AAV9-Empty, AAV9-Empty+Doxorubicin, and
AAV9-Circ-INSR+Doxorubicin). (H ) TUNEL (green) co-staining with DAPI in nuclei (blue) and cTNT (red) in AAV9-Empty and
AAV9-Circ-INSR heart sections with/without doxorubicin treatment; representative images left; quantification right (n= 6 mice/group, scale
bar, 50μm, one-way analysis of variance was performed within AAV9-Empty, AAV9-Empty+Doxorubicin, and AAV9-Circ-INSR+
Doxorubicin). (I ) WGA (green) staining in AAV9-Empty and AAV9-Circ-INSR heart sections with/without doxorubicin treatment. Blue staining
indicates DAPI-stained nuclei. Representative images left; quantification right (n= 6 mice/group, scale bar, 50μm, one-way analysis of variance
was performed within AAV9-Empty, AAV9-Empty+Doxorubicin, and AAV9-Circ-INSR+Doxorubicin). All quantitative data are presented as
mean+ standard error mean, and an unpaired two-tailed t-test was performed to calculate significance between two groups, and one-way analysis
of variance with post hoc Tukey test was used to calculate significance between ≥3 groups wherever required. P, 0.05 was considered as stat-
istically significant. a.u., arbitrary units; EF, ejection fraction; exp., expression; FC, fold change; LVAW, anterior wall of the left ventricle at systole;
LVPW, posterior wall of the left ventricle at systole; Rel., relative.
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The SSBP1 is known to regulate mitochondrial DNA (mtDNA)
stability35 and replication.36 Based on the mitochondrial phenotype
observed in Circ-INSR gain- or loss-of-function experiments, we

hypothesized that Circ-INSR may cooperate with SSBP1 resulting
in the regulation of mitochondrial function by stabilizing mtDNA.
Indeed, the mtDNA content strongly decreased in cardiomyocytes

Figure 5Circ-INSR is regulated by Brca1. (A) Prediction of the upstream regulator of Circ-INSR using the RegRNA2.0 tool. (B) Relative expression
of Brca1 in mouse heart tissue with or without doxorubicin treatment (n= 6 mice per group). (C ) Relative expression of Brca1 in HL-1 cells treated
with Brca1-siRNA compared with Scramble siRNA (n= 7, from two independent experiments). (D) Relative expression of Circ-INSR and INSR in
HL-1 cells treated with Brca1-siRNA compared with Scramble siRNA (n= 7, from two independent experiments). (E) Relative expression of
Circ-INSR and INSR in pcDNA-Circ-INSR transfected HL-1 cells co-treated with Brca1-siRNA compared with control transfected with
pcDNA-Empty and Scramble siRNA (n= 7, from two independent experiments, one-way analysis of variance performed within Control,
pcDNA-Circ-INSR+ Scramble siRNA, and pcDNA-Circ-INSR+ Brca1-siRNA). All quantitative data are presented as mean+ standard error
mean, and an unpaired two-tailed t-test was performed to calculate significance between two groups and one-way analysis of variance with
post hoc Tukey test was used to calculate significance between ≥3 groups wherever required. P, 0.05 was considered as statistically significant.
exp., expression; FC, fold change; Rel., relative.
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Figure 6 Circ-INSR regulates metabolism and cell viability via interaction with single-stranded DNA-binding protein 1 in cardiomyocytes. (A) MA
plot showing the relationship between intensity value and fold change (log2FC) among the proteins. Only those proteins which were enriched by the
Circ-INSR probe in all three individual experiments were labelled with red dots. (B) Interaction network laid out and visualized with ClueGO plugin
of Cytoscape. Dots indicate the proteins interacting with Circ-INSR, and the respective colours indicate the interaction types. Each gene ontology
pathway is depicted by a specific node colour. The size of the node represents the number of interacting proteins, which belong to the respective
gene ontology pathway. (C ) Western blot of single-stranded DNA-binding protein 1 levels in HL-1 cells after Circ-INSR and INSR RNA pulldown
using biotin-labelled DNA probes. (D) RNA fluorescence in situ hybridization (RNA-FISH) of Circ-INSR (red) and co-staining with single-stranded
DNA-binding protein 1 (green) and DAPI (blue) in HL-1 cells (scale bar, 10μm); Z-stack view of the co-localized single-stranded DNA-binding pro-
tein 1 and Circ-INSR molecules are shown around the edge of the merge figure panel. Grey arrows highlight the yellow dots which indicate the
co-localization of Circ-INSR and single-stranded DNA-binding protein 1 in the cytoplasm. (E) Mitochondrial DNA (mtDNA) copy number analysis
of HL-1 cells treated with pcDNA-Circ-INSR overexpression plasmid and doxorubicin compared with pcDNA-Empty control (0.25 μM 48 h, n= 9
wells per group from triplicates of three independent experiments, one-way analysis of variance was performed). (F ) Quantification of MitoTracker
staining assay in HL-1 cells treated with pcDNA-Circ-INSR overexpression plasmid and doxorubicin compared with pcDNA-Empty control
(0.25 μM 48 h, n= 3 independent experiments, one-way analysis of variance performed within pcDNA-Empty, pcDNA-Empty+Doxorubicin,

