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Exercise training benefits the heart. The knowledge of post-
transcription regulation, especially RNA editing, in hearts
remain rare. ADAR2 is an enzyme that edits adenosine to ino-
sine nucleotides in double-stranded RNA, and RNA editing
is associated with many human diseases. We found that
ADAR2 was upregulated in hearts during exercise training.
AAV9-mediated cardiac-specific ADAR2 overexpression atten-
uated acute myocardial infarction (AMI), MI remodeling, and
doxorubicin (DOX)-induced cardiotoxicity. In vitro, overex-
pression of ADAR2 inhibited DOX-induced cardiomyocyte
(CM) apoptosis. but it could also induce neonatal rat CM pro-
liferation. Mechanistically, ADAR2 could regulate the abun-
dance of mature miR-34a in CMs. Regulations of miR-34a or
its target genes (Sirt1, Cyclin D1, and Bcl2) could affect the
pro-proliferation and anti-apoptosis effects of ADAR2 on
CMs. These data demonstrated that exercise-induced ADAR2
protects the heart from MI and DOX-induced cardiotoxicity.
Our work suggests that ADAR2 overexpression or a post-tran-
scriptional associated RNA editing via ADAR2may be a prom-
ising therapeutic strategy for heart diseases.
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INTRODUCTION
Heart disease is a leading cause of mortality worldwide. Cardiomyo-
cyte (CM) death in ischemic heart disease contributes to decreased
cardiac function and development toward subsequent heart failure.1

The proliferation and regenerative capacity of adult mammalian
CM is limited, and little is known about the essential factors regu-
lating these processes. Clinical studies and animal models support
the cardioprotective benefits of exercise via enhancing CM viability
and inducing physiological cardiac growth.2,3 However, little is
known about the molecular mechanisms underlying exercise-stimu-
lated cardiac functioning. Thus, understanding factors and pathways
that enhance the myocardial recovery and endurance for cardiac
stresses in response to exercise could provide clinical implications
on cardiac protection against heart failure.
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Adenosine deaminases acting on RNA (ADARs) are enzymes acting
on double-stranded RNAs (dsRNAs), converting adenosine to ino-
sine (A to I). Three ADAR gene family members (ADAR1–3) are
known in vertebrates. ADAR1 and ADAR2 are ubiquitously ex-
pressed, while ADAR3 is exclusively expressed in the brain.4

ADAR-mediated A-to-I editing is the most frequent type of RNA ed-
iting in human, and inosine is interpreted as guanosine by the cellular
machinery. The A-to-I modification of RNA at a post-transcription
level usually leads to alternative splicing, RNA folding, and RNA se-
quences.5 Dysregulation of RNA editing is associated with many
diseases, including cancers, neurological disorders, and atheroscle-
rosis.6–8 Very recently, CM-specific deletion of ADAR1 has been re-
ported to lead to severe cardiac dysfunction and eventual embryonic
or postnatal lethality.9,10 Although different ADAR mRNAs are
found to be significantly regulated in congenital heart disease pa-
tients, the critical role of adenosine deaminases in the heart and its
underlying regulatory mechanisms remain largely unexplored.11 In
particular, the exercise-induced post-transcription adaptions in the
heart have not been examined. Therefore, we investigated the regula-
tory role of adenosine deaminases in exercise-induced cardiac adap-
tation, myocardial infarction (MI), and doxorubicin (DOX)-induced
cardiotoxicity.

The role of microRNAs (miRNAs, miRs) in cardiovascular diseases
has been well established.12,13 They have emerged as crucial regulators
influencing entire gene expression networks in heart disease.14 MiR-
222 regulates cardiac growth and protects against pathological cardiac
an Society of Gene and Cell Therapy.
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Figure 1. Exercise-induced ADAR2 promotes cardiomyocyte proliferation and survival in vitro

(A) Quantitative real-time PCR and representative western blot showing expression change of ADAR2 in swimming-trained mice hearts versus control mice hearts (n = 6,

**p < 0.01). (B) Representative western blot testing expression change of ADAR2 after overexpression (n = 6, **p < 0.01). (C) Representative western blot testing

expression change of ADAR2 after siRNA strand-3 knockdown (n = 6, **p < 0.01). (D) Analysis of proliferation markers, including EdU (red) and Ki67 (red), after

(legend continued on next page)
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remodeling.15 MiR-34a inhibition reduces cardiac cell death and im-
proves heart function following MI.16,17 Modification of miRNAs via
sequence editing may alter their function, leading to different post-
transcriptional regulation of miRNAs. Primary miRNAs (pri-miR-
NAs) can be A-to-I edited by ADARs.18 The consequence of this edit-
ing ranges from the inhibition of mature miRNA processing to the
re-direction of miRNA toward an altered set of target genes.19–21

Therefore, understanding post-transcriptional regulation via editing
of miRNAs provides a direction and potential strategy to modulate
mature miRNAs levels.

Here, we show that the expression of ADAR2 is increased in exercised
hearts. In vitro, ADAR2 promotes CM proliferation and inhibits
DOX-induced CM apoptosis. AAV9 (adeno-associated virus serotype
9) carrying the cardiac-specific troponin-T (cTnT) promoter-driven
ADAR2 overexpression (AAV9-cTnT-ADAR2) in vivo can attenuate
acute myocardial infarction (AMI), MI remodeling, and DOX-
induced cardiotoxicity. Next, we identify that ADAR2 negatively
regulates mature miR-34a, and the RNA editing activity of ADAR2
contributes to the ADAR2/miR-34a regulation axis in CMs. More-
over, we demonstrate that ADAR2 regulates CM proliferation and
apoptosis through miR-34a and its target genes (Sirt1, Cyclin D1,
and Bcl2). Our work suggests that ADAR2 overexpression or post-
transcriptional associated RNA editing via ADAR2 may be a prom-
ising therapeutic strategy for heart diseases.

