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HIGHLIGHTS

e Cardiac death is a major burden for cancer
survivors, yet there is currently no
effective treatment for DOX-induced
cardiotoxicity.

e circ-ZNF609 knockdown alleviates
DOX-induced cardiotoxicity through
attenuating cardiomyocyte apoptosis,
reducing ROS production, ameliorating
the mitochondrial nonheme iron overload.

e circ-ZNF609 inhibition blocks the
elevation effect of RNA m°A methylation
level in mice hearts by DOX treatment,
whereas RNA m®A demethylase FTO acts
as the downstream factor of circ-ZNF609.

e Therapeutics targeting circ-ZNF609
might be a potential novel strategy for
attenuating DOX-induced cardiotoxicity.
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DOX = doxorubicin Cardiac death is a major burden for cancer survivors, yet there is currently no effective treatment for doxo-
circRNA = circular RNA rubicin (DOX)-induced cardiotoxicity. Here, we report that circ-ZNF609 knockdown knockdown had cardio-
FTO = fat mass and obesity protective effects against DOX-induced cardiomyocyte toxicity. Mechanistically, circ-ZNF609 knockdown
associated gene alleviated DOX-induced cardiotoxicity through attenuating cardiomyocyte apoptosis, reducing reactive oxygen
METTL14 = methyltransferase species production, ameliorating mitochondrial nonheme iron overload. circ-ZNF609 inhibition blocked the
like 14 elevation of RNA N®-methyladenosine (RNA m®A) methylation level in DOX-treated mice hearts, whereas m®A
mtDNA = mitochondria DNA demethylase fat mass and obesity associated (FTO) acted as the downstream factor of circ-ZNF609. Moreover,
NRCM = neonatal rat the stability of circ-ZNF609 was regulated by RNA m®A methylation alteration, and suppression of RNA m°A
cardiomyocyte methylation by methyltransferase like 14 (METTL14) modulated the function of circ-ZNF609. These data
RNA m°A = RNA N°- suggest that circ-ZNF609 inhibition represents a potential therapy for DOX-induced cardiotoxicity.

methyladenosine
ROS = reactive oxygen species

ZNF609 = zinc finger protein
609

espite modern chemotherapeutic protocols

that have greatly prolonged the 5-year sur-

vival rate of cancer patients, their side ef-
fects on nontargeted tissues are still severely
compromising long-term prognosis of those patients
as a double-edged sword.' Doxorubicin (DOX) is one
of the most widely used anthracycline chemothera-
peutic agents despite its extensive adverse event pro-
file.? It is now well established that the cardiotoxicity
resulting from chemotherapy poses a significant risk
for morbidity and mortality to the treated patient.?

Several potential mechanisms

DOX-induced cardiotoxicity have been revealed in
past decades, including production of reactive
oxygen species (ROS), damage of mitochondria DNA,
and cardiomyocytes death.*® However, there are still
no preventative or curative strategies against DOX-

induced cardiotoxicity.

Circular RNAs (circRNAs) represent a new class of
noncoding RNAs that are generated by back-splicing.’
Moreover, circRNAs play important regulatory roles
in physiological or pathological processes.'® Recently,
we reported that circRNA circ-ZNF609 inhibition

(J Am Coll Cardiol Basic Trans Science 2023;8:677-698) © 2023 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

could protect against cardiac ischemia/reperfusion
injury." circ-ZNF609, also as known as myocardial
infarction associated circular RNA, was reported early
to be highly associated with myocardial infarction
prognosis.'*'3 circ-ZNF609 has been reported to pro-
mote breast cancer cell growth, migration, and inva-
sion, indicating the potential therapeutic effects of
circ-ZNF609 in cancer therapy.'# However, the func-
tion of circ-ZNF609 in anthracyclines-related cardio-
vascular disease remains largely unknown.

Herein, we investigate the role of circ-ZNF609 in
DOX-induced cardiotoxicity and its underlying
mechanism in vivo and in vitro. Our results show that
the expression of circ-ZNF609 is regulated by RNA
N®-methyladenosine (RNA m®A) methylation,
whereas RNA m°®A demethylase fat mass and obesity
associated gene (FTO) acts as the downstream factor
of circ-ZNF609 in response to DOX treatment.
Knockdown of circ-ZNF609 can protect the heart from
DOX-induced cardiotoxicity via attenuating car-
diomyocytes apoptosis, reducing intracellular and
mitochondria ROS production, and ameliorating the
mitochondrial nonheme iron overload, suggesting
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that circ-ZNF609 might be a potential therapeutic
target to DOX-induced cardiotoxicity.

METHODS

ANIMAL. Adult male C57BL/6J mice (8-9 weeks of
age) were purchased from Charles River Laboratories.
All animal experiments were in accordance with the
guidelines on the use and care of laboratory animals
for biomedical research published by the National
Institutes of Health (No. 85-23, revised 1996), and
approved by the committee on the Ethics of Animal
Experiments of Shanghai University.

To establish DOX-induced cardiotoxicity mice
model, adult male C57BL/6J mice (8-9 weeks of age)
were intraperitoneally injected with DOX (5 mg/kg)
once a week and for 5 weeks. To study the role of circ-
ZNF609, methyltransferase like 14 (METTL14) and
FTO in DOX-induced cardiotoxicity, adeno associated
virus 9 (AAV9) with viral titer of 10" carrying circ-
ZNF609 small hairpin RNA (shRNA), cardiac troponin
T (cTnT) promoter-driven METTL14 shRNA, FTO
shRNA, and their control in a volume of 30 pL were
tail-vein injected 1 week before being subjected to
DOX injection. To study the therapeutic effect of circ-
ZNF609 on DOX-induced cardiotoxicity, AAV9 with
viral titer of 103 carrying circ-ZNF609 shRNA and their
control in a volume of 30 uL were tail-vein injected at
the same day after being subjected to DOX injection.
Each mouse was randomly assigned to each group.

ECHOCARDIOGRAPHY. Mice were anesthetized with
3% isoflurane, and echocardiographic data were ob-
tained through 2-dimensional targeted M-mode im-
ages, obtained in the short-axis view at the papillary
muscle level using the Vevo 2100 image system (Vis-
ualSonics Inc) with a center frequency of 30 MHz. The
echocardiographer was blinded to the treatment of
mice. All the echocardiography parameters were
presented in Supplemental Tables 1 to 6.

NEONATAL RAT CARDIOMYOCYTE ISOLATION,
CULTURE, AND TREATMENT. The primary neonatal
rat cardiomyocyte (NRCM) was harvested and pre-
pared for experimental use as described previously."
Briefly, the left ventricles of 1- to 3-day-old neonatal
rat were harvested and dissected in buffer containing
117 mM NacCl, 20 mM HEPES, 1.15 mM NaH,PO,, 3 mM
Glucose, 5.4 mM KCl and 0.83 mM MgSO, .7H,0,
adjusted to pH 7.4. Then, dissected tissues were
digested 5 to 6 times with an enzymatic mixture
compound of pancreatin (Sigma-Aldrich, P3292) and
collagenase type II (Thermo Fisher Scientific, 17101-
015). Then, the compound cell suspension was
passed through a sterile filter screen with a 100-um
pore size (BD Falcon,352360) followed by final
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addition of Horse Serum (BI, 04-004-1A) to halt
enzymatic digestion. The cardiomyocytes were iso-
lated by Percoll gradient (Sigma-Aldrich, E0414)
centrifugation and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Sigma-Aldrich, D5796) con-
taining 10% Horse Serum, 5% fetal bovine serum (BI,
04-001-1ACS), and 1% penicillin (Keygen, KGY0023)
at 37°C in humidified air with 5% CO,. To induce
cardiotoxic injury in vitro, NRCMs were added with
0.3 M DOX for 24 hours before harvested.

For transfecting plasmids into NRCMs, plasmids
(1 ng/mL) were carried out using Lipofectamine 2000
reagent (Invitrogen) or Sino transfection reagent
(Sino Biological Inc) according to the manufacturer’s
protocols. The efficiency of transfection was evalu-
ated by quantitative polymerase chain reaction or
western blot.

ISOLATION OF ADULT MOUSE CARDIOMYOCYTES
AND CARDIAC FIBROBLAST. Adult mouse hearts
were digested by retrograde perfusion on Langen-
dorff apparatus with perfusion buffer and enzymatic
solution containing 350 U/mL collagenase II
(Gibco,17101-015). Briefly, adult mice were anes-
thetized by chloral hydrate and heparinized. Then,
the chest of each of the mice was opened to expose
the heart. The descending aorta was cut, and the
heart was retrogradely perfused at a flow of 4 mL/min
for approximately 5 minutes with perfusion buffer at
37°C containing 4 mM KCl, 135 mM NaCl, 1 mM MgCl,,
0.33 mM NaH,PO,, 10 mM HEPES, 10 mM BDM, 10 mM
glucose, and 5 mM Taurine, adjusted to pH 7.2 with
NaOH. Heart tissues were gently cut into small pieces
and enzymatic activity was inhibited in stop buffer
containing 0.5 mg/mL bovine serum albumin and
passed through a 100-um filter to remove undigested
tissues. Cardiomyocytes were sedimented at room
temperature for 10 minutes at 300 rpm and then
collected for further experiments.