Continued
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treated with doxorubicin, but was preserved upon Circ-INSR over-
expression (Figure 6E). This directly correlated with changes in the
mitochondrial morphology as indicated by mitochondrial fragmenta-
tion, which was significantly prevented in cardiomyocytes overex-
pressing Circ-INSR under doxorubicin stress (Figure 6F and
Supplementary material online, Figure S4E). To further dissect the
functional interaction between SSBP1 and Circ-INSR, we established
SSBP1 overexpression and knockdown system in HL-1 cells
(Supplementary material online, Figure S4F and G). Then, we applied
SSBP1 overexpression and measured the mitochondrial membrane
potential as a functional read-out, using doxorubicin to induce im-
pairment of the mitochondrial membrane potential. Circ-INSR
knockdown exacerbated the damage to the mitochondrial mem-
brane potential. Strikingly, simultaneous overexpression of SSBP1
blocked this deleterious effect (Figure 6G and Supplementary
material online, Figure S4H). Conversely, silencing of SSBP1 nullified
the cardioprotective effects of Circ-INSR overexpression under
doxorubicin stress, thus confirming a direct role for SSBP1 down-
stream of Circ-INSR (Figure 6H).
These mechanistic data demonstrate that Circ-INSR interacts and

synergizes with SSBP1 to achieve its protective effects in the context
of doxorubicin-induced mitochondrial dysfunction and apoptosis in
cardiomyocytes.

Specificity and translation of
Circ-INSR-mediated cardioprotective
effects to human pre-clinical models
To test the translational value of Circ-INSR therapy, we evaluated
Circ-INSR function in human cardiomyocytes. Interestingly,
Circ-INSR siRNA2 inhibited the Circ-INSR expression in
human-induced pluripotent stem-cell-derived cardiomyocytes with-
out affecting the expression of human INSR. We observed that the
Circ-INSR silencing (Supplementary material online, Figure S5A) im-
paired metabolic activity in human-induced pluripotent
stem-cell-derived cardiomyocytes as indicated by significant reduc-
tion of oxygen consumption rate and spare respiratory capacity
(Figure 7A and B).
We next generated a human Circ-INSR overexpression

(Circ-INSROE) construct as well as a construct lacking circulariza-
tion elements (Circ-INSRmut; Figure 7C). We tested the overex-
pression of human Circ-INSR at various multiplicity of infection
(MOI) of AAV6-Circ-INSROE (Supplementary material online,
Figure S5B) and demonstrated the protective effects against

doxorubicin-induced cardiomyocyte apoptosis at an MOI of
104 and 105 (Supplementary material online, Figure S5C).