RESULTS
Exercise-induced ADAR2 promotes CM proliferation and

survival

To investigate the functions and regulation of RNA editing in physio-
logical cardiac hypertrophy, we examined the changes in ADAR en-
zymes in the hearts of swimming mice. We found that the expression
of ADAR2was elevated inmRNA levels, whereas an increased expres-
sion level of ADAR1 did not reach significance (Figures 1A and S1A).
Consistently, the protein level of ADAR2was increased in the hearts of
swimming mice (Figure 1A), which could also be confirmed, both in
the mRNA and protein levels of ADAR2, in the hearts of swimming
rats (Figure S1B). Then, we measured the protein level of ADAR2 in
mice hearts under pathological stresses, including AMI, 3 weeks
post-MI, and DOX-induced cardiotoxicity. Interestingly, the protein
levels of ADAR2 were unchanged in all three pathological models,
indicating a specific elevation of ADAR2 in response to physiological
stimulation (Figures S1C–S1E). We therefore selected ADAR2 for
follow-up studies on the role of ADAR2 in the heart.

To identify cell types that express ADAR2 in the heart, we separated
primary neonatal rat cardiacmyocytes (NRCMs) and neonatal rat car-
diac fibroblasts (NRCFs), and observed that both NRCMs and NRCFs
have a similar degree of ADAR2 expression (Figure S2). Next, to deter-
mine the function of ADAR2 inNRCFs andNRCMs, anADAR2over-
knockdown or overexpression of ADAR2. a-actinin (green) and DAPI (blue) are co-stain

staining (E) and western blot of Bax, Bcl2, caspase 3, and cleaved-caspase 3 (F) a

apoptosis model (n = 6, *p < 0.05, **p < 0.01).
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expression construct (ADAR2 OE) was generated with its empty
vector (EV) used as control (Figure 1B). Three small interfering
RNAs (siRNAs) were designed and the most efficient one (strand-3)
to reduce the ADAR2 mRNA levels was subsequently used in the
following loss-of-function studies in vitro (Figures 1C and S3A). We
performed gain- and loss-of-function assays in NRCFs, but observed
that ADAR2 affected neither the proliferation of cardiac fibroblasts,
via countingKi67+ nuclei, nor their differentiation intomyofibroblasts
via the increased presence of a-SMA (Figure S3B). We therefore
further explored the role of ADAR2 in NRCMs. As indicated in Fig-
ure 1D, overexpression of ADAR2 remarkably increased numbers of
5-ethynyl-2’-deoxyuridine (EdU)+ NRCMs, whereas ADAR2 knock-
down significantly decreased that. Similarly, ADAR2 overexpression
positively regulated the number of NRCMs Ki67+ nuclei (Figure 1D).
NeitherADAR2OEnorADAR2knockdown led tomorphological cell
size changes (Figure S3C). Moreover, as evidenced by TUNEL (termi-
nal deoxynucleotidyl transferase 20-deoxyuridine,50-triphosphate
[dUTP] nick end labeling) staining and western blot analyses (Bax/
Bcl2 and cleaved-caspase 3/caspase 3), overexpression of ADAR2 in-
hibited DOX-induced apoptosis in NRCMs, while knockdown of
ADAR2 aggravated levels of cell apoptosis (Figures 1E and 1F). These
data suggested a protective role of ADAR2 in the heart by promoting
CM proliferation and attenuating CM apoptosis.

To further evaluate whether ADAR2 was required for exercise-medi-
ated physiological cardiac hypertrophy, we used the swim-induced
cardiac hypertrophy model.2 Mice were tail vein injected with
AAV9-cTnT-ADAR2 small hairpin RNA (AAV9-cTnT-ADAR2-
shRNA), and mice injected with empty AAV9-cTnT-scramble
(AAV9-cTnT-Scr) were used as controls. The cTnT promoter-driven
ADAR2 shRNA was generated by using a miR-30d-based shRNA
framework as previously reported.22 Cardiac-specific knockdown of
ADAR2 was induced in AAV9-cTnT-ADAR2-shRNA-treated mice
(Figure S4A). Interestingly, exercise with and without AAV9-cTnT-
ADAR2-shRNA treatment both showed an increase in heart weight
(HW) and heart weight/tibia length (HW/TL), demonstrating that
ADAR2 knockdown did not affect the exercise-induced cardiac
growth (Figure S4B). Consistently, wheat germ agglutinin (WGA)
staining suggested that no significant difference in CM cell size was
observed in exercised mice between AAV9-cTnT-ADAR2-shRNA
and AAV9-cTnT-Scr groups (Figure S4C). Hence, although the levels
of ADAR2 are successfully changed, our data demonstrate that
ADAR2 is not necessary for exercise-induced physiological cardiac
hypertrophy in vivo.

Cardiac-specific overexpression ADAR2 protects AMI in mice

hearts

Since ADAR2 contributes to CM proliferation and apoptosis in vitro,
we proposed that cardiac-specific overexpression of ADAR2 in vivo
possibly protects against cardiac injury. AAV9-cTnT-ADAR2 or
ed (n = 6, **p < 0.01); scale bar, 50 mm. (E and F) Analysis of apoptosis by TUNEL

fter ADAR2 overexpression or ADAR2 knockdown in doxorubicin (DOX)induced



(legend on next page)
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AAV9-cTnT-ctrl were tail vein injected into C57BL/6 mice, subse-
quently followed by MI or sham surgery 1 week after the AAV9 injec-
tion (Figure 2A). The expression of ADAR2 was significantly
increased in mice hearts treated with AAV9-cTnT-ADAR2 (Fig-
ure 2B), together with a remarkable decrease in the infarct size as
observed by triphenyltetrazolium chloride (TTC) staining (Fig-
ure 2C). As shown in Figures 2D and S5A, the percentage of TUNEL+

CM was reduced in mice that received AAV9-cTnT-ADAR2
compared with AAV9-cTnT-ctrl-treated controls. The ameliorated
AMI-induced cell apoptosis was further supported by western blot
via a reduction in Bax/Bcl2 and cleaved-caspase 3/caspase 3 levels
(Figure 2E). Then, lactate dehydrogenase (LDH) assays demonstrated
a significant reduction of LDH release in serum from AAV9-cTnT-
ADAR2-treated mice after AMI surgery (Figure 2F). Consistently,
propidium iodide (PI) staining revealed that the number of PI+ nuclei
was reduced in AAV9-cTnT-ADAR2-treated mice hearts after AMI
(Figures 2G and S5B). Furthermore, the pro-proliferation effects of
ADAR2 overexpression on CMs in vivo in AMI mice were assessed
by increased immunofluorescence-stained EDU+, Ki67+, and
pHH3+ CMs (Figures 2H, 2I, and S5C–S5E). These data provide
in vivo evidence that ADAR2 overexpression in the myocardium
can result in a reduction in infarcted size, alleviation of apoptosis
and cellular necrosis, and promotion of CM proliferation after AMI.