For cardiac fibroblast, the supernatant was
collected and centrifuged at 1,500 rpm for 5 minutes
to obtain fibroblast and endothelial cell precipitates.
The cells were then placed into a 3.5-cm petri dish/
heart in the incubator (37°C, 5% CO,, and 95% O,) for 3
to 6 hours. After the cardiac fibroblasts adhered to the
culture plate, cells were then collected for further
experiments.

TUNEL STAINING. Terminal = deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick
end labeling (TUNEL) staining in cardiac frozen sec-
tions and NRCMs was performed using a commercial
kit (Promega, #G3250). Briefly, cardiac sections or
NRCMs were fixed with 4% paraformaldehyde for
15 minutes and permeabilized in 0.5% triton X-100.
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After blocked, the sections or NRCMs were stained
with anti-a-actinin (Sigma-Aldrich, #A7811) over-
night, followed by the incubation with secondary
antibodies. Then, the sections or NRCMs were equi-
librized and then incubated with TUNEL reaction
mixture at 37°C for 1 hour. Finally, the cell nuclei
were stained by Hoechst. The fluorescence of cardiac
sections was imaged by confocal microscope (LSM
710, Zeiss and LSM 880, Zeiss) while that of NRCMs
were imaged by Leica microscope (DMI8). Car-
diomyocytes apoptosis was calculated as the ratio of
TUNEL-positive cardiomyocytes nuclei to car-
diomyocytes nuclei.

MASSON STAINING. Cardiac paraffin sections were
dewaxed and hydrated. Then, the sections were
subjected to Masson’s trichrome staining (Servicebio,
#G1006)
structions. Images were taken by Leica microscope
(DM3000 LED). Image J was used to quantify the
fibrotic area and the percentage of fibrosis was
calculated as fibrosis areas/total myocardial areas.

according to the manufacturer’s in-

SIRIUS RED STAINING. The Sirius red staining was
performed to determine cardiac collagen deposition
according to the manufacturer’s instructions (Sbjbio,
BP-DL030). Briefly, cardiac paraffin sections were
dewaxed and hydrated, and were then cut into 5-pm
serial sections using microtome. Slices were sub-
jected to Sirius red staining according to the manu-
facturer’s instruction. Images were taken by Leica
microscope and Nikon microscope (ECLIPSE Ti2).
Image J was used to quantify the collagen deposition
area (red) and the percentage of fibrosis was calcu-
lated as collagen deposition areas/total myocar-
dial areas.

QUANTITATIVE REAL-TIME PCR. Total RNA was iso-
lated by RNAiso Plus (Takara, #9108). RNA concen-
tration was measured by Nanodrop 2000 (Thermo
Fisher). The RNA was converted to cDNA by using
TransScript-gDNA Removal and cDNA Synthesis
SuperMix (Transgen, #AT311) for the subsequent
analysis of circ-ZNF609 and by using SuperScript IV
Reverse (Thermo Scientific, #18090200) for the sub-
sequent analysis of other genes according to the
manufacturer’s instructions. RNA levels were quan-
tified using iTaq universal SYBR Green (Bio-rad,
#1725125) by Real-Time PCR Detection System (Roche
LightCycler480). Eighteen seconds was used as an
internal control. For AAV9 infection rates calculation,
adult cardiomyocytes were isolated from mouse
hearts, DNA isolated from cardiomyocytes (~6 x 10°/
mouse), and the number of cardiomyocytes per
mouse was accurately calculated. Serial dilutions of
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the scramble vector containing U6-promoter were
used as a reference to obtain a standard curve for
calculation. AAV9 DNA levels were quantified by real-
time PCR (qPCR), and the copy number corresponding
to each cycle threshold value was calculated using the
tool website NEBiocalculator. Primers used in this
study were listed in Supplemental Table 7.

RNA STABILITY ASSAY. For RNA stability assay,
AC16 cardiomyocytes were seeded in 6-well plates.
After 8-hours of transfection, the cells were treated
with Actinomycin D (Selleck, S8964) and collected at
different time points. Total RNA was then isolated,
and the degradation rate of mRNA was analyzed by
gRT-PCR and determined as previously reported.'®'
Primers used in this study are listed in
Supplemental Table 7. The degradation rate of RNA(r)
was estimated by plotting N,/N, against time and
fitting to the following equation:

& _ p-t/t
N ¢
The RNA half-life time (t%) can be calculated from
the degradation rate as follows:

t;:’COITIZ

2

t, the transcription inhibition time; t, the degra-
dation rate; N,/N,, the RNA quantities at time t or
time 0.

MITOCHONDRIA DNA COPY NUMBER QUANTIFICA-
TION. For quantification of mitochondrial DNA
(mtDNA) copy number, the ratio of mtDNA and
genomic DNA was calculated as previously re-
ported.'® Briefly, mtDNA and genomic DNA were
isolated from NRCM or heart tissues by using a DNA
Extraction Kit (TIANGEN, DP304) according to the
manufacturer’s protocols. Then detection of mtDNA
and genomic DNA was performed using an gqPCR
system. Primer sequences used in this study are lis-
ted in Supplemental Table 7.

WESTERN BLOT. The NRCMs or heart tissues were
lysed using RIPA lysis buffer (KenGEN). The proteins
were quantified using a BCA protein assay kit (Takara
#T9300A) and then loaded onto sodium dodecyl sul-
phate polyacrylamide gel electrophoresis for separa-
tion. The separated proteins were electro-transferred
onto polyvinylidene fluoride membranes. Then, the
membranes were blocked and incubated with the
appropriate primary antibodies overnight followed by
incubation with horseradish peroxidase-conjugated
secondary antibodies. All proteins were visualized
by hypersensitive chemiluminescence kit using
ChemiDoc Imaging System (Tanon, 5200S or Bio-Rad,
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FIGURE 1 circ-ZNF609 Suppression Blunts DOX-Induced Cardiotoxicity and Left Ventricular Dysfunction in Mice
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(A) The expression of circ-ZNF609 determined by quantitative real-time polymerase chain reaction (qQRT-PCR) in isolated adult mouse cardiomyocytes from the
doxorubicin (DOX)-treated mice hearts (**P < 0.01, n = 6 mice/group) and neonatal rat cardiomyocyte (NRCM) (**P < 0.01, n = 6 wells/group). (B) The schedule of
adeno associated virus 9 (AAV9)-small hairpin (sh)-circ-ZNF609 virus injection and DOX-induced mice cardiotoxicity model establishment. (C) Preserved left ventricular
ejection fraction (EF) and left ventricular anterior wall thickness (LVAWs) in the DOX-induced cardiotoxicity mice hearts treated with AAV9-sh-circ-ZNF609, as
evidenced by echocardiography (**P < 0.01, n = 10:10:15:15 mice, respectively). (D) Knockdown effects of AAV9-sh-circ-ZNF609 in the mice hearts, as evidenced by
gRT-PCR (*P < 0.05, **P < 0.01, n = 9:9:14:14 mice, respectively). (E) Attenuated myocardial apoptosis in the DOX-induced cardiotoxicity mice hearts treated with
AAV9-sh-circ-ZNF609, as evidenced by terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labelling (TUNEL) staining (**P < 0.01, n = 4 mice/
group, scale bar = 20 um). (F) Reduced cardiac fibrosis in the DOX-induced cardiotoxicity mice hearts treated with AAV9-sh-circ-ZNF609, as evidenced by Masson's
staining (**P < 0.01, n = 4 mice/group, scale bar = 25 um). (G) Decreased expression of the fibrotic-associated genes («-Sma, Collal, and Col3aT) in the DOX-induced
cardiotoxicity mice hearts treated with AAV9-sh-circ-ZNF609 (*P < 0.05, **P < 0.01, n = 6 mice/group). Data are presented as mean + SD. (A, Student t test. C to G,
2-way analysis of variance with Tukey post hoc test.) CM = cardiomyocyte; MCM = adult mouse cardiomyocyte; Scr = scramble.
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FIGURE 2 Knockdown of circ-ZNF609 Ameliorates DOX-Induced Cardiotoxicity Via Preventing Cardiomyocytes Apoptosis and Oxidative Stress
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17001402). Band intensity was calculated using Image
J. Antibodies used in this study were listed in
Supplemental Table 8.

RNA m®A METHYLATION QUANTIFICATION. Total
RNAs were extracted from murine hearts by miR-
Neasy Mini Kit (QIAGEN, #217004) with DNase I on
column treatment. Then, the RNA m®A methylation
quantification kit (Colorimetric) (Abcam, #ab185912)
was used according to the manufacturer’s protocols.
Briefly, 200 ng of total RNA were added after RNA
binding, m®A RNA capture, and signal detection.
Relative quantification of RNA m®A was calculated as
recommended by the manufacturer.