Furthermore, AAV6-mediated cardiomyocyte transduction with
Circ-INSROE but not Circ-INSRmut led to a robust Circ-INSR up-
regulation (Supplementary material online, Figure S5D). Remarkably,
AAV-based overexpression of human Circ-INSR significantly at-
tenuated doxorubicin-induced apoptosis in primary rat cardio-
myocytes, while the circularization deficient construct did not
(Supplementary material online, Figure S5E–G). Similarly, human-
induced pluripotent stem-cell-derived cardiomyocytes infected
with AAV6-Circ-INSROE but not AAV6-Circ-INSRmut provided
protection against doxorubicin-mediated DNA damage indicated
by γH2AX analysis (Figure 7D–G).

Collectively, protection from doxorubicin-mediated cardiotoxi-
city in primary rat and human cardiomyocytes requires the circular-
ized form of Circ-INSR.

In vitro transcribed Circ-INSR protects
against doxorubicin-mediated
cardiomyocyte death
Based on the promising translational data of Circ-INSR, we aimed
to generate a potential RNA therapy for clinical application
against doxorubicin-induced cardiotoxicity. Hence, we produced
human Circ-INSR mimics via in vitro transcription and subsequent
circularization via a DNA splint and enzymatic ligation (Figure 8A
and Supplementary material online, Figure S6A–C). Circularized
Circ-INSR mimics as well as the linear Circ-INSR transcripts
were transfected into primary rat cardiomyocytes (Figure 8B).
Circ-INSR levels persisted over time indicating stability of in vitro tran-
scribed and circularized Circ-INSR (Figure 8C). To test the efficiency,
we first delivered these in vitro produced Circ-INSR mimics to pri-
mary rat cardiomyocytes before doxorubicin treatment (Figure 8D).
Circ-INSR mimics prevented doxorubicin-mediated DNA damage
compared with the control and Circ-INSR linear mimics (Figure 8E
and F). Finally, we also tested the therapeutic potential of in vitro
transcribed Circ-INSR in primary rat cardiomyocytes post-
doxorubicin stress (Figure 8G). Strikingly, in vitro transcribed
Circ-INSR demonstrated a strong cardioprotective effect on
doxorubicin-induced cardiomyocyte DNA damage (Figure 8H and I).

In summary, delivery of in vitro transcribed Circ-INSR mimics effi-
ciently protects against doxorubicin-induced cardiotoxicity which
presents an exciting complementary alternative for AAV-based
delivery.

Figure 6 Continued
and pcDNA-Circ-INSR+Doxorubicin). (G) Mitochondrial membrane potential assay in HL-1 cells treated with Circ-INSR-siRNA, single-stranded
DNA-binding protein 1-overexpression plasmid under doxorubicin stress (0.25 μM 48 h, n= 11/12/12/12 from three independent experiments,
two-way analysis of variance, Sidak’s multiple comparison test was performed). Percentage of cells with impaired mitochondrial membrane potential
is plotted on the graphs. (H ) WST assay in HL-1 cells treated with pcDNA-Circ-INSR overexpression plasmids, single-stranded DNA-binding pro-
tein 1-siRNA under doxorubicin stimulation (0.25 μM 48 h, n= 15/18/18/18 from three independent experiments, two-way analysis of variance,
Tukey’s multiple comparison test was performed). All quantitative data are presented as mean+ standard error mean, one-way analysis of variance
with post hoc Tukey test was used to calculate significance between ≥3 groups and two-way analysis of variance with Sidak’s or Tukey’s multiple
comparison test was used to calculate significance between ≥3 groups wherever required. P, 0.05 was considered as statistically significant. FC,
fold change; Rel., relative; exp., expression; MS/MS, tandem mass spectrometry; OE, overexpression; SSBP1, single-stranded DNA-binding protein.
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Figure 7 Human Circ-INSR regulates metabolic activity and prevents cell death in human cardiomyocytes. (A and B) Mean oxygen consumption
rate at various time points of Mito Stress Assay and spare respiratory capacity of hiPSC-CMs treated with Circ-INSR-siRNA compared with
Scramble siRNA (n= 12 wells/group from one experiment). (C ) Schematic representation of human Circ-INSR overexpression and mut construct.
(D) Circ-INSR expression (using divergent and convergent primer pairs) in hiPSC-CMs after AAV6-Circ-INSROE transduction compared with
AAV6-Empty and AAV6-Circ-INSRmut (n= 6 per group, one-way analysis of variance was performed within AAV6-Empty, AAV6-Circ-INSROE