Cardiac-specific ADAR2 overexpression improves cardiac

function and attenuates cardiac fibrosis during cardiac

remodeling post-MI

To investigate the clinical perspective of ADAR2 as a biological ther-
apy, we overexpressed ADAR2 in murine hearts by infecting them
with AAV9-cTnT-ADAR2 or AAV9-cTnT-ctrl, and performed MI
surgery (Figure 3A). A significant elevation of ADAR2 was observed
in the hearts of mice treated with AAV9-cTnT-ADAR2 (Figure S6A).
Echocardiography was examined at 3 weeks post-MI surgery. The
cardiac function in the AAV9-cTnT-ADAR2 group was partially pre-
served compared to the AAV9-cTnT-ctrl group, as demonstrated by
the increased ejection fraction (EF) and fractional shortening (FS), as
well as the decreased left ventricular internal diameters of systole
(LVID;s) and left ventricular end-systolic volume (LVes;vol) (Figures
3B and S6B). The cardiac hypertrophic adaptation in response to MI
injury in ADAR2 overexpressing mice was improved as indicated by
decreases in HW/BW (Figure 3C). MI-induced fibrosis was alleviated
by AAV9-cTnT-ADAR2 injection compared with AAV9-cTnT-ctrl,
as demonstrated by Masson trichrome staining and the mRNA
Figure 2. Cardiac-specific overexpression of ADAR2 protects AMI in mice hea

(A) The schedule of virus injection and AMI model establishment. (B) Quantitative real-

AAV9-cTnT-ADAR2 with or without (AMI) surgery (n = 7:8:9:8, **p < 0.01). (C) Tripheny

followed by AMI; infarct size is indicated by IS (infarct size)/AAR (area at risk) (n = 7, **p <

hearts treated with AAV9-cTnT-ADAR2 or AAV9-cTnT-ctrl followed by AMI (n = 6, **p

caspase 3 of the mice hearts treated with AAV9-cTnT-ADAR2 followed by AMI (n = 3, **

Representative images of PI staining and quantification of the PI+ nuclei in the mice heart

of immunofluorescence staining and quantification of the 5-ethynyl-20-deoxyuridine+ (Ed
bar, 20 mm. (I) Representative images of immunofluorescence staining and quantificati

(n = 6, **p < 0.01); scale bar, 20 mm. AMI, acute myocardial infarction; Ctrl, control; LD
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expression levels of fibrotic factors (Ctgf, Col1a1, and Col3a1) (Fig-
ures 3D and 3E). These data suggest that cardiac-specific overexpres-
sion ADAR2 can protect the heart from cardiac adverse remodeling,
resulting in improved cardiac function and reduced cardiac fibrosis.

ADAR2 overexpression attenuates DOX-induced cardiotoxicity

Our in vitro study suggested that ADAR2 overexpression would exert
beneficial effects in DOX-induced CM apoptosis. Then, we asked
whether ADAR2 overexpression could alleviate DOX-induced cardi-
otoxicity in vivo. Seven days after AAV9-cTnT-ADAR2 or AAV9-
cTnT-ctrl injection, DOX was intraperitoneally injected at a dose of
5 mg/kg once per week for 5 consecutive weeks (Figure 4A).
Overexpression of ADAR2 was verified by RT-PCR (Figure S7A).
Mice with ADAR2 overexpression demonstrated by improved cardiac
function, as evidenced by increased EF and FS, declined LVID;s and
LVes;vol (Figures 4B and S7B). Moreover, TUNEL staining suggested
that ADAR2 overexpression decreased the DOX-induced apoptosis
of the myocardium (Figure 4C). Furthermore, the alleviated cell
apoptosis was also evidenced by western blot of declined Bax/Bcl2
and cleaved-caspase 3/caspase 3 (Figure 4D). Our data suggest that
ADAR2 overexpression attenuates DOX-induced cardiotoxicity via
improving cardiac function and attenuating cell apoptosis.

RNA editing may contribute to the ADAR2/miR-34a regulation in

CMs

Previous studies revealed that ADAR2 was involved in miRNA regu-
lation via A-to-I RNA editing of pri-miRNAs.5,20,23 To explore the
mechanism underlying the protective effect of ADAR2 in hearts, we
focused on miRNAs. To select candidates, we performed an initial
screening based on two criteria: (1) miRNAs involved in regulating
CM proliferation and (2) miRNAs regulated by ADAR2 alteration.
As shown in Figure 5A, ADAR2 overexpression inhibited mature
miR-34a levels, whereas ADAR2 knockdown increased miR-34a
levels. In addition, the expression of miR-34a was decreased in the
exercised hearts, while they were increased in the MI hearts (Fig-
ure 5B). Then, we identified three nucleotides change in the
sequenced products in the presence of ADAR2 overexpression via
TA cloning and Sanger sequencing analysis for pri-miR-34a conduct-
ed in 107 clones (Figures 5C and 5D). Major editing sites U44-C and
A61-G of pre-miR-34a were identified near its end loop, which is
linked to Dicer’s cleavage region. A minor site (A72-G) of pri-miR-
34a was found at its antisense strand (Figures 5C and 5D). As the ed-
iting ratio we observed in miR-34a was relatively low, we asked
rts

time PCR testing expression of ADAR2 after overexpression of ADAR2 by injecting

ltetrazolium chloride (TTC) staining of mice hearts treated with AAV9-cTnT-ADAR2

0.01). (D) TUNEL staining (green) together with a-actinin (red) and DAPI (blue) of mice

< 0.01); scale bar, 20 mm. (E) Western blot of Bax, Bcl2, caspase 3, and cleaved-

p < 0.01). (F) Serum levels of LDH in indicated groups (n = 7:10:8:7, **p < 0.01). (G)

s treated as indicated (n = 6, **p < 0.01); scale bar, 20 mm. (H) Representative images

U+) cardiomyocytes in the mice hearts treated as indicated (n = 6, **p < 0.01); scale

on of the Ki67+ and pHH3+ cardiomyocytes in the mice hearts treated as indicated

H, lactate dehydrogenase. ns, non-statistically significant.