DOT BLOT. The total RNA was isolated by miRNeasy
Mini Kit (QIAGEN, #217004) with DNase I on column
treatment. RNA was pre-denatured for 10 minutes at
70°C, then RNA was loaded onto the Hybond-N*
membrane. The membrane was further crosslinked by
ultraviolet light. The samples were incubated with
mP®A antibodies (Abclonal, #A19841) at 4°C overnight.
The membranes were incubated with rabbit immu-
noglobulin G antibody coupled to horseradish
peroxidase. Finally, the dots were visualized by hy-
persensitive chemiluminescence kit using ChemiDoc
Imaging System (Bio-Rad, 17001402). Methylene blue
staining was used to confirm the equal amounts of
RNA samples.

DETECTION OF MITOCHONDRIAL FE®*. The mito-
chondrial Fe3*" (nonheme iron) was measured by
spectrophotometry using the iron assay kit (Abcam,
#ab83366) according to the manufacturer’s protocol.
Briefly, mitochondria were first isolated from tissues
samples with a Mitochondria Isolation Kit (Beyotime,
C3606) according to the manufacturer’s protocols.
Then, mitochondria samples and standards were
added to a 96-wells enzyme-linked immunosorbent
assay plate. Samples were incubated with iron
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reducer at 37°C for 30 minutes for measuring total
iron ion concentration or without for measuring Fe?*
concentration. Then, the iron probe was added to
each well and incubated for 60 minutes at 37°C. The
plate was analyzed with a microplate reader. The
mitochondrial Fe3" concentration is equal to mito-
chondrial total iron ion concentration minus mito-
chondrial Fe®" concentration, and it was displayed as
its proportion of total iron ion.

DETECTION OF ROS. ROS production was deter-
mined by using DHE staining kit (US Everbright,
D1008) and MitoSOX Red kit (Yeasen, 40778ES50).
Both kits were used according to the manufacturer’s
protocols. Briefly, NRCMs were incubated in DMEM
containing 10 puM dihydroethidium (DHE) for 90 mi-
nutes or Hank’s solution containing 5 pM mitoSOX
Red for 30 minutes before being harvested at 37°C in
the dark. After being washed with phosphate-
buffered saline or Hank’s, DHE staining of NRCMs
was imaged by Leica microscope (DMI8, Germany)
and MitoSOX staining of NRCMs was captured by
confocal microscope (LSM880, Zeiss). The fluores-
cence intensity of NRCMs was analyzed using Im-
age J.

STATISTICAL ANALYSIS. Data were presented as the
mean + SD. Normal distributions of all data were
tested by using Shapiro-Wilk or Kolmogorov-Smirnov
tests. For data following normal distributions, com-
parisons between 2 groups were performed using the
Student t test, whereas comparisons among >2 groups
used 2-way analysis of variance followed by Tukey’s
post hoc test for multiple pairwise comparisons. For
data that did not follow normal distributions, a Mann-
Whitney U test (2 groups) or Kruskal-Wallis test (>2
groups) was used. Analyses were performed using
GraphPad Prism 8.0 and SPSS 20.0 software (SPSS
Inc). A P < 0.05 was
cally significant.

considered statisti-

FIGURE 2 Continued

(A) Representative images of immunofluorescence staining and quantification of the TUNEL positive cardiomyocytes in the DOX-treated NRCM transfected
with or without small interfering (si)-circ-ZNF609 or circ-ZNF609 (**P < 0.01, n = 6 wells/group, scale bar = 100 pum). (B) Intracellular reactive oxygen
species (ROS) level in the DOX-treated NRCM transfected with or without si-circ-ZNF609 or circ-ZNF609, as evidenced by dihydroethidium (DHE) staining
(**P < 0.01, n = 6 wells/group). (C) Western blot analysis of NRF2 in the DOX-treated NRCM transfected with or without si-circ-ZNF609 or circ-ZNF609
(*P < 0.05, **P < 0.01, n = 3 wells/group). (D) Representative images of immunofluorescence staining and quantification of mitochondrial ROS level in
the DOX-treated NRCM transfected with or without si-circ-ZNF609 or circ-ZNF609, as evidenced by MitoSOX red staining (**P < 0.01, n = 50 car-
diomyocytes/group, scale bar = 20 pm). (E, F) Western blot analysis of ABCB8 and FTMT in the DOX-treated NRCM transfected with or without circ-
ZNF609 (*P < 0.05, **P < 0.01, n = 3 wells/group) or si-circ-ZNF609 (**P < 0.01, n = 3 wells/group). (G) Mitochondrial nonheme iron (Fe**) in the
DOX-induced cardiotoxicity mice hearts injected with or without AAV9-sh-circ-ZNF609 (**P < 0.01, n = 4 mice/group). (H) The mitochondrial DNA
levels in the DOX-treated NRCM transfected with or without si-circ-ZNF609 or circ-ZNF609 (*P < 0.05, **P < 0.01, n = 6 wells/group). Data are
presented as mean =+ SD. (A to C, 2-way analysis of variance (ANOVA) with Tukey's post hoc test. D, Left: 2-way ANOVA by Tukey test; right: Kruskal-Wallis
test. E to H, 2-way ANOVA with Tukey's post hoc test.) NC = negative control; NRF2 = nuclear factor erythroid 2- related factor 2; Plo-ciR = empty vector
without circ-ZNF609 overexpression; other abbreviations as in Figure 1.
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FIGURE 3 Circ-ZNF609 Negatively Regulates the Expression of RNA m°A Demethylase FTO and Contributes to DOX-Induced Cardiotoxicity Regulation
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RESULTS

CIRC-ZNF609 SUPPRESSION BLUNTS DOX-INDUCED
CARDIOTOXICITY AND LEFT VENTRICULAR DYSFUNCTION
IN MICE. To explore the potential role of circ-ZNF609
in regulating DOX-induced cardiotoxicity, we first
quantified the expression of circ-ZNF609 in isolated
adult mouse cardiomyocytes from the DOX-treated
mice hearts and DOX-treated cultured NRCMs by
gRT-PCR. As shown in Figure 1A, after intraperitoneal
injection with DOX for 5 weeks, the expression of circ-
ZNF609 was significantly increased in the adult
mouse cardiomyocytes of DOX-treated mice and in
the NRCMs treated with DOX. Thus, we tested
whether inhibition of circ-ZNF609 could prevent
DOX-induced cardiotoxicity. We manipulated the
expression of circ-ZNF609 in murine heart by tail vein
injection of AAV9-sh-circ-ZNF609, which was gener-
ated as previously reported.” Then, DOX-induced
cardiotoxicity murine model was established and
used to explore the function of circ-ZNF609 inhibi-
tion (Figure 1B). As measured by echocardiography,
we found that circ-ZNF609 knockdown preserved
cardiac function and inhibited the thinning of ven-
tricular wall thickness as indicated by preserved
ejection fraction (EF), and left ventricular anterior
wall thickness in systole (LVAWSs) (Figure 1C). The
knockdown effect of AAV9-sh-circ-ZNF609 was veri-
fied by qRT-PCR (Figure 1D). Next, we assessed
the cardiac apoptosis and fibrosis in DOX-induced
in Figure 1E, TUNEL
staining showed that the administration of AAV9-sh-
circ-ZNF609 significantly reduced the apoptosis
induced by DOX-treatment in the hearts. Consis-
tently, western blot showed that knockdown of circ-
ZNF609 led to decreased expression of Bax/Bcl-2,
indicating a protective effect of circ-ZNF609 inhibi-
tion against DOX-induced apoptosis in the hearts

cardiotoxicity. As shown

circ-ZNF609 Suppression Prevents DOX-Induced Cardiotoxicity

(Supplemental Figure 1A). In addition, Masson stain-
ing and Sirius red staining suggested that cardiac
fibrosis was attenuated by the knockdown of circ-
ZNF609 in the DOX group (Figure 1F, Supplemental
Figure 1B). Meanwhile, the expression of fibrotic
genes (Coliai, Col3ai1, and a-Sma) was decreased after
AAV9-sh-circ-ZNF609 administration (Figure 1G).
Taken together, our data reveal that circ-ZNF609 is
involved in the regulation of DOX-induced -car-
diotoxicity and circ-ZNF609 knockdown protects
against DOX-induced cardiotoxicity via improving
cardiac function, reducing cardiomyocytes apoptosis,
and attenuating cardiac fibrosis.

