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Dystrophic cardiomyopathy is a significant feature ofDuchenne
muscular dystrophy (DMD). Increased cardiomyocyte cytosolic
calcium (Ca2+) and interstitial fibrosis are major pathophysio-
logical hallmarks that ultimately result in cardiac dysfunction.
MicroRNA-25 (miR-25) has been identified as a suppressor of
both sarcoplasmic reticulum calcium ATPase 2a (SERCA2a)
and mothers against decapentaplegic homolog-7 (Smad7) pro-
teins. In this study, we created a gene transfer using an miR-
25 tough decoy (TuD) RNA inhibitor delivered via recombinant
adeno-associated virus serotype 9 (AAV9) to evaluate the effect
of miR-25 inhibition on cardiac and skeletal muscle function in
aged dystrophin/utrophin haploinsufficient mice mdx/utrn
(+/�), a validated transgenic murine model of DMD.We found
that the intravenous delivery of AAV9 miR-25 TuD resulted in
strong and stable inhibition of cardiac miR-25 levels, together
with the restoration of SERCA2a and Smad7 expression. This
was associated with the amelioration of cardiomyocyte intersti-
tial fibrosis as well as recovered cardiac function. Furthermore,
the direct quadricep intramuscular injection of AAV9 miR-25
TuD significantly restored skeletal muscle Smad7 expression,
reduced tissue fibrosis, and enhanced skeletal muscle perfor-
mance in mdx/utrn (+/�) mice. These results imply that miR-
25 TuD gene transfer may be a novel therapeutic approach to
restore cardiomyocyte Ca2+ homeostasis and abrogate tissue
fibrosis in DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is an incurable X-linked dis-
order that results in the progressive deterioration in skeletal and car-
diac muscle function due to mutations of the dystrophin gene. DMD
is themost common and severe form of muscular dystrophy, affecting
between 1 in 3,500 to 1 in 5,000 live male births.1 Sufferers typically
becoming wheelchair-dependent by adolescence, with high mortality
rates in early adulthood due to unremitting disease progression.2,3

Advances in respiratory support and corticosteroid therapy to reduce
muscle inflammation have led to an increased average lifespan, as well
as the ambulatory duration of patients with DMD. Consequently,
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DMD-related cardiac dysfunction is becoming a more prominent
cause of morbidity and mortality, affecting 59% of boys with DMD
by 10 years of age and accounting for up to 40% of deaths among
all DMD patients.4,5

In humans, DMD-related cardiac dysfunction is characterized path-
ologically by cardiomyocyte hypertrophy and necrosis, ultimately re-
sulting in significant interstitial fibrosis formation.3,6 Clinically,
dystrophic cardiac disease manifests as a dilated cardiomyopathy
with thinning of ventricular and septal walls, as well as decreased ven-
tricular ejection fraction and fractional shortening (FS).3,6 Nearly all
types of arrhythmias have been observed and are thought to be a sig-
nificant cause of mortality.3,7 Cardiac magnetic resonance imaging
typically shows late gadolinium enhancement, which preferentially
localizes to the subepicardium of the inferolateral left ventricular
wall corresponding to areas of highmechanical stress with subsequent
fibrosis and scar formation.8,9 Interestingly, dystrophin (mdx) genetic
knockout mice display only a mild form of skeletal dystrophy and do
not typically develop cardiac dysfunction until after 15 months of
age.10 Utrophin (utrn) is an autosomal paralog of dystrophin and
can compensate for dystrophin deficiencies. Combining mdx with
utrn double knockout (dko) mice results in severe muscle weakness,
profound growth restriction, and premature death.11 The disease
severity of the dko mdx/utrn (�/�) makes it an impractical experi-
mental model for testing therapeutic modalities. Therefore, an inter-
mediate haploinsufficient model mdx/utrn (+/�) was developed,
striking an ideal balance whereby significant skeletal muscle inflam-
mation and fibrosis occurs; however, life expectancy is long enough
for dystrophic cardiac manifestations to occur while providing
adequate time to evaluate novel therapeutics.10–12
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Interruption of intracellular calcium (Ca2+) cycling is a cardinal
feature of cardiac failure at the molecular level.13,14 Of themany intra-
cellular mechanisms that contribute to Ca2+ handling, the sarco-
plasmic reticulum ATPase 2a (SERCA2a) has been shown to be the
dominant generator of Ca2+ re-uptake within cardiomyocytes during
diastole. SERCA2a expression levels are decreased in heart failure,
and increasing SERCA2a expression via gene transfer therapy im-
proves Ca2+ cycling and cardiac function in heart failure mouse
models.15,16 It has previously been shown that SERCA2a mRNA
and protein expression is significantly decreased in cardiac tissue of
mdx mice.17 Moreover, enhanced SERCA2a expression via gene
transfer has previously been shown to improve electrocardiogram
(ECG) performance in aged mdx mice.18