Figure 3. Cardiac-specific overexpression of ADAR2 improves cardiac function in cardiac remodeling after MI

(A) The schedule of virus injection and MI remodeling model establishment. (B) Echocardiography of mice treated with AAV9-cTnT-ADAR2 with or without MI surgery

(n = 8:10:8:11, *p < 0.05, **p < 0.01). LVID;s, left ventricular internal diameters of systole. (C) Heart weight/body weight (HW/BW) was calculated to evaluate cardiac

adaptation in response to MI remodeling in control and ADAR2 overexpression mice (n = 8:10:8:11, *p < 0.05, **p < 0.01). (D) Masson trichrome staining of the hearts treated

with AAV9-cTnT-ADAR2 followed by MI surgery, n = 8:10:8:11; scale bar, 100 mm (**p < 0.01). (E) Quantitative real-time PCR analyzing the fibrotic factors (Ctgf,Col1a1, and

Col3a1) in the hearts treated with AAV9-cTnT-ADAR2 followed by MI remodeling (n = 8:9:7:10, **p < 0.01).
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whether A-to-I editing is the predominant effect of ADAR2 in CMs
and its regulation in the expression of miR-34a. We used the
HMMER webserver to locate the two double-stranded RNA-binding
domains (dsRBDs) and the deaminase domain.24 Then, we generated
the ADAR2-N construct, which did not have the deaminase domain
(Figure 5E). As shown in Figures 5F and 5G, we found that overex-
pression of ADAR2-N without deaminase activity could not promote
DNA synthesis and resist to DOX-induced apoptosis in NRCMs.
Interestingly, unlike ADAR2 full-length overexpression, ADAR2-N
overexpression did not regulate the abundance of mature miR-34a
(Figure 5H). Furthermore, to examine whether RNA editing occurs
by nucleotide changes in the precursor of miR-34a, we performed
high-resolution melting (HRM) analysis. The HRM results showed
that, compared with ADAR2-N, ADAR2 full-length overexpression
could lead to a RT-PCR product alteration of pri-miR-34a, indicating
that nucleotide editing may be present in the transcript of pri-miR-
34a (Figure 5I). These observations indicate that RNA editing activity
of ADAR2 may contribute to the ADAR2/miR-34a regulation axis in
CMs.

ADAR2 regulates CM proliferation and apoptosis through the

miR-34a-Sirt1/Cyclin D1/Bcl2 axis

We subsequently investigated whether the above observed editing
regulation has functional consequences. Considering the fact that
miR-34a has been reported to be involved in regulating cardiac repair
and cardiac aging,16,17 we speculated that the ability ofADAR2 to regu-
late CM proliferation and apoptosis is probably mediated by miR-34a
as well. To confirm our hypothesis, we explored the contribution of
miR-34a to the regulatory function of ADAR2 in NRCMs. As shown
in Figure 6A,miR-34a overexpression (miR-34amimic) could alleviate
the pro-proliferation effects of ADAR2 overexpression in NRCMs,
as evidenced by EdU incorporation and Ki67 immunofluorescent
Molecular Therapy Vol. 30 No 1 January 2022 405
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Figure 4. ADAR2 overexpression attenuates DOX-induced cardiotoxicity

(A) The schedule of virus injection and DOX-induced cardiotoxicity model establishment. (B) Echocardiography of mice treated with AAV9-cTnT-ADAR2 followed by DOX or

saline treatment (n = 10:9:10:12, **p<0.01). (C) TUNEL staining (green) together with a-actinin (red) and DAPI (blue) of mice hearts treated with AAV9-cTnT-ADAR2 or AAV9-

cTnT-ctrl followed by DOX or saline treatment (n = 6, **p < 0.01); scale bar, 20 mm. (D) Western blot of Bax, Bcl2, caspase 3, and cleaved-caspase 3 of mice hearts treated

with AAV9-cTnT-ADAR2 followed by DOX or saline treatment (n = 3, *p < 0.05, **p < 0.01).
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Figure 5. RNA editing activity of ADAR2 contributes to the ADAR2/miR-34a regulation in cardiomyocytes

(A) Screening of miRNAs involved in regulating cardiomyocyte proliferation and regulated by ADAR2 alteration (n = 6, *p < 0.05, **p < 0.01). (B) Quantitative real-time PCR

analyzing the expression of miR-34a in the exercised hearts and MI remodeling (3 weeks) hearts (n = 6, *p < 0.05, **p < 0.01). (C and D) Sanger sequencing analysis for pri-

miR-34a in 107 clones in the presence of ADAR2 overexpression. (E) Schematic illustration of the generation of the ADAR2-N construct without deaminase activity. (F)

(legend continued on next page)
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staining. Moreover, TUNEL staining and western blot analysis re-
vealed thatmiR-34a overexpression could abolish the protective effects
of ADAR2 overexpression in DOX-induced NRCMs apoptosis (Fig-
ures 6B and 6C). These data confirmed that the pro-proliferation
and anti-apoptosis effects of ADAR2 were mediated by miR-34a inhi-
bition, and overexpression ofmiR-34a could block the protective effect
of ADAR2 in vitro.