KNOCKDOWN OF CIRC-ZNF609 AMELIORATES
DOX-INDUCED CARDIOTOXICITY VIA PREVENTING
CARDIOMYOCYTES APOPTOSIS AND OXIDATIVE
STRESS. Then, we examined the role of circ-ZNF609
in cultured NRCM in response to DOX-treatment.
The circ-ZNF609 overexpression construct and small
interfering RNA (siRNA) were used as previously re-
ported." Knockdown of circ-ZNF609 inhibited DOX-
induced NRCM apoptosis whereas overexpression of
circ-ZNF609 led to a significant exacerbation of
apoptosis as determined by TUNEL staining and
western blot of Bax/Bcl-2 ratio (Figure 2A,
Supplemental Figures 2A and 2B). In addition, DHE
staining suggested that circ-ZNF609 suppression
reduced the formation of ROS induced by DOX in
NRCM  whereas circ-ZNF609  overexpression
increased it (Figure 2B). Transcription factor NRF2 is
considered as a classic regulator in DOX-induced
cardiotoxicity due to the fact that it can activate
antioxidant genes and plays key roles in response
to oxidative stress.'® Therefore, we detected the
expression of NRF2 and found that it can be nega-
tively regulated by circ-ZNF609 under DOX-
treatment (Figure 2C). Oxidative stress derived from
mitochondria is a causative mechanism underlying

FIGURE 3 Continued

(A) The increased total RNA N® methyladenosine (RNA m°®A) level in the mice heart from DOX-induced cardiotoxicity model (*P < 0.05, n = 6 mice/group). (B) The
decreased total RNA m®A level in the mice hearts from DOX-induced cardiotoxicity treated with AAV9-sh-circ-ZNF609 (**P < 0.01, n = 6 mice/group). (C) qRT-PCR
analysis showed the expression levels of m®A writers (Mettl14 and Mett(3) and eraser (Fto and Alkbh5) in the NRCM treated with or without circ-ZNF609 overexpression
or knockdown (*P < 0.05, **P < 0.01, n = 6 wells/group). (D) Degradation curves showed the level of fat mass and obesity associated gene (Fto) mRNA in NRCM
transfected with or without si-circ-ZNF609 after treated with actinomycin D for O, 8, 16, and 24 hours, as evidenced by qRT-PCR (**P < 0.01, n = 6 wells/group).
(E) Western blot analysis revealed the expression level of FTO in the NRCM treated with or without circ-ZNF609 overexpression or knockdown (*P < 0.05, **P < 0.01,
n = 3 wells/group). (F) The schedule of AAV9-shFTO virus injection and DOX-induced mice cardiotoxicity model establishment. (G) Representative echocardiographic
images of EF and LVAWs of DOX-induced cardiotoxicity mice model injected with or without AAV9-shFTO (**P < 0.01, n = 8:8:12:12 mice, respectively).

(H) Knockdown effects of AAV9-shFTO in the mice heart, as evidenced by qRT-PCR (**P < 0.01, n = 7:7:11:11 mice, respectively). (I) Representative images of
immunofluorescence staining and quantification of the TUNEL-positive cardiomyocytes in the DOX-induced cardiotoxicity mice hearts injected with or without AAV9-
shFTO (**P < 0.01, n = 4 mice/group, scale bar = 20 pm). (J) Western blot analysis of NRF2, ABCB8, and FTMT in the DOX-induced cardiotoxicity mice hearts injected
with or without AAV9-shFTO (*P < 0.05, **P < 0.01, n = 3 mice/group). (K) Mitochondrial nonheme iron (Fe**) in the DOX-induced cardiotoxicity mice hearts injected
with or without AAV9-shFTO (*P < 0.05, **P < 0.01, n = 3 mice/group). (L) The mitochondrial DNA level in the DOX-induced cardiotoxicity mice hearts injected with
or without AAV9-shFTO (*P < 0.05, **P < 0.01, n = 6 mice/group). All data are expressed as mean =+ SD. (A to E, Student t test. G to L, 2-way ANOVA with Tukey's
post hoc test.) Abbreviations as in Figures 1 and 2.
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FIGURE 4 FTO Overexpression Abrogates the Deteriorating Effect of circ-ZNF609 on DOX-Induced Cardiomyocyte Apoptosis and Oxidative Stress
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DOX-induced cardiotoxicity; however, a recent study
has shown that iron could cause formation of ROS and
lipid peroxidation under conditions of DOX.*°
Therefore, we detected the ROS content in mito-
chondria, as evidenced by MitoSOX staining (Thermo
Fisher Scientific), and found that knockdown of circ-
ZNF609 attenuated mitochondria ROS accumulation
in the DOX-induced -cardiotoxicity in vitro
(Figure 2D). It has been previously reported that
mitochondrial iron storage protein ferritin (FTMT)
and mitochondrial transporter ABCB8 are protein
markers of mitochondrial iron metabolic dysfunction,
which leads to mitochondrial ROS generation and is
associated with myocytes ferroptosis, a type of
regulated cell death caused by the redox state disor-
der of intracellular microenvironment.*-*> As shown
by western blot, the protein level of FTMT was
upregulated and ABCB8 were also downregulated in
DOX-treated NRCMs. circ-ZNF609 overexpression
exerted further additional upregulation of FTMT and
reduction of ABCB8 whereas knockdown of circ-
ZNF609 reversed the effects of DOX on FTMT and
ABCBS8 (Figures 2E and 2F). Similarly, the regulatory
effects of circ-ZNF609 inhibition on FTMT, ABCBS,
and NRF2 were also observed in the DOX-treated mice
hearts (Supplemental Figure 3A). Then, we isolated
mitochondria from the cardiomyocytes, and found
that DOX treatment significantly increased the Fe3*
(nonheme iron) in the mitochondria, whereas circ-
ZNF609 knockdown alleviated the accumulation of
Fe3" in the heart tissues of DOX-treated mice
(Figure 2G). Moreover, reduction of the mitochondrial
DNA copy number which was induced by DOX-
treatment in the hearts and NRCM was also
alleviated by circ-ZNF609 knockdown, whereas circ-
ZNF609 overexpression in NRCM aggravated it
(Figure 2H, Supplemental Figure 3B). Collectively,
these results suggest that circ-ZNF609 knockdown
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ameliorates DOX-induced cardiotoxicity through
attenuating cardiomyocytes apoptosis, reducing ROS
accumulation, and alleviating cardiotoxicity caused
by mitochondrial iron overload after DOX treatment.

CIRC-ZNF609 NEGATIVELY REGULATES THE
EXPRESSION OF RNA m®A DEMETHYLASE FTO AND
CONTRIBUTES TO DOX-INDUCED CARDIOTOXICITY
REGULATION. circ-ZNF609 has been reported to
have m®A modification and RNA m®A methylation
contributed to the regulatory effects of circ-ZNF609
on cardiac ischemia/reperfusion injury in our previ-
ous study.” We found that total RNA m®A methyl-
ation was elevated in DOX-induced cardiotoxicity
(Figure 3A). We then sought to discover whether RNA
m®A methylation was involved in the protective ef-
fects of circ-ZNF609 inhibition on DOX-induced car-
diotoxicity. As shown in Figure 3B, circ-ZNF609
knockdown decreased the total RNA m°®A methyl-
ation level in DOX-induced cardiotoxicity. Next, to
investigate the underlying mechanism of RNA m°A
alteration in response to circ-ZNF609 inhibition in
DOX-induced cardiotoxicity, we screened the known
effectors of m®A modification by qRT-PCR and found
that RNA m°A demethylase FTO was negatively
regulated by circ-ZNF609 (Figure 3C). Then, actino-
mycin D assay results suggested that silencing of
circ-ZNF609 could inhibit the Ffo mRNA degradation
(Figure 3D). Furthermore, by western blot assay, we
confirmed that circ-ZNF609 could negatively regu-
late the protein level of FTO in NRCMs and mice
hearts (Figure 3E, Supplemental Figure 4A). Taken
together, these data suggest that circ-ZNF609 nega-
tively regulates the expression of RNA m°®A deme-
thylase FTO and contributes to RNA m°A
methylation regulation.