MicroRNAs (miRNAs) are a family of small non-coding RNAs that
silence mRNA and regulate gene expression at the post-transcrip-
tional level.19 Previously, our group identified miR-25 as a significant
suppressor of SERCA2a, with pathological upregulation of endoge-
nous miR-25 detected in human myocardial samples obtained from
patients with severe heart failure. In the same study, miR-25 inhibi-
tion via an antisense oligonucleotide antagomir halted the progres-
sion of cardiac dysfunction in mice that underwent trans-aortic
constriction surgery.20 The observed abrogation in cardiac dysfunc-
tion was thought to be largely due to the restoration of SERCA2a
mRNA and protein.20 The antagomir was delivered systemically us-
ing nanoparticle technology, the major limitations of which include
poor tissue specificity and very limited duration of effect on the target
tissue.

Transforming growth factor b 1 (TGF-b1) is a potent mediator of
fibrosis and is elevated in DMD.21 Mothers against decapentaplegic
homolog-7 (Smad7) are endogenous inhibitory Smad proteins that
negatively regulate TGF-b signaling.22,23 Specifically, direct TGF-b
antagonism has been a therapeutic strategy employed in previous
studies to reduce fibrosis formation in mdx knockout (KO)
mice.21–25 In addition, Smad7 has been shown to be a validated target
of miR-25, where elevated miR-25 levels result in reduced Smad7
expression.26–28

Traditional models of competitive miRNA inhibition such as chemi-
cally modified oligonucleotides and Sponge Decoys invariably pro-
duce transient miRNA suppression.29 Inhibitory decoy RNAs ex-
pressed in lentiviral vectors have been shown to suppress miRNA
with great efficiency and specificity.29 With further refinement, the
optimal arrangement of RNA stem length, miRNA binding sites,
and the adjoining linker sequence resulted in a construct coined
“tough decoy” (TuD), which has been shown to produce the most
potent suppression of miRNA.29,30 When delivered through a viral
vector, TuD RNA conferred the longest duration of miRNA suppres-
sion.31 Among validated viral vectors, adeno-associated virus 9
(AAV9) is highly cardiotropic.32,33 In this study, we combined the
highly proficient TuD miRNA inhibitor against miR-25 with the car-
diac-specific AAV9 vector. This AAV9 miR-25 TuD therapy was
administered intravascularly via tail vein injection to assess the effects
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of miR-25 inhibition on cardiac function in aged mdx/utrn (+/�)
mice. Given that impaired intracellular Ca2+ homeostasis and intersti-
tial fibrosis are the two major hallmarks of DMD-related cardiomy-
opathy, we hypothesize that strong inhibition of miR-25 may result
in improved cardiac function in aged mdx/utrn (+/�) mice by
restoring SERCA2a and Smad7.

Furthermore, it has previously been shown that the genetic disruption
of Smad7 impairs skeletal muscle function with decreased muscle
mass, reduced force generation, and delayed recovery from injury.34

Therefore, we hypothesize that miR-25 TuD transfer into skeletal
muscles may enhance muscle performance by restoring Smad7
expression. We performed a treadmill exhaustion test to validate
this hypothesis and measured the running distance in mdx/utrn
(+/�) mice after direct intramuscular AAV9 miR-25 TuD gene
transfer.