To obtain more evidence supporting the contribution of miR-34a in
the function of ADAR2, the target genes of miR-34a in cardiomyocyte
were further checked in NRCMs. Notch1, Pofut1, Sirt1, Cyclin D1,
and Bcl2 have been reported to be targets of miR-34a in regulating
cardiomyocyte proliferation and death.17,25 Among them, the expres-
sion of Sirt1, Cyclin D1, and Bcl2 were elevated after swimming
training in mice hearts, while Notch1 and Pofut1 demonstrated no
change (Figure S8A). Therefore, we focused on Sirt1, Cyclin D1,
and Bcl2. Consistently, we found that miR-34a expression in NRCMs
was sufficient to inhibit the expression of all three reported targets
(Sirt1, Cyclin D1, and Bcl2), while inhibiting miR-34a increased their
expression (Figure S8B). Moreover, upon overexpression of ADAR2,
we observed an effective increase in the expression of miR-34a targets
(Sirt1, Cyclin D1, and Bcl2), whereas knockdown of ADAR2 demon-
strated opposite modulating effects (Figure 7A). Knockdown of either
Sirt1 or Cyclin D1 could partially blunt the pro-proliferation capacity
of ADAR2 overexpression, and Bcl2 inhibition would partially
reverse the anti-apoptosis effect of ADAR2 overexpression in DOX-
induced cardiomyocyte apoptosis (Figures S8C–S8E). We further
simultaneously inhibited all three targets of miR-34a and found
that the ADAR2 overexpression effects (both pro-proliferation and
anti-apoptosis) are completely abolished (Figures 7B and 7C). These
data indicate that the miR-34a-Sirt1/Cyclin D1/Bcl2 axis may play
important roles in mediating the beneficial effects of exercise-induced
ADAR2 on cardiomyocyte and hearts.

C/EBPb acts as an upstream regulator of ADAR2

Furthermore, we explored what triggers the upregulation of ADAR2
in response to exercise. Transcription factors that may be involved in
the regulation of ADAR2 expression at the transcriptional level were
predicted by JASPAR.26 Among them, C/EBPb is of particularly in-
terest as it is a key regulator of exercise-induced physiological cardiac
hypertrophy (Figure 8A).2 First, C/EBPb’s binding to the predicted
ADAR2 promoter region was verified by chromatin immunoprecip-
itation (ChIP) assay (Figure 8B). Second, we used the luciferase assay
system to test whether C/EBPb could regulate the expression of
ADAR2. As shown in Figure 8C, the promoter region of ADAR2 ex-
hibited low luciferase activity in the presence of C/EBPb overexpres-
sion, indicating the negative regulation of ADAR2. Also, qRT-PCR
suggested that C/EBPb knockdown in NRCM led to the elevation
of ADAR2 (Figure 8D). Furthermore, functional rescue assays
Representative images of immunofluorescence staining and quantification of the EdU+

50 mm. (G) Representative images of immunofluorescence staining and quantification o

apoptosis model (n = 6); scale bar, 50 mm. (H) Quantitative real-time PCR analyzing th

resolution melting (HRM) analysis showing RT-PCR product alterations of pri-miR-34a
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demonstrated that the suppression effect of C/EBPb overexpression
on NRCM proliferation was blocked by ADAR2 overexpression (Fig-
ure 8E). Moreover, ADAR2 overexpression could blunt the deterio-
rating effect of C/EBPb overexpression on DOX-induced NRCM
apoptosis (Figure 8F). Our data suggest that a key cardiac adaptor
to exercise training, transcription factor C/EBPb, functions as an up-
stream regulator of ADAR2, and therefore regulates the upregulation
of ADAR2 in response to exercise.

DISCUSSION
The beneficial effects of exercise on the cardiovascular system have
been well accepted, and physical activity contributes to a reduction
in deaths from cardiovascular disease.27–30 However, exercise-
induced post-transcriptional adaptions in the heart have not been
explored much. Here, we report that exercise-induced ADAR2 medi-
ates pri-miR-34a editing, which is a mechanism that can contribute to
the adaptations of the heart to exercise training. To our knowledge,
this is the first study to explore the post-transcriptional mechanisms
involved in exercise-induced cardiac protection. We show that
ADAR2, an important RNA binding protein that converts A-to-I in
dsRNAs, is upregulated in endurance exercise both in mice and rat
hearts. ADAR2 overexpression can promote NRCM proliferation
and increase resistance to apoptosis induced by DOX. Moreover,
ADAR2 overexpression can protect mice hearts and lead to a
decreased cardiac infarct size via reduced cardiac apoptosis and ne-
crosis, as well as increase CM proliferation. Also, ADAR2 overexpres-
sion could improve cardiac function and alleviate cardiac fibrosis
after MI remodeling, as well as attenuate DOX-induced cardiotoxicity
in vivo. Mechanically, RNA editing activity of ADAR2 contributes to
the ADAR2/miR-34a regulation axis in CMs. Overexpression of miR-
34a reverses the pro-proliferation and anti-apoptosis of ADAR2 ef-
fects on CMs. Furthermore, the previously reported miR-34a targets
(Sirt1, Cyclin D1, and Bcl2) also play important roles in mediating the
beneficial effects of ADAR2 on cardiomyocytes. A key cardiac
adaptor to exercise training, transcription factor C/EBPb, acts as an
upstream regulator of ADAR2 in cardiomyocytes.

Adenosine deamination by ADARs plays an essential role in post-tran-
scriptional regulation, and recent studies indicate that ADARs may
contribute to cardiovascular disease and cardiac development.5,9–11

The biological significance of many A-to-I editing sites remains largely
unknown. In this study, we focused on identifying edited target genes of
ADAR2 involved in regulating cardiomyocyte proliferation, with
particular attention on miRNAs. miRNAs participate in many impor-
tant biological processes, including cell cycle, differentiation, and
apoptosis.31 In the cardiovascular system,miRNAs also attract dramatic
attention for their critical regulatory roles as well as potential therapeu-
tic targets.12,32 RNA editing, mediated by ADARs, can affect miRNA
expression and processing via either inhibiting Drosha and Dicer
cardiomyocytes treated with or without ADAR2-N overexpression (n = 6); scale bar,

f the TUNEL+ cardiomyocytes treated with ADAR2-N or control EV in DOX-induced

e expression of miR-34a with or without ADAR2-N overexpression (n = 6). (I) High-

after overexpression of ADAR2, ADAR2-N, or EV. ns, non-statistically significant.