and AAV6-Circ-INSRmut). (E) Percentage of cell cytotoxicity (LDH assay) in hiPSC-CMs transduced with AAV6-Circ-INSROE compared with
AAV6-Empty and AAV6-Circ-INSRmut in presence or absence of doxorubicin (1 μM 48 h, n= 20/21/17/22/20/19 from two independent experi-
ments, one-way analysis of variance was performed within AAV6-Empty+Doxorubicin, AAV6-Circ-INSROE+Doxorubicin, and
AAV6-Circ-INSRmut+Doxorubicin, unpaired two-tailed t-test was performed between AAV6-Empty and AAV6-Empty+Doxorubicin).
(F and G) γ-H2AX (red) staining in nuclei (DAPI, blue) of hiPSC-CMs (cTNT, green) transduced with either AAV6-Empty control,
AAV6-Circ-INSROE, or AAV6-Circ-INSRmut in the presence or absence of doxorubicin (1 μM 48 h, n= 12 per group, from three independent ex-
periments, scale bar, 50μm, one-way analysis of variance was performed within AAV6-Empty+Doxorubicin, AAV6-Circ-INSROE+Doxorubicin,
and AAV6-Circ-INSRmut+Doxorubicin, unpaired two-tailed t-test was performed between AAV6-Empty and AAV6-Empty+Doxorubicin).
Yellow arrows denote DNA damage. Representative images left; quantification right. All quantitative data are presented as mean+ standard error
mean, and an unpaired two-tailed t-test was performed to calculate significance between two groups, and one-way analysis of variance with post hoc
Tukey test was used to calculate significance between ≥3 groups wherever required. P, 0.05 was considered as statistically significant. exp., ex-
pression; FC, fold change; hiPSC-CM, human-induced pluripotent stem-cell-derived cardiomyocyte; OCR, oxygen consumption rate; Rel., relative.
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Figure 8 In vitro transcribed Circ-INSR mimics mediated therapy in cardiomyocytes against doxorubicin cardiotoxicity. (A) Schematic represen-
tation of in vitro production and circularization of Circ-INSR mimics. (B) Schematic depiction of Circ-INSR mimic and Circ-INSR linear mimics trans-
fection to neonatal rat cardiomyocytes via lipo-2000. (C ) Circ-INSR expression (using divergent and convergent primer pairs) in neonatal rat
cardiomyocytes after Circ-INSR mimics transfection compared with control and Circ-INSR linear mimics (n= 3–4 per group) at different time-
points. (D) Schematic representation of preventive therapy approach using Circ-INSR mimics. (E and F ) γ-H2AX (red) staining in nuclei (DAPI,
blue) of neonatal rat cardiomyocytes (cTNT, green) transfected with Circ-INSR mimics and Circ-INSR linear mimics compared with control, under
doxorubicin treatment. Yellow arrows denote DNA damage. Representative images left; quantification right (0.5 μM 48 h, n= 3 per group, scale
bar, 50μm, one-way analysis of variance was performed within Control+Doxorubicin, Circ-INSR mimics+Doxorubicin, and Circ-INSR linear
mimics+Doxorubicin, unpaired two-tailed t-test was performed between Control and Control+Doxorubicin). (G) Schematic representation
of therapeutic strategy using Circ-INSRmimics; (H and I ) γ-H2AX (red) staining in nuclei (DAPI, blue) of neonatal rat cardiomyocytes (cTNT, green)
transfected with Circ-INSR mimics and Circ-INSR linear mimics compared with control, in the presence or absence of doxorubicin. Yellow arrows
denote DNA damage. Representative images left; quantification right (0.2 μM 48 h, n= 6–9 per group, from three independent experiments (scale
bar, 50μm), one-way analysis of variance was performed within Control+Doxorubicin, Circ-INSR mimics+Doxorubicin, and Circ-INSR linear
mimics+Doxorubicin, unpaired two-tailed t-test was performed between Control and Control+Doxorubicin). All quantitative data are pre-
sented as mean+ standard error mean, an unpaired two-tailed t-test was performed to calculate significance between two groups, and one-way
analysis of variance with post hoc Tukey test was used to calculate significance between≥3 groups wherever required. P, 0.05 was considered as
statistically significant. exp., expression; FC, fold change; NRCMs, neonatal rat cardiomyocytes; Rel., relative.
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Discussion
Here we report a significant protective effect of the highly species-
conserved Circ-INSR against doxorubicin-mediated cardiotoxicity
in rodent and human cardiomyocytes in vitro as well as in a chronic
doxorubicin-induced cardiotoxicity mouse model. We identified a
physical and functional interaction of Circ-INSR with SSBP1 which
plays a role in modulating cardiomyocyte apoptosis and mitochon-
drial membrane potential. In addition to AAV-mediated Circ-INSR
overexpression in vitro and in vivo, we also applied the in vitro tran-
scribed and circularized Circ-INSR mimics. All approaches efficiently
prevented doxorubicin-mediated cardiotoxicity highlighting the
therapeutic value of Circ-INSR (Structured Graphical abstract).