RESULTS
There is significant upregulation of miR-25 in DMD animal

models

We first analyzed the major Ca2+ signaling regulators SERCA2a and
phospholamban (PLN) by western blot analysis. As shown in Figure 1,
SERCA2a and phosphorylated phospholamban (p-PLN) expressions
were significantly downregulated in both the Muscular Dystrophy in
Golden Retriever (GRMD) canine DMDmodel (Figure 1A, n = 2) and
aged mdx/utrn (+/�) murine model (Figure 1C, p < 0.005, n = 3).
Furthermore, miR-25 expression was measured by qRT-PCR and
was found to be substantially upregulated in both models
(Figures 1B and 1D, n = 3), confirming a negative relationship with
SERCA2a expression.

Cardiac function is compromised in aged mdx/utrn (+/–) KO

mice

Aged mdx/utrn (+/�) mice are shown in Figure 1E. Body weight did
not differ between wild-type (WT) mice and mdx/utrn (+/�) mice.
However, mdx/utrn dko mice (�/�) showed a significant reduction
in body weight (Figure 1F, n = 15 for each group), as well as spinal
deformities resulting in limited mobility and subsequently less
feeding. The lifespan of mdx/utrn dko mice is less than 6 weeks in
the absence of a compensatory supportive device within the caging
environment. Functionally, mdx/utrn (+/�) mice demonstrate car-
diac defects as early as 3 months; however, do not express the severity
of skeletal muscle dystrophy and limited lifespan of mdx/utrn (�/�)
mice.35–37 To have a consistent functional baseline, we chose to use
aged mdx/utrn (+/�) mice (more than 9 months old), which were
shown to experience cardiac dysfunction with FS values falling below
55% as early as 6 months of age, with a progressive decline shown
thereafter (Figure 1G, n = 15 for each group).

AAV9 miR-25 TuD transfer improved cardiac function in aged

mdx/utrn (+/–) mice

Myocyte contractility and Ca2+ transient

To evaluate the effect of miR-25 modulation on cardiomyocyte (CM)
contractility, CMs were isolated from AAV9 miR-25 TuD-treated
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mouse hearts using the Langendorff system described in the materials
and methods section. The contractile properties of isolated CMs were
measured using a dual-excitation photomultiplier system (IonOptix).
Peak shortening and rates of contraction and relaxation were signif-
icantly impaired in CMs isolated from mdx/utrn (+/�) mice, which
were partially restored in CMs from AAV9 miR-25 TuD-treated
hearts (Figure 2A, n = 30 for each group). Furthermore, the ampli-
tudes of Ca2+ transients and Tau values, representing the relaxation
duration after excitation, were severely impaired in mdx/utrn (+/�)
mice but were significantly enhanced by miR-25 normalization (Fig-
ure 2A, n = 30 for each group).

Echocardiogram results

In the mdx/utrn (+/�) group that received the AAV9 miR-25 TuD
tail vein injection, the average FS before treatment was 48.58% ±

5.88 (n = 12). This improved to 50.98% ± 5.27 (n = 12) at 4 weeks
post-gene transfer and then to 53.75% ± 3.78 (n = 12) at 8 weeks
post-gene transfer (Figure 2B, p < 0.005).mdx/utrn (+/�) mice which
received the AAV9 control injection started with an average FS of
51.68% ± 3.20% (n = 15); however, deteriorated to 47.44% ± 4.48%
(n = 15) at 4 weeks post injection, and then deteriorated further to
45.46% ± 3.87% (n = 15) at 8 weeks. Compared with the control,
the AAV9 miR-25 TuD transfer resulted in a statistically significant
improvement in left ventricular FS (Figure 2B, p < 0.005, n = 15 for
each group).