Figure 6. MiR-34a mimics blunts the pro-proliferation and anti-apoptosis effects of ADAR2 on cardiomyocytes

(A) EdU incorporation and Ki67 immunofluorescent staining of NRCM after ADAR2 overexpression andmiR-34a overexpression (miR-34amimic) (n = 6, **p < 0.01), scale bar,

50 mm. (B and C) TUNEL staining (scale bar, 50 mm) and western blot analyzing DOX-induced NRCMs apoptosis after ADAR2 overexpression and miR-34a overexpression

(miR-34a mimic) (n = 6, *p < 0.05, **p < 0.01).
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cleavage steps or altering the seed sequences of miRNAs.5,23,33 One
possible mechanistic explanation about the nucleotide modification
of pre-miRNA regulation was that pre-miRNAs in solution adopt mul-
tiple conformations and therefore regulate the binding and processing
efficiency of the Dicer complex.34,35 In our study, we found that the
most edited sites in pri-miR-34a occurred near the Dicer cleavage sites
(U44C and A61G) and on its antisense strand (A72G). Among them,
A64G and A72G editing change the A:U base pair to the I:U wobble
pair; possibly destabilize the dsRNA structure, U44C, at the terminal
loop region of pre-miR-34a; andmaymodulate the RNA conformation
shift. Our observations on the nucleotide modification of pre-miR-34a
at both the loop and stemregions to inhibitmiR-34amaybe achievedby
reducing the accessibility and processing ability of the Dicer complex to
pre-miR34a. However, further investigation into potential allosteric ef-
fects between Dicer complexes and edited pre-miR-34a are needed to
provide a better understanding of the underlying mechanism.

CM loss and deficiency underlie most causes of heart diseases,
including heart failure. Although the regenerative capacity of adult
mammalian hearts is limited, tremendous efforts have been made to
improve cardiac function by promoting CM proliferation.36,37 Induc-
tion of cardiac physiological growth is the most important adaptive
response to exercise. Experimental evidence has demonstrated that
several exercise-induced factors are required for cardioprotection
against myocardial injury and remodeling.2,15,38 Thus, exploring ther-
apeutic targets from physical activity-stimulated factors represents a
promising strategy for cardiac diseases.39 However, whether exer-
cise-induced hypertrophy and proliferation mediate the adaptive
response independently or cooperatively remains unknown. Different
from previously reported critical physiologic growth mediators, such
as C/EBPb, miR-222, and miR-17-3p, our report here shows that ex-
ercise-induced ADAR2 did not affect the hypertrophic response to ex-
ercise in vivo. Interestingly, ADAR2 demonstrated pro-proliferation
and anti-apoptosis effects in NRCMs. In addition, cardiac-specific
ADAR2 overexpression in vivo exhibited a protective effect on
myocardial injury and remodeling. This finding suggests that, at least
to a certain extent, exercise-induced factors in adult hearts contrib-
uting to the benefits of exercise are hypertrophy independent. In addi-
tion, in the MI 3-week remodeling model, we overexpressed ADAR2
in murine hearts by infecting them with AAV9-cTnT-ADAR2 and
performedMI surgery at the same day. As previously reported, several
days were needed to achieve theADAR2 overexpression in the heart.40
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Figure 7. ADAR2 regulates cardiomyocyte proliferation and apoptosis through the target genes of miR-34a (Sirt1/Cyclin D1/Bcl2)

(A) Western blot showing the expression of Sirt1, Cyclin D1, and Bcl2 after overexpression or knockdown of ADAR2 (n = 6, *p < 0.05, **p < 0.01). (B) EdU staining of NRCM

after ADAR2 overexpression and simultaneous knockdown of Sirt1, Cyclin D1, and Bcl2 (n = 6, **p < 0.01); scale bar, 50 mm. (C) TUNEL staining analyzing DOX-induced

NRCMs apoptosis after ADAR2 overexpression and simultaneous knockdown of Sirt1, Cyclin D1, and Bcl2 (n = 6, **p < 0.01); scale bar, 50 mm.
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Thus, except for the currently investigated pro-proliferation and anti-
apoptosis effects in cardiomyocytes, other regulatory mechanisms
may also exist in the heart and contribute to ADAR2-mediated cardi-
oprotection. Interestingly, we examined ADAR2 on the proliferation
of NRCFs at basal conditions and found that ADAR2 alteration did
not affect the proliferation of cardiac fibroblasts. This observed
phenomenon that some genes are ubiquitously expressed but are regu-
lated or show distinct function under specific stimulant in a cell-type-
specific manner have been reported previously.41,42 In this present
study, this may be due to the fact that ADAR2 is an exercise response
factor and the regulation of ADAR2 associated with an important
410 Molecular Therapy Vol. 30 No 1 January 2022
transcription factor C/EBPb alteration, which is closely related to car-
diac changes in adaptation to exercise. The well-studied mechanisms
underlying the effects of exercise on the heart are cardiomyocyte hy-
pertrophy and growth, vascular adaptions,mitochondrial adaptations,
and angiogenesis.27,43 As far as we know, a limited number of studies
report the regulation effects of exercise training on fibroblast prolifer-
ation, although exercise training has been shown to have antifibrotic
properties in heart diseases. This indicates that the antifibrotic prop-
erties of exercise might be caused by other reasons such as changes
in the collagen profile, crosstalk between other cardiac cells and fibro-
blasts, other than alter the proliferation of fibroblast. The cell type



Figure 8. C/EBPb acts as an upstream regulator of ADAR2

(A) Schematic illustration of the JASPAR-predicted binding sites of C/EBPb in the promoter region of Adar2. (B) ChIP-PCR assay showed that C/EBPb could bind to the