Apart from doxorubicin, other anthracyclines or anti-cancer drugs
such as taxanes are known to induce unexpected dose- and time-
dependent cardiotoxicity.37–39 Therefore, we also tested Circ-INSR
expression after treatment of cardiomyocytes with different concen-
trations of other anti-cancer drugs such as epirubicin and paclitaxel
(Supplementary material online, Figure S6D and E). Our data suggest
that Circ-INSR may be important in other cardiotoxicity models as
well, but further detailed investigation is needed in this context.

Brca1 is a well-established tumour suppressor gene.40 Besides its
specific role in DNA double-strand break repair,41 it was also iden-
tified as an exonic splicing enhancer.42 Loss of Brca1 was shown to
weaken the process of double-strand DNA break repair and to ac-
tivate the p53-mediated apoptosis pathway in cardiomyocytes.43

Our data showed lower levels of Brca1 in doxorubicin-treated heart
tissue. Brca1 silencing led to diminished expression of Circ-INSR
highlighting a putative role of Brca1 in the generation of circular tran-
scripts from the INSR locus. However, the exact mechanism by
which Brca1 regulates the circularization of Circ-INSR transcript is
still unknown and requires further mechanistic studies.

Previous evidence suggests that circRNAs play specific roles in a
variety of cardiac diseases, although detailed information is scarce
for this rather recently discovered type of ncRNAs.17,44 Cdr1as,
which contains more than 70 conserved miR-7 target sites, was iden-
tified as a miR-7 repressor in the brain and is the most studied
circRNA molecule to date.45 Another study revealed that Cdr1as
could function as a powerful miR-7a sponge in the mouse heart re-
sulting in the promotion of myocardial infarction.46 To date, the ma-
jority of reports on circRNAs suggest such a competing endogenous
RNA mechanism. However, in contrast to the 70 miR-7 binding sites
present on Cdr1as, most circRNAs often possess only a few
complementary-binding sites for their target microRNAs. In this con-
text, Circ-INSR was recently reported to participate in skeletal mus-
cle myoblast proliferation through an intricate mechanism that
involves sponging of miR-34a and miR-15b.47 In contrast, for
Circ-INSR function in the heart muscle, we do not find evidence
for competing endogenous RNA mechanisms. Circ-INSR gain and
loss-of function experiments did not regulate miR-34a, miR-15b,
and miR-221 expression in HL-1 cells (Supplementary material
online, Figure S6F and G). Furthermore, RNA pulldown experiments
of Circ-INSR did not reveal co-precipitated miR-34 in HL-1 cells
(Supplementary material online, Figure S6H). It is at least debatable
whether microRNA sponging is a true physiological event based
upon similar stoichiometry between the circRNA and
microRNAs.48 Here, we demonstrated that Circ-INSR mediates its

cardioprotective function through physical interaction with SSBP1,
which is a key protein engaged in the process of mtDNA replication
and protection. The SSBP1 can regulate the stability of single-
stranded mtDNA following mtDNA synthesis stimulated by the
DNA polymerase subunit gamma.49 The SSBP1 is also known to par-
ticipate in the process of angiotensin II-induced cardiac fibrosis and
loss of SSBP1 enhances the expression of fibrosis markers.50