Invasive hemodynamics results

Pressure-volume loop multi-beat analysis post inferior vena cava oc-
clusion showed an average end-systolic pressure-volume relationship
(ESPVR) value of 4.04 ± 0.71 (n = 5) in mdx/utrn (+/�) mice
receiving the AAV9 control. In contrast, the average ESPVR value
was 7.26 ± 1.81 (n = 5) in the mdx/utrn (+/�) mice that received
AAV9 miR-25 TuD transfer, reflecting an improvement in end-sys-
tolic elastance and myocardial contractility (p < 0.005). An improve-
ment was also observed in the inotropic responsiveness to dobut-
amine in aged mdx/utrn (+/�) mice treated with AAV9 miR-25
TuD. Averages of the percentage change in peak left ventricular pres-
sure, Tau, maximum left ventricular pressure change during isovolu-
metric contractile period (dP/dtMax), and heart rate (HR) were re-
corded post intravenous administration of dobutamine, all of which
were enhanced in the AAV9 miR-25 TuD compared with the
AAV9 control (Figure 2C, n = 5, p < 0.05), representing an overall
improvement in both chronotropic and inotropic competency under
stress conditions (Figure 2C).

AAV9 miR-25 TuD transfer improved the overall survival ofmdx/

utrn (+/–) mice

Mortality rates of mdx/utrn (+/�) mice were recorded from birth to
473 days, at which time all animals were euthanized. Intravenous
AAV9 miR-25 TuD injection (1E11vg/mouse) was performed at
6 months after birth when cardiac dysfunction was prominent by
echocardiography. At the end of the study period, survival rates
were 34.4% for mice receiving AAV9 control and 47.7% for mice
receiving AAV9 miR-25 TuD (Figure 2D, p < 0.001, n = 20 for
each group). Taken together, the AAV9 miR-25 TuD transfer
conferred a survival benefit to mdx/utrn (+/�) mice compared with
control mice.

AAV9miR-25 TuD restores Ca2+ regulating proteins and reduces

cardiac stress markers

The expression of Ca2+-regulating proteins was examined in response
to systemic AAV9 miR-25 TuD delivery. Western blot analysis re-
vealed a significant restoration of SERCA2a expression after intrave-
nous AAV9 miR-25 TuD transfer in aged mdx/utrn (+/�) mice. The
proportion of p-PLN/PLN was significantly decreased in mdx/utrn
(+/�) mice that received the AAV9 control compared with WT
mice (Figure 3A, p < 0.005). The p-PLN/PLN ratio increased signifi-
cantly with AAV9 miR-25 TuD transfer (Figure 3A, p < 0.005). No
statistically significant differences in ryanodine receptor (RyR) or so-
dium/potassium exchanger (NCX) expression levels were observed
between the WT, mdx/utrn (+/�) AAV control, and mdx/utrn
(+/�) AAVmiR-25 TuD-treated mice (Figure 3A). Furthermore, car-
diac stress markers atrial natriuretic factor (ANF), brain natriuretic
peptide (BNP), a-skeletal a-actin (a-SKA), and beta-myosin heavy
chain (b-MHC) were also substantially downregulated by AAV9
miR-25 TuD transfer compared with AAV9 control mice (all
p < 0.05, Figure 3B).

AAV9 miR-25 TuD inhibits cardiac mitogen-activated protein

kinase signaling

To determine the effect of miR-25 inhibition on cardiac remodeling,
several mitogen-activated protein kinase (MAPK) biomarkers were
measured using western blot analysis. These include extracellular
signal-related kinase (ERK), c-Jun NH2-terminal kinase (JNK), and
p38 kinase. We found that aged mdx/utrn (+/�) mice treated with
AAV9 control had significantly increased expression levels of p-
ERK/ERK (p < 0.005), p-JNK/JNK (p < 0.005), and p-p38/p38
(p < 0.05) compared with WT, which were significantly normalized
following AAV9 miR-25 TuD transfer (Figure 4A). Taken together,
AAV9 miR-25 TuD transfer resulted in a significant inhibition of
MAPK signaling compared with the control.