ADAR2 promoter region (n = 4, **p < 0.01). (C) Luciferase assay revealed the negative regulation of C/EBPb on ADAR2 (n = 6, **p < 0.01). (D) Quantitative real-time PCR

analysis of ADAR2 expression with or without C/EBPb knockdown (n = 6, **p < 0.01). (E) Representative images of immunofluorescence staining and quantification of the

EdU+ cardiomyocytes displayed the rescue effect of ADAR2 overexpression on C/EBPb overexpression (n = 6, **p < 0.01); scale bar, 50 mm. (F) Representative images of

immunofluorescence staining and quantification of the TUNEL+ cardiomyocytes displayed the rescue effect of ADAR2 overexpression on C/EBPb overexpression in DOX-

induced NRCMs apoptosis (n = 6, *p < 0.05, **p < 0.01); scale bar, 50 mm.
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specificity regulation under specific conditions represents an inter-
esting and active area of investigation; therefore, further studies using
spatial transcriptomics and single-cell sequencing to profile the
exercised heart with cell type and spatial resolution would contribute
to a deep understanding of the cardiac adaptation to exercise and may
explain where this cell type specificity came from.

MiR-34a is elevated in the heart and is associated with aging and other
cardiac diseases.16,17,25However, little knowledge is available regarding
the role of miR-34a in physiological cardiac growth. In the present
study, for the first time, we investigated the role of miR-34a and its tar-
gets (Sirt1, Cyclin D1, and Bcl2) involved in regulating the exercise-
induced cardiac adaptation. Importantly, exercise-induced ADAR2
regulated miR-34a processing at the post-transcriptional level. The in-
hibition of miR-34a has been proposed as a promising therapeutic
strategy for heart disease. A-to-I RNA editing occurs in over half of
the transcriptome, altering the expression and activity of ADARs are
the dominant regulation events in response to A-to-I editing regula-
tion.44,45 ADAR2 alteration should lead to global pattern changes in
RNA editing in the heart. We cannot exclude the possibility that there
are additionalmRNAs regulated byADAR2 that contribute to the pro-
tective effects of ADAR2 in the heart. Therefore, it would be important
to further explore the role of global RNA editing patterns in the heart.
However, with the concept of nucleic acid-based therapeutics targeting
transcript-raised and site-directed A-to-I editing system, this editing
machinery may indicate an alternative approach to control miR-34a
expression with high efficiency and specificity.

Here, we report the functional relationship between ADAR2 and the
heart and examine miR-34a, which was one target of ADAR2 in
CMs. Although our results demonstrated that ADAR2-N without
deaminase activity did not have the pro-survival effects and the
Molecular Therapy Vol. 30 No 1 January 2022 411
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regulation ability onmiR-34a expression, relatively lowmiR-34a edit-
ing efficiency (only 6 of 107 clones) observed in the present study. We
measured the editing effect by TA cloning followed by Sanger
sequencing, rather than a discovery-basedmethod of RNA sequencing
(RNA-seq), which could not exclude the possibility that the additional
editing pattern of RNA transcripts regulated by ADAR2 may also
affect the expression of miR-34a. Future studies should return to basic
questions regarding the biological role of specific editing transcripts or
even genome editing alterations for a deep understanding of the bio-
logical significance and the underlying regulatory mechanism about
those regulation events would offer significant opportunity to better
clarify the coordination between editing activity and the contribution
of an individual regulated transcript. A limitation of our study is that
we did not address editing anywhere else exceptmiR-34a, which is spe-
cifically edited by ADAR2. The low miRNA editing rates have been
previously reported.46,47 Those low detected miRNA editing effi-
ciencies have also been found due to either preventing the maturation
of miRNA or leading to the degradation of the edited miRNA.20,48

Although the editing efficiency in miR-34a observed in the present
study is relatively low, the alteration of ADAR2 significantly regulates
the expression fold change of miR-34a (Figure 5A). This expression
alteration of mature miR-34a may explain the significant functional
effects in CMs. Moreover, further investigations including RNA-seq
elucidate the global editing pattern change of ADAR2 alteration, iden-
tify other potential targets of ADAR2, andwould provide a greater un-
derstanding of ADAR2 regulatory mechanisms in the heart.

In summary, our results demonstrate that exercise-induced ADAR2
can protect the heart from MI and DOX-induced cardiotoxicity.
Our study suggests that ADAR2 overexpression may be a promising
therapeutic strategy for heart diseases.

MATERIALS AND METHODS
Animals and swimming protocol

Male C57BL/6J mice were obtained from the Model Animal Research
Center of Nanjing University. The study on animals was in accor-
dance with the Guidelines for the Care and Use of Laboratory
Animals published by the National Institutes of Health (no. 85-23,
revised 1996). All of the mice were maintained in a specific
pathogen-free (SPF) laboratory animal facility of Nanjing Medical
University (Nanjing, China). The experimental protocol was
approved by the Animal Care andUse Committee of NanjingMedical
University (license no. IACUC-1903016).

To induce physiological cardiac hypertrophy of mice, a 3-week swim-
mingprotocolwas performed inmice as previously described.38 Briefly,
the exercise training beganwith 10min swimming twice per day for the
first day, and then continued with an increase of 10 min per day until
90 min swimming twice per day was reached. After 3 weeks of swim-
ming, the mice were sacrificed and cardiac tissues were collected.