RNA m®A demethylase FTO has been found to be
implicated in heart failure.'””*> However, its role in

FIGURE 4 Continued

(A) Representative images of immunofluorescence staining and quantification of the TUNEL-positive cardiomyocytes displayed the protective effect of
FTO overexpression on cardiomyocytes apoptosis in the DOX-treated NRCM (**P < 0.01, n = 6 wells/group, scale bar =100 um). (B). Representative
images of immunofluorescence staining and quantification of the mitochondrial ROS level displayed the protective effect of FTO overexpression on
oxidative stress in the DOX-treated NRCM (**P < 0.01, n = 50 cardiomyocytes/group, scale bar = 20 pm). (C) Representative images of immunofluo-
rescence staining and quantification of the TUNEL-positive cardiomyocytes displayed the block effect of FTO knockdown on circ-ZNF609 inhibition in
the DOX-treated NRCM (**P < 0.01, n = 6 wells/group, scale bar = 100 pm). (D) Western blot analysis of Bax and Bcl-2 revealed the block effect of FTO
knockdown on circ-ZNF609 inhibition in the DOX-treated NRCM (*P < 0.05, **P < 0.01, n = 6 wells/group). (E) Representative images of immunoflu-
orescence staining and quantification of the mitochondrial ROS level displayed the disrupt effect of FTO knockdown on circ-ZNF609 inhibition in the
DOX-treated NRCM (**P < 0.01, n = 50 cardiomyocytes/group, scale bar = 20 um). (F) Quantification of intracellular ROS revealed the block effect of
FTO knockdown on circ-ZNF609 inhibition in the DOX-treated NRCM, as evidenced by DHE staining (**P < 0.01, n = 6 wells/group). (G) Western blot
analysis of NRF2, ABCB8, and FTMT revealed the block effect of FTO knockdown on circ-ZNF609 inhibition in the DOX-treated NRCM (**P < 0.01,n =6
wells/group). (H) The analysis of mitochondrial DNA level revealed the block effect of FTO knockdown on circ-ZNF609 suppression in the DOX-treated
NRCM (**P < 0.01, n = 6 wells/group). All data are expressed as mean =+ SD. (A, 2-way ANOVA with Tukey's post hoc test. B, Kruskal-Wallis test. C and
D, 2-way ANOVA with Tukey's post hoc test. E, Kruskal-Wallis test. F to H, 2-way ANOVA with Tukey's post hoc test.) Fugw = empty vector without FTO
overexpression; other abbreviations as in Figures 1-3.
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FIGURE 5 RNA m°®A Methylation Regulates the Stability of circ-ZNF609 and Participates in DOX-Induced Cardiotoxicity
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DOX-induced cardiotoxicity remains unknown. We
found that FTO was downregulated by DOX-
treatment in the mice hearts (Supplemental
Figure 4B). To examine whether FTO was involved
the regulation of DOX-induced cardiotoxicity, we
generated shFTO construct and delivered AAV9-
shFTO to adult mice via tail vein injection. One
week after AAV9-shFTO administration, mice were
subjected to intraperitoneal injection of DOX or saline
for 5 weeks (Figure 3F). As suggested by echocardi-
ography, FTO knockdown deteriorated cardiac func-
tion (EF) in DOX-treated mice and decreased
ventricular anterior wall thickness (LVAWSs)
(Figure 3G). The knockdown effects of AAV9-shFTO
were verified by qRT-PCR (Figure 3H). The DOX-
treatment induced cardiomyocytes apoptosis was
aggravated after FTO knockdown as determined by
TUNEL staining and Bax/Bcl-2 ratio in western blot
(Figure 3, Supplemental Figure 4C). Also, Masson
staining, Sirius red staining, and qRT-PCR analysis of
fibrotic genes (Coliai, Col3ai1, and a-Sma) suggested
that DOX-induced cardiac fibrosis was further
increased after FTO knockdown (Supplemental
Figures 4D to 4F). In addition, western blot of NRF2,
FTMT, and ABCBS8 revealed the exacerbated oxidative
stress and iron overload (Figure 3J). Furthermore, this
nonheme iron accumulation in mitochondria was also
confirmed by Fe3" measurement in the DOX-induced
cardiotoxicity mice hearts treated with AAV9-shFTO
(Figure 3K). Moreover, the mitochondrial DNA con-
tent was also significantly decreased in FTO knock-
down, indicating the aggravated imbalance of mtDNA
biogenesis and deposition in DOX-treated heart tissue
(Figure 3L). These data indicate that circ-ZNF609
negatively regulates the expression of RNA m°A
demethylase FTO, and FTO might act as the down-
stream factor of circ-ZNF609 in regulating DOX-
induced cardiotoxicity.
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FTO OVEREXPRESSION ABROGATES THE DETERIO-
RATING EFFECT OF CIRC-ZNF609 ON DOX-INDUCED
CARDIOMYOCYTE APOPTOSIS AND OXIDATIVE
STRESS. Next, we investigated whether FTO acted as
the downstream factor of circ-ZNF609 in DOX-
induced cardiomyocyte apoptosis and oxidative
stress. FTO overexpression and knockdown were
generated, and effects were confirmed (Supplemental
Figures 5A and 5B). FTO overexpression significantly
reduced DOX-treatment induced cardiomyocyte
apoptosis, as well as mitochondria ROS content
(Figures 4A and 4B). Conversely, FTO knockdown
further aggravated apoptosis and mitochondrial ROS
accumulation (Supplemental Figures 5C and 5D).
Furthermore, we explored whether FTO was a key
downstream factor of circ-ZNF609’s effects in DOX-
treated NRCMs. Functional rescue assays were per-
formed by cotransfecting circ-ZNF609 siRNA, and FTO
shRNA. FTO suppression could reverse the protective
effect of circ-ZNF609 inhibition on DOX-treated
NRCM, as evidenced by TUNEL staining, western
blot of Bax/Bcl-2 ratio, mitoSOX staining, and DHE
staining (Figures 4C to 4F). In addition, western blot
detection of NRF2, FTMT, and ABCBS8 also showed
that effects of si-circ-ZNF609 on regulating those
proteins expression were abolished by FTO knock-
down (Figure 4G). Moreover, the mtDNA copy number
which was maintained by circ-ZNF609 knockdown
was disrupted by FTO inhibition in DOX treatment
(Figure 4H). In summary, these results suggest that
FTO functions as a downstream effector of circ-
ZNF609 in regulating DOX-induced cardiotoxicity.

RNA m®A METHYLATION REGULATES THE STABILITY OF
CIRC-ZNF609 AND PARTICIPATES IN DOX-INDUCED
CARDIOTOXICITY. RNA m®A methylation has been
detected in circ-ZNF609 and could modulate circRNA
metabolism; however, whether the m®A methylation
is involved in the regulation of circ-ZNF609 in

FIGURE 5 Continued

other abbreviations as in Figures 1 and 3.

(A) Dot blot of RNA m®A levels in NRCM treated with RNA m®A inhibitor STM2457. (B) gRT-PCR analysis showed the expression level of circ-ZNF609 in the
NRCM treated with STM2457 (**P < 0.01, n = 6 wells/group). (C) The expression level of Znf609 mRNA and pre-Znf609 in the NRCM treated with
STM2457 (n = 6 wells/group). (D) The stability of circ-ZNF609 in cardiomyocytes with or without STM2457 treatment after treated with actinomycin D
(Act D) for 0, 8, 16, and 24 hours, as evidenced by gRT-PCR (*P < 0.05, **P < 0.01, n = 6 wells/group). (E) The expression of Mettl(14 and circ-ZNF609 in
NRCM treated with ShMETTL14 (*P < 0.05, **P < 0.01, n = 6 wells/group). (F) Preserved EF and LVAWs in the DOX-induced cardiotoxicity mice hearts
treated with or without AAV9-cTnT-shMETTL14, as evidenced by echocardiography (*P < 0.05, **P < 0.01, n = 10:10:14:14 mice, respectively).
(G) Representative images of immunofluorescence staining and quantification of the TUNEL-positive cardiomyocytes in the DOX-induced cardiotoxicity
mice hearts treated with or without AAV9-cTnT-shMETTL14 (**P < 0.01, n = 6 mice/group, scale bar = 20 um). (H) Western blot analysis of
NRF2, ABCBS8, and FTMT in the DOX-induced cardiotoxicity mice hearts treated with or without AAV9-cTnT-shMETTL14 (*P < 0.05, **P < 0.01,n =6
mice/group). (1) Mitochondrial nonheme iron (Fe*) in the DOX-induced cardiotoxicity mice hearts injected with or without AAV9-cTnT-shMETTL14
(**P < 0.01, n = 3 mice/group). (J) The mitochondrial DNA level in the DOX-induced cardiotoxicity mice hearts treated with or without AAV9-cTnT-
shMETTL14 (*P < 0.05, **P < 0.01, n = 6 mice/group). All data are expressed as mean + SD. (B to E, Student t test. F, Left: 2-way ANOVA with Tukey's
post hoc test, right: Kruskal-Wallis test. G to J, 2-way ANOVA with Tukey's post hoc test). cTnT = cardiac troponin T; MB = methylene blue staining;
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FIGURE 6 The Protective Effects of METTL14-mediated m®A Modification on DOX-Induced Cardiomyocyte Apoptosis and Oxidative Stress Are Disrupted by
circ-ZNF609 Overexpression
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cardiomyocytes remains unknown.”* Thus, we and selectively binds to the METTL3-METTL14 het-

explored the regulatory role of m°®A methylation on
circ-ZNF609. Small molecular inhibitor STM2457,
which is a potent RNA methyltransferase inhibitor

erodimer, was used to reduce RNA mP°A levels in
NRCM.?> As shown in Figures 5A and 5B, total RNA
m®A methylation level was decreased after STM2457
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treatment, and this RNA m®A methylation suppres-
sion significantly decreased circ-ZNF609 expression
level. Interestingly, STM2457 caused no alteration on
the expression level of linear mRNA Znf609 and pre-
cursor Znf609 (pre-Znf609) in NRCM, indicating that
RNA m°A did not affect the biogenesis of circ-ZNF609
in cardiomyocytes (Figure 5C). We then investigated
whether the stability of circ-ZNF609 was regulated by
RNA mC®A methylation. Actinomycin D assay was
conducted, and it was found that STM2457 treatment
promoted the degradation of circ-ZNF609 in AC16
cardiomyocytes (Figure 5D). These data suggest that
circ-ZNF609 is negatively regulated by RNA
m®A methylation.