Another investigation reported that SSBP1 was up-regulated in cardi-
omyocytes with the treatment of Qiliqiangxin, a traditional Chinese
medicine showing protective effects in a clinical trial in HF patients.51

We reported here that Circ-INSR regulates mitochondrial functions,
such as mitochondrial fragmentation, metabolism, and mtDNA repli-
cation in cardiomyocytes under doxorubicin stress. In addition, we are
the first to provide direct evidence that SSBP1 binds to Circ-INSR by
circRNA pulldown, SSBP1 immunoprecipitation, and RNA-FISH ex-
periments. Inhibition of SSBP1 abrogates the cardioprotection of
Circ-INSR overexpression, whereas mitochondrial impairment after
Circ-INSR knockdown can be rescued by SSBP1 overexpression,
thus suggesting also a functional interaction.

One of the challenges of ncRNA-based therapeutics (especially for
long ncRNAs) is the poor conservation across species.52 However,
circRNAs are a specific class of ncRNAs which possess a high degree
of conservation most likely due to the fact that majority of circRNAs
originate from precursor mRNA.17 Indeed, we observed Circ-INSR
to exhibit an 85% sequence similarity between human and rodent
transcripts. In addition to species-specific Circ-INSR overexpression,
we also observed cross-species complementation as indicated by car-
dioprotection under doxorubicin stress after overexpression of
human Circ-INSR in primary rodent cardiomyocytes and vice versa.
Of note, there are fundamental differences between adult cardiomyo-
cytes and primary (neonatal) cardiomyocytes or hiPSC-derived cardi-
omyocytes. As the latter tend to be structurally and functionally more
immature, caution is warranted when interpreting results.53

Nevertheless, since the results are paralleled in the adult mouse heart
in vivo, these pre-clinical data suggest the excellent translational poten-
tial of Circ-INSR in future pre-clinical and clinical development
processes.54

An important concern for applying circRNA overexpression is the
‘contamination’ by linear isoforms, which may be produced as by-
products during the conventional circRNA overexpression ap-
proach. Therefore, we designed a Circ-INSR overexpression plasmid
which lacks circularization elements, thus inhibiting the formation of
circular products. Interestingly, the linear transcript of Circ-INSR
RNA did not demonstrate any therapeutic effects compared with
the circularized Circ-INSR in cardiomyocytes indicating that the pro-
tective effect of Circ-INSR requires its circular structure.

Moreover, technological advances such as in vitro transcription, in-
cluding additional steps for the circularization and purification of
circRNA transcripts, may improve future production of precise
and specific circRNA oligonucleotides.55–58 To further strengthen
our findings, we produced in vitro transcribed circRNA mimics and
circularized the transcripts via DNA splint and T4 DNA ligase.
Our results show that in vitro transcribed Circ-INSR mimics can pre-
vent doxorubicin-mediated cardiomyocyte apoptosis. As in vitro
transcribed circRNA mimics can exert their function instantly
(when compared with transgene delivery/expression), and even re-
main stable in cells, our study provides the first proof of concept
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for researchers to apply in vitro transcribed circRNAs directly as
RNA therapeutics targeted to CVDs.
In summary, Circ-INSR rescues doxorubicin-induced cardiac dys-

function and cardiomyocyte apoptosis through interaction with
SSBP1, thus maintaining mitochondrial function. Further studies are
warranted to develop this novel target and its overexpression strat-
egy into a clinical preventive therapy for patients at high risk for
doxorubicin-mediated cardiotoxicity. Altogether, this study reveals
Circ-INSR as a promising target for the prevention of anti-cancer
drug-induced cardiotoxicity.
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