MI model

For the acuteMImodel, a corresponding group of C57BL/6J malemice
(8–10 weeks) were treated with AAV9 vectors carrying the cTnT pro-
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moter-driven ADAR2 overexpression and its control (Hanbio Biotech-
nology, China) at a dose of 1011 vg/mice via tail vein injection 1 week
before the surgery. The MI model was constructed by ligating the left
anterior descending coronary artery (LAD) using a 7/0 silk thread.
The sham group was treated by the same experimental process, except
that the ligation part was not executed. To determine the area at risk
(AAR) and the infarct size (IS) of MI, the heart was stained with TTC
24 h after surgery. For TTC straining, 1 mL 1% Evans Blue was injected
into the left ventricle before the mice were sacrificed. ImageJ software
(NIH, USA) was used to calculate the AAR/left ventricle (LV) weight
and IS/AAR. The IS andAARweremeasured as previously described.49

The ratio of AAR/LV was determined to evaluate the homogeneity of
the surgery, and IS/AARwas calculated to assess theMI severity. Plasma
miR-208a andmiR-499havebeen reported tobebiomarkers ofmyocar-
dial injury.50 To further verify this, cTnT (Roche Diagnostics, Ger-
many), miR-208a, and miR-499 were evaluated in mice plasma to
further evaluate the homogeneity of the surgery. Due to ADAR2 over-
expression exhibiting a protective effect on AMI (24 h) surgery, we
advanced the time point for plasma high-sensitive cTnT, miR-208a,
and miR-499 examination at 6 h after MI surgery (Figure S9). For MI
remodeling, MI or sham surgery was immediately performed after
mice were subjected to tail vein injection, after 3 weeks of remodeling,
the cardiac function was detected by echocardiography, and the hearts
were collected for further examination. All of the surgeries and analyses
were performed by investigators blinded to the treatment.

DOX-induced cardiotoxicity model

The corresponding group of C57BL/6J male mice (8–10 weeks) were
treated with AAV9 vectors carrying the cTnT promoter-driven
ADAR2 overexpression and its control (Hanbio Biotechnology,
China) at a dose of 1011 vg/mice via tail vein injection 1 week before
the first DOX injection. To establish DOX -induced cardiotoxicity,
mice were administered DOX at a dose of 5 mg/kg weekly for 5
consecutive weeks. The cardiac function was detected by echocardi-
ography and the hearts were collected for further examination.

Echocardiography

Echocardiography measurements was performed by Vevo 2100 (Vis-
ualSonics, Canada) with a center frequency of 30 MHz Scan head to
detect heart function as previously described.49 M mode echocardio-
grams were obtained at the papillary muscle level to measure the
LVEF and the LV short-axis shortening rate (FS). The baseline car-
diac function of the mice before MI surgery (for AMI and MI remod-
eling) and DOX treatment used in this study are shown in Figure S10.

Quantitative real-time PCRs

Total RNAwas isolated using theTRIZOLRNAextraction kit (Invitro-
gen, USA). The RNA concentration was measured by Nanodrop 2000
(Thermo Fisher, USA), and reverse transcription of 400 ng RNA was
performed using iScript reverse transcription supermix (Bio-Rad,
USA) according to themanufacturer’s instructions. SYBRGreen super-
mix (Bio-Rad, USA) and the ABI-7900 Real-Time PCR Detection Sys-
tem (Applied Biosystems, USA) were used for quantitative PCR and
analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
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18 s RNA were used as internal controls for gene expression. The
primer sequences used in this study are listed in Table S1. For quanti-
tative miRNA analysis, the Bull-Loop miRNA qPCR primer set
(RiboBio, China)was used to determine the expression level ofmiRNA.
U6 was used as an internal control. The relative expression level was
calculated using the 2�DDCt method.

Immunofluorescent and TUNEL staining for frozen sections

Heart samples were cut into 5-mm-thick sections. Subsequently, the
sections were fixed in 4% paraformaldehyde (PFA), permeabilized
with 0.2% Triton X-100, and blocked at room temperature. Next,
the sections were incubated with a-actinin antibody (1:200, A7811,
Sigma-Aldrich, USA) at 4�C overnight. After washing with PBS, the
sections were incubated with Cy3 AffiniPure Goat Anti-Mouse IgG
(immunoglobulin G) (H+L) (1:200, 115-165-003, Jackson, USA).
To quantify apoptosis, the TUNEL assay was performed using the
DeadEnd Fluorometric TUNEL system (Promega, USA) according
to the manufacturer’s instructions. DAPI was used for nuclear coun-
terstaining, and the number of TUNEL+ nuclei was counted. Images
were captured by fluorescent microscope (Zeiss, Germany).

Masson’s trichrome staining

Heart tissues were fixed in 4% PFA and then embedded in paraffin.
Paraffin sections were dewaxed and hydrated. The 5-mm-thick sec-
tions were fixed with 4% PFA and then subjected to Masson’s tri-
chrome staining (Servicebio, China) according to the manufacturer’s
instructions. Images were taken by a Nikon Eclipse microscope
(Nikon, Japan) and the images were analyzed with NIS Elements (Ni-
kon). Image-Pro Plus software (Media Cybernetics, USA) was used to
quantify the fibrotic area. The percentage of fibrosis was calculated as
fibrosis areas/total myocardial areas.

WGA staining

For WGA staining, paraffin sections were dewaxed and hydrated. The
sections were fixed, immersed, and rinsed in PBS. Sections were incu-
bated with WGA dye (Thermo Fisher, W21405) for 30 min at 37�C
and washed with PBS. DAPI (Servicebio) was used for nuclear counter-
staining. Images were taken by a Nikon Eclipse microscope and the im-
ages were analyzed with NIS Elements. ImageJ software was used to
measure the cell size.

Statistical analysis

All of the data were analyzed using GraphPad Prism 8 (USA) and pre-
sented as means ± SDs. The Shapiro-Wilk test was performed to test
the normality of all of the data. For the two independent samples,
when the data followed a Gaussian distribution, an unpaired, two-
tailed Student’s t test was used; when the data did not follow a
Gaussian distribution, we used the Mann-Whitney U test. For the
multiple groups data, we performed two-way ANOVA followed by
Tukey’s multiple comparisons test. For the data that did not follow
a Gaussian distribution, we used robust two-way ANOVA by using
R package WRS2.51 The R function pbad2way was used to perform
robust two-way ANOVA followed by pairwaiseMeidan test in R
package rcompanion for post hoc tests. Differences were considered
significant with p < 0.05. An extended methods section is available
in the online supplemental information, Supplemental materials
and methods section
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