Then, we investigated whether the upstream RNA
m®A methylation contributes to DOX-induced car-
diotoxicity. We first detected the protein expression
of RNA methyltransferase METTL3 and METTL14 and
found that both were significantly upregulated in
DOX-treated mice hearts (Supplemental Figure 6A).
METTL3/METTL14 heterodimer comprises the RNA
m®A multi-subunit “writer complex”; METTLS3 is the
enzymatic component whereas METTL14 is an allo-
steric activator that binds to the target RNA.>® RNA
mP®A modification is essential for maintaining cardiac
homeostasis. Thus, we first choose to intervene in the
expression of METTL14 to achieve a relatively
moderately modulation of RNA m°®A modification.
This positive regulation on circ-ZNF609 was further
confirmed by RNA methyltransferase METTL14
knockdown (Figure 5E). We then explored the role of
METTL14 in DOX-induced cardiotoxicity. METTL14
knockdown was achieved by AAV9-cTnT-shMETTL14
administration via tail vein injection, and after
7 days, DOX was intraperitoneally injected for
5 weeks to establish DOX-induced cardiotoxicity
model and the knockdown effect of METTL14 was
verified (Supplemental Figure 6B). METTL14
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manipulation and DOX treatment presented no
alteration on the expression level of linear mRNA
Znf609 and precursor Znf609 (pre-Znf609)
(Supplemental Figure 6C). Echocardiographic studies
revealed that METTL14 inhibition prevented DOX-
treatment induced cardiac dysfunction (EF) and
decrease of ventricular anterior wall thickness
(LVAWSs) (Figure 5F). Also, METTL14 knockdown
significantly improved DOX-induced cardiomyocyte
apoptosis and cardiac fibrosis (Figure 5G,
Supplemental Figures 6D to 6G). In addition, the
decreased protein expression of NRF2 and ABCBS,
and the increased protein expression of FTMT were
all recovered by METTL14 inhibition in DOX-induced
cardiotoxicity (Figure 5H). DOX-induced nonheme
iron accumulation was also attenuated by METTL14
inhibition in DOX-induced cardiotoxicity, as shown
by mitochondria Fe3" detection (Figure 51). Further-
more, the mtDNA copy number which was reduced by
DOX treatment was recovered by METTL14 knock-
down in the mice hearts (Figure 5J). These data show
that RNA m®A methylation regulates the stability of
circ-ZNF609, and RNA m°A reduction via METTL14
knockdown prevents DOX-induced cardiotoxicity.

THE PROTECTIVE EFFECTS OF METTL14-MEDIATED m®A
MODIFICATION IN DOX-INDUCED CARDIOMYOCYTE
APOPTOSIS AND OXIDATIVE STRESS ARE DISRUPTED BY
CIRC-ZNF609 OVEREXPRESSION. We then further
examined the role of METTL14-mediated m®A modi-
fication alteration on circ-ZNF609’s regulatory effects
on DOX-induced cardiomyocyte apoptosis and
oxidative stress. METTL14 inhibition decreased the
total RNA m®A methylation (Figure 6A). The protec-
tive effects of METTL14 knockdown were shown by
alleviated TUNEL staining and mitochondria ROS
accumulation (Figures 6B and 6C). Next, we cotrans-
fected circ-ZNF609 overexpression (circ-ZNF609 OE)
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FIGURE 6 Continued

(A) Decreased total RNA m®A methylation level in the NRCM treated with ShMETTL14 (**P < 0.01, n = 6 wells/group). (B) Representative images of immunofluo-
rescence staining and quantification of the TUNEL-positive cardiomyocytes displayed the protective effect of METTL14 knockdown on cardiomyocytes apoptosis in
DOX-treated NRCM (**P < 0.01, n = 6 wells/group, scale bar = 100 um). (C) Representative images of immunofluorescence staining and quantification of the
mitochondrial ROS level displayed the protective effect of METTL14 knockdown on oxidative stress in DOX-treated NRCM (**P < 0.01, n = 50 cardiomyocytes/group,
scale bar = 20 pm). (D) Representative images of immunofluorescence staining and quantification of the TUNEL-positive cardiomyocytes displayed the disrupt effect
of circ-ZNF609 overexpression on METTL14 knockdown in DOX-treated NRCM (**P < 0.01, n = 6 wells/group, scale bar = 100 pm). (E) Western blot analysis of Bax
and Bcl-2 revealed the blocked antiapoptosis effect of circ-ZNF609 overexpression on METTL14 knockdown in the DOX-treated NRCM (**P < 0.01, n = 6 wells/group).
(F) Representative images of immunofluorescence staining and quantification of the mitochondrial ROS level displayed the block effect of circ-ZNF609 overexpression
on METTL14 knockdown in DOX-treated NRCM (**P < 0.01, n = 50 cardiomyocytes/group, scale bar = 20 um). (G) Quantification of intracellular ROS levels revealed
the block effect of circ-ZNF609 overexpression on METTL14 knockdown in DOX-treated NRCM, as evidenced by DHE staining (**P < 0.01, n = 6 wells/group).

(H) Western blot analysis of NRF2, ABCBS8, and FTMT revealed the block effect of circ-ZNF609 overexpression on METTL14 knockdown in DOX-treated NRCM

(*P < 0.05, **P < 0.01, n = 3 wells/group). (1) The analysis of mitochondrial DNA level revealed the block effect of circ-ZNF609 overexpression on METTL14
knockdown in DOX-treated NRCM (**P < 0.01, n = 6 wells/group). All data are expressed as mean =+ SD. (A, Student t test. B, 2-way ANOVA with Tukey's post hoc
test. C, Kruskal-Wallis test. D to I, 2-way ANOVA with Tukey's post hoc test.) Abbreviations as in Figures 1 to 3.
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FIGURE 7 The Early Application of circ-ZNF609 Suppression Has Therapeutic Effects on the DOX-Induced Cardiotoxicity
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and METTL14 knockdown (METTL14 shRNA) con-
structs and examined cardiomyocyte apoptosis
and oxidative stress production. As shown in
Figures 6D and 6E, TUNEL staining and Bax/Bcl-2 ratio
showed that overexpression of circ-ZNF609 blocked
the antiapoptotic effect of METTL14 knockdown in
NRCMs. We then measured the level of oxidative
stress in NRCMs and found that the reduction effect
of METTL14 suppression on ROS production was
reversed by circ-ZNF609 overexpression as evaluated
by MitoSOX staining and DHE staining (Figures 6F and
6G). In addition, western blot detection of NRF2,
FTMT, and ABCBS8 also showed that the effects of
METTL14 shRNA in regulating the expression of those
proteins were blunted by circ-ZNF609 (Figure 6H).
Moreover, overexpression of circ-ZNF609 abolished
the protective effects of METTL14 knockdown on
mitochondrial DNA content (Figure 61). In summary,
those data show that the protective effects of
METTL14 inhibition on DOX-induced cardiomyocyte
apoptosis and oxidative stress are disrupted by
circ-ZNF609 overexpression.

THE EARLY APPLICATION OF CIRC-ZNF609 SUPPRESSION
HAS THERAPEUTIC EFFECTS ON THE DOX-INDUCED
CARDIOTOXICITY. To investigate the clinical applica-
tion of circ-ZNF609 as a biological therapy, we
simulated the situation by injecting AAV9 at the same
day after DOX administration to build an early phase
therapeutic model on DOX-induced cardiotoxicity
(Figure 7A). The knockdown effect of AAV9-sh-circ-
ZNF609 was verified by qRT-PCR (Figure 7B). As
measured by echocardiography, we found that circ-
ZNF609 knockdown improved cardiac function and
ventricular wall thickness as suggested by improved
EF and LVAWs (Figure 7C). Next, we assessed the
cardiac apoptosis and fibrosis in DOX-induced car-
diotoxicity. As shown in Figures 7D and 7E, Bax/Bcl-2
ratio and TUNEL staining showed that AAV9-sh-circ-
ZNF609 administration significantly reduced DOX-
induced apoptosis. In addition, Masson staining and
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Sirius red staining suggested that cardiac fibrosis was
attenuated by circ-ZNF609 knockdown in the DOX-
treatment group (Figure 7F, Supplemental
Figure 7A). Consistently, the expression of fibrotic
genes (Coliai, Col3ai1, and a-Sma) was decreased after
AAV9-sh-circ-ZNF609 administration (Supplemental
Figure 7B). In addition, the decreased protein
expression of NRF2 and ABCBS8, and the increased
protein expression of FTMT were all recovered by
circ-ZNF609 knockdown in DOX-induced cardiotox-
icity (Figure 7G). DOX-induced nonheme iron accu-
mulation was also attenuated by circ-ZNF609
knockdown in DOX-induced cardiotoxicity, as shown
by mitochondria Fe3" detection (Figure 7H). Further-
more, the mtDNA copy number which was reduced by
DOX treatment was recovered by circ-ZNF609
knockdown in the mice hearts (Figure 7I). Collec-
tively, our results show that circ-ZNF609 knockdown
can be an effective therapeutic strategy against DOX-
induced cardiotoxicity.

DISCUSSION

Recent studies on the mechanism of DOX-induced
cardiotoxicity have attracted vast interest from the
scientific community worldwide, while research on
the roles of circRNAs in DOX-induced cardiotoxicity is
still in its infancy. Here, we found that circ-ZNF609
was upregulated in adult mouse cardiomyocytes in
response to DOX-induced cardiotoxicity. Knockdown
of circ-ZNF609 in cardiomyocytes demonstrated car-
dioprotective and therapeutic effects against DOX-
induced cardiomyocyte toxicity both in vivo and
in vitro. Mechanistically, circ-ZNF609 knockdown
alleviated DOX-induced cardiotoxicity through
attenuating cardiomyocyte apoptosis, reducing ROS
accumulation, and ameliorating the mitochondrial
iron overload. circ-ZNF609 inhibition could block the
effects that elevation of RNA m®A methylation levels
exert on mice hearts after DOX treatment, whereas
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FIGURE 7 Continued

(A) The schedule of therapeutic experiment based on AAV9-sh-circ-ZNF609 virus injection and DOX-induced mice cardiotoxicity model establishment. (B) Knockdown
effects of AAV9-sh-circ-ZNF609 in the mice hearts, as evidenced by qRT-PCR (**P < 0.01, n = 7:7:9:9 mice, respectively). (C) Improved left ventricular EF and LVAWs in
the DOX-induced cardiotoxicity mice hearts after treated with AAV9-sh-circ-ZNF609 for therapy, as evidenced by echocardiography (*P < 0.05, **P < 0.01, n = 8:8:10:10
mice, respectively). (D) Western blot analysis of Bax and Bcl-2 in the DOX-induced cardiotoxicity mice hearts after injected with or without AAV9-sh-circ-ZNF609 for
therapy (**P < 0.01, n = 6 mice/group). (E) Attenuated myocardial apoptosis in the DOX-induced cardiotoxicity mice hearts after treated with AAV9-sh-circ-ZNF609 for
therapy, as evidenced by TUNEL staining (**P < 0.01, n = 6 mice/group, scale bar = 20 um). (F) Reduced cardiac fibrosis in the DOX-induced cardiotoxicity mice hearts
after treated with AAV9-sh-circ-ZNF609 for therapy, as evidenced by Masson's staining (**P < 0.01, n = 6 mice/group, scale bar = 50 um). (G) Western blot analysis of
NRF2, ABCB8, and FTMT in the DOX-induced cardiotoxicity mice hearts after injected with or without AAV9-sh-circ-ZNF609 for therapy (**P < 0.01, n = 6 mice/group).
(H) Mitochondrial nonheme iron (Fe*) in the DOX-induced cardiotoxicity mice hearts after injected with or without AAV9-sh-circ-ZNF609 for therapy (**P < 0.01,n =4
mice/group). (I) The mitochondrial DNA levels in the DOX-induced cardiotoxicity mice hearts after treated with or without AAV9-sh-circ-ZNF609 for therapy (**P<0.01,
n = 6 mice/group). Data are presented as mean + SD. (B, 2-way ANOVA with Tukey's post hoc test. C, Left: 2-way ANOVA with Tukey's post hoc test, right: Kruskal-Wallis
test. D to I, 2-way ANOVA with Tukey's post hoc test.) Abbreviations as in Figures 1 to 3.
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FIGURE 8 Proposed Working Model by Which Downregulation of circ-ZNF609 Protects Against DOX-Induced Cardiotoxicity
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circ-ZNF609 is upregulated via RNA m®A methylation in response to DOX treatment. Mechanistically, circ-ZNF609 knockdown alleviates
DOX-induced cardiotoxicity through attenuating cardiomyocyte apoptosis, reducing ROS accumulation and ameliorating the mitochondrial
iron overload. circ-ZNF609 knockdown can be protective against DOX-induced cardiotoxicity via inhibiting the degradation of Fto.

RNA m°A demethylase FTO acted as the downstream
factor of circ-ZNF609 in response to DOX stimulation.
Moreover, the stability of circ-ZNF609 was regulated
by RNA mP®A methylation, and suppression of RNA
m®A methylation by METTL14 modulated the func-
tion of circ-ZNF609 in DOX-induced cardiotoxicity.
Our study uncovers that circ-ZNF609 may act as a
bridge to mediate the regulation between m°A effec-
tors, expanding the fundamental role of circRNAs
(Figure 8).

A major challenge in the field of cardio-oncology
has been to maintain a balance between the survival
benefits and cardiotoxicity deficits of current treat-
ment protocols. The function of circ-ZNF609 knock-
down in tumor cells is reported to have treatment
benefits for a multitude of cancers.?’*° In addition,
silencing of circ-ZNF609 could increase the sensi-
tivity of prostate cancer cells to radiotherapy
in vivo.’" In the present study, although the fold
change of circ-ZNF609 regulation in the heart is at a
moderate level, we found that downregulation of
circ-ZNF609 conferred resistance to chemotherapy-
induced toxicity of chemotherapy in
diomyocytes, of which functions is also protective to
the hearts. Previously, we have shown that circ-

car-

ZNF609 is
neonatal rat cardiomyocytes and less expressed in
neonatal rat cardiac fibroblasts."" Here, we suggest
that circ-ZNF609 is more abundant in adult mouse
cardiomyocytes than adult mouse cardiac fibroblasts
(Supplemental Figure 8A). Also, we observe that

abundantly expressed in primary

DOX-treatment significantly elevates the expression
of circ-ZNF609 (~ 2-fold) in cardiomyocytes but has
no obvious effect on isolated cardiac fibroblasts
(Supplemental Figure 8B). Thus, the fold-change of
circ-ZNF609 in cardiomyocytes might be responsible
for the mildly increased levels of circ-ZNF609 in the
whole heart during DOX-induced cardiotoxicity. To
further confirm whether the observed effects derive
mainly from cardiomyocytes, we characterized car-
diomyocytes specific changes and infection rates of
AAV9 in isolated adult mouse cardiomyocytes in RNA
expression with sh-circ-ZNF609 AAV9 or its control
virus injection. The verified infection rate of AAV9
showed that ~ 40% to 60% AAV9 through tail-vein
injection can effectively infect adult mouse car-
diomyocytes, consistent with the RNA level expres-
sion change of circ-ZNF609 in isolated adult mouse
cardiomyocytes (Supplemental Figures 8C and 8D).
These data suggest that the specific changes and
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infection rates of AAV9-sh-circ-ZNF609 injection on
cardiomyocytes (~0.4- to 0.6-fold reduction) were
comparable to the fold-change of circ-ZNF609 RNA
expression level in DOX-treated adult mouse car-
diomyocytes (~ 2-fold increase). This, in turn, may
indicate the important role of circ-ZNF609 in car-
diomyocyte in DOX-induced cardiotoxicity and
explain why pronounced phenotypic effects are pro-
duced by relatively small changes in expression
levels. Moreover, to investigate the therapeutic po-
tential and utility of circ-ZNF609, we silenced circ-
ZNF609 by injecting AAV9 at the same day after
DOX administration to build an early phase thera-
peutic strategy against DOX-induced cardiotoxicity,
which confirmed the therapeutic effects of circ-
ZNF609 knockdown. Taken together, our data sug-
gest that even moderate fluctuations in the levels of
circ-ZNF609 in cardiomyocytes may exert an
important role in DOX-induced cardiotoxicity. In
turn, this may also provide an opportunity for
developing new anticancer treatment protocols
which could promote the efficacy of chemotherapy
on tumor tissues while attenuating the cardiotox-
icity of chemotherapy.

RNA mP®A modification is the most common inter-
nal modification of RNA.>*> It is a dynamic and
reversible process, which can be regulated by m®A
methyltransferases, demethylases, and m®A-binding
proteins.>> RNA m°®A methylation has been reported
to be a key player not only in maintaining cardio-
vascular homeostasis but also in the pathogenesis of
cardiovascular  diseases.'”?3343®  RNA  methyl-
transferase METTL3 was found to be involved in the
regulation of cardiac hypertrophy and cardiomyocyte
autophagy.?*37-3® Furthermore, studies on murine
models show that demethylase FTO levels were
significantly decreased in cardiac tissue with heart
failure, and upregulation of FTO in the heart of mice
can significantly inhibit both ischemic and pressure
overload-induced heart failure.'”-*> However, the role
of FTO as well as RNA m°®A modification (both asso-
ciated with circRNA) in regulating DOX-induced car-
diotoxicity remains unknown. Here, we found that
circ-ZNF609 overexpression abrogated the protec-
tive effects of METTL14 knockdown, whereas FTO
inhibition abolished the protective effects of circ-
ZNF609 knockdown in DOX-induced cardiotoxicity,
showing the important function of circRNA as well as
m®A modification in DOX-induced cardiotoxicity.
However, FTO or METTL14 alteration does not affect
the mitochondrial ROS generation or protein expres-
sion related to iron homeostasis under basal condi-
tions. Further, we examined the expression of NRF2,
FTMT, and ABCB8 by using FTO inhibitor FB23-2 and
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m®A inhibitor STM2457 with or without DOX-
treatment. Our data indicate that STM2457 treat-
ment exhibits recovery effects on the expression of
NRF2, FTMT, and ABCB8 under the stimulation of
DOX, whereas FB23-2 exert further deterioration on
those proteins (Supplemental Figures 9A and 9B).
Similar results are obtained by MitoSOX staining after
using FB23-2 and STM2457 treatment (Supplemental
Figures 9C and 9D). Furthermore, STM2457 treat-
ment was shown to reduce the mitochondrial ROS
content in response to DOX whereas circ-ZNF609
overexpression blunted these protective effects. On
the contrary, FB23-2 treatment was found to disrupt
the attenuation of DOX-induced mitochondrial ROS
generation after circ-ZNF609 knockdown
(Supplemental Figures 9C and 9D). These data indi-
cate that changes of mitochondrial ROS regulators
and iron homeostasis in DOX-treated cardiomyocytes
are regulated indirectly through m®A modification
by circ-ZNF609. Further investigation including
MeRIP-sequencing is warranted to elucidate the
global RNA m®A methylation alteration pattern in
response to DOX-induced cardiotoxicity and identify
the direct targets of FTO to provide significant un-
derstanding of post-transcriptional regulation mech-
anisms in the DOX-treated heart. The interplay
between RNA m°®A writer and eraser has been
observed previously in cancer progression.>®> How-
ever, the underlying mechanism of cross-talk be-
tween mC®A writer and eraser remains to be
elucidated. In the present study, we found that, circ-
ZNF609 which was regulated by RNA m°A methyl-
ation, regulates, in turn, the expression of m°A
demethylase FTO. Thus, our study here uncovers an
additional key role for circRNA that may act as a
bridge to mediate the regulation between m°A effec-
tors, expanding the intracellular fundamental func-
tional role of circRNAs.

ROS production is one of the main features of DOX-
induced cardiotoxicity.”*° DOX could affect ROS
metabolism in cellular level through several paths,
including damage of -cardiolipin, disruption of
cellular iron metabolism, and perturbation of cellular
respiratory chain mediated by nicotinamide adenine
dinucleotide phosphate.'®*>**4> A previous study
reported that circRNA circITCH could act as miR-330-
5p sponge to regulate ROS production via SITR6 in
DOX-induced cardiotoxicity.** In addition to SIRT6,
many other factors have also been identified as part of
the physiologic response to oxidative stress and ROS
generation. However, whether circRNAs participate
in those processes remains largely unknown. Tran-
scription factor NRF2 serves as a crucial regulator of
intracellular antioxidant response.** Here, we found
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that circ-ZNF609 inhibition in DOX-treated car-
diomyocytes significantly recovered the expression
level of NRF2, and restored the intracellular and
mitochondrial ROS levels. Previous studies have
shown that DOX treatment could cause deletion or
point mutation in the “hot spot” region of mito-
chondrial DNA, thus leading to abnormal replication
and early degradation.* Increased levels of mito-
chondrial ROS content are shown to further cause
mtDNA depletion, accumulation of oxidized proteins
and lipids, and decreased mitochondrial respiration
efficiency.*® In the present study, knockdown of circ-
ZNF609 alleviated the iron accumulation and mtDNA
copy number depletion caused by DOX treatment, as
evidenced by decreased intracellular iron, increased
ABCBS8 protein, reduced expression of mitochondrial
iron storage protein FTMT, and increased mtDNA
copy number. The observed mtDNA content recovery
after circ-ZNF609 suppression might reflect a DNA
damage alleviation pathway. Other mechanisms that
may be or may be not related to circ-ZNF609 could
also be contributing to the mtDNA content changes as
well as the ameliorated DOX-induced cardiotoxicity.
Iron accumulation in mitochondria is another
important factor implicated in states of increased
lipid peroxidation and intracellular ROS levels.*”*°
ABCBS8, which is the main regulator of ferritin trans-
port in mitochondria, was shown to be involved in the
maturation of cytosolic Fe/S proteins and protects the
heart from oxidative stress.’® Thus, our data indicate
that circ-ZNF609 suppression could attenuate DOX-
induced cardiotoxicity by alleviating iron overload,
mtDNA copy number depletion, and reduction in ROS
generation. In summary, our study explored the reg-
ulatory function of circ-ZNF609 on mitochondrial
ROS production in DOX-induced cardiotoxicity,
which might also represent a promising potential
therapeutic target for incorporation into antioxidant
treatment protocols protecting against DOX-induced
cardiotoxicity.

STUDY LIMITATIONS. Our study shows that circ-
ZNF609, which is regulated by RNA m®A methylation,
in turn, modulates the expression m°®A demethylase
FTO, and circ-ZNF609 inhibition exhibits protective
and therapeutic effects on DOX-induced cardiotox-
icity. However, the detailed mechanism of mP®A modi-
fication in regulating DOX-induced cardiotoxicity is
not deeply explored in this study and needs further
investigation. Future studies designed to answer
fundamental questions about the underlying regula-
tory mechanism of RNA m®A methylation alteration in
response to DOX-induced cardiotoxicity would offer
significant opportunity for further elucidating the
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biological role of RNA m®A as well as developing DOX-
induced cardiotoxicity therapeutic protocols.
Although RNA and protein levels of FTO are both
negatively regulated by circ-ZNF609, in present study,
circ-ZNF609 alteration did not demonstrate much of
changes related to cardiomyocytes apoptosis and
oxidative stress under non-DOX treatment conditions.
This indicate that other downstream factors or
signaling pathways within cardiomyocytes might be
involved in the regulating functions of circ-ZNF609.
Further studies focus on the mechanism of circ-
ZNF609 on cardiomyocytes at the basal condition
would provide more information about the funda-
mental understanding about circ-ZNF609. Moreover,
our study shows the protective effects of circ-ZNF609
on DOX-induced cardiotoxicity in tumor-free ani-
mals, but whether it would affect the efficacy of DOX as
a chemotherapeutic agent for tumors remains un-
known. Considering that circ-ZNF609 was found to be
upregulated in a variety of tumor cells, targeting circ-
ZNF609 might simultaneously have an impact on tu-
mor growth. Thus, whether circ-ZNF609 inhibition
could achieve a dual therapeutic benefit in cancer
therapy by simultaneously preventing DOX-induced
cardiotoxicity and reducing tumor growth warrants
further investigation.

CONCLUSIONS

Our study reveals that circ-ZNF609 is upregulated via
RNA m°A methylation in response to DOX treatment.
circ-ZNF609 knockdown has been shown to be pro-
tective against DOX-induced cardiotoxicity via
inhibiting the degradation of Fto, exhibiting prom-
ising potential for novel therapy development.
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PERSPECTIVES

ment remains unknown.

COMPETENCY IN MEDICAL KNOWLEDGE: The car-
diotoxicity resulting from chemotherapy has been proven
to pose a significant risk for cancer patients. Balancing
survival benefits with cardiotoxic drawbacks has been a
major challenge in the field of cardio-oncology. However,
there are still no effective therapies against DOX-induced
cardiotoxicity. circ-ZNF609 knockdown has been re-
ported to exert suppressive effects on the growth rate of
many cancers, whereas the function of circ-ZNF609 in

the cardiovascular disease caused by anticancer treat-

Yu et al

circ-ZNF609 Suppression Prevents DOX-Induced Cardiotoxicity

TRANSLATIONAL OUTLOOK: Knockdown of circ-
ZNF609 can attenuate DOX-induced cardiotoxicity by
decreasing ROS production and mitochondrial iron accu-
mulation, suggesting that circ-ZNF609 could be used as a
potential therapeutic target for DOX-induced cardiotox-
icity. The findings of this study may provide an opportu-
nity for developing new anticancer approach which could
promote the efficacy of chemotherapy on tumor tissues
while attenuating the cardiotoxicity of chemotherapy.
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