AAV9 miR-25 TuD transfer inhibits pro-apoptotic signaling

pathways

Next, we examined the expression levels of apoptotic biomarkers us-
ing western blotting to determine the response to miR-25 inhibition.
B cell lymphoma 2 (Bcl-2) expression, a cell-survival signal, was
significantly decreased in mdx/utrn (+/�) mice that received AAV9
control (p < 0.05). Conversely, Bcl-2 expression was significantly
increased in mdx/utrn (+/�) mice that received AAV9 miR-25
TuD (Figure 4B, p < 0.005). Bcl-2-associated X (BAX) and cleaved
caspase-3 expression, both apoptotic signaling proteins, were shown
to be increased in mdx/utrn (+/�) mice that received AAV control
when compared with WT mice (Figure 4B, p < 0.05 and p < 0.005,
respectively), but were both significantly reduced in mdx/utrn
(+/�) mice that received AAV9 miR-25 TuD transfer (Figure 4B,
p < 0.05). Furthermore, we isolated cardiac myocytes and non-myo-
cytes (predominantly fibroblasts) using the Langendorff perfusion
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Figure 1. miR-25 is significantly upregulated in DMD animal models and cardiac function is compromised in aged mdx/utrn (+/–) KO mice

(A) Western blots were performed against SERCA2a, p-PLN, PLN, and GAPDH in the GRMD canine DMDmodel, kindly provided by Dr. Dongsheng Duan from the University

of Missouri. (B) Expression levels of miR-25 were assessed using qRT-PCR analysis. Data are presented as mean ± SD (n = 2 for each group). (C) Western blots were

conducted against SERCA2a, p-PLN, PLN, and GAPDH in themdx/utrn haploinsufficient DMD mouse model (n = 3 for each group). (D) In addition, qRT-PCR analysis was

used tomeasuremRNA levels of pre-miR-25, andmature miR-25 (n = 3 for each group). (E) The figure displaysWT,mdx/utrn haploinsufficient (+/�), andmdx/utrn double KO

(�/�) mouse models, with body weight measured at 2 months of age (F) due to high mortality of dko mice. Cardiac function was assessed in the mdx/utrn (+/�) hap-

loinsufficient model using echocardiography over a 1-year period. Fractional shortening was used to represent cardiac function (G). For (F) and (G), n = 15 for each group. In

the western blot analysis, 15 mg of proteins was loaded into each well. Data are presented as mean ± SD. *p < 0.05, **p < 0.005.
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system to characterize whether the inhibition of pro-apoptotic
signaling by AAV9 miR-25 TuD delivery is cell-type specific. As
shown in Figure S1, both cell types were commonly inhibited by
AAV9 miR-25 TuD transfer. Western blotting results were also
confirmed by TUNEL staining of tissue-sectioned specimens (Fig-
ure S2). These findings indicated that miR-25 inhibition protects car-
diomyocytes from apoptosis by normalizing Ca2+ signaling via
SERCA2a expression.
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Intravenous AAV9 miR-25 TuD transfer decreased cardiac

muscle fibrosis in aged mdx/utrn (+/–) mice

Histological analyses were performed on frozen cardiac muscle sec-
tions from aged mdx/utrn (+/�) mice that had received either
AAV9 miR-25 TuD or AAV9 Control delivery. Hematoxylin and
eosin (H&E) staining of ventricular cardiac muscle from mdx/utrn
(+/�) AAV9 control mice showed areas of interstitial fibrosis with
a greater distance between myocytes, necrotic myofibers with



Figure 2. AAV9 miR-25 TuD transfer improved cardiac function in aged mdx/utrn (+/–) mice

(A) Cardiomyocytes isolated from WT, AAV9 control treated mdx/utrn (+/�), and AAV9 miR-25 TuD-treated mdx/utrn (+/�) mice were assessed for Ca2+ amplitude, Tau,

peak shortening, andmaximal rate of contraction and relaxation. AAV9miR-25 TuD treatment demonstrated enhanced cardiomyocyte Ca2+ handling and contractility (n = 30

for each group). (B) Echocardiograms of WT, AAV9 control treated mdx/utrn (+/�), and AAV9 miR-25 TuD-treated mdx/utrn (+/�) mice were performed after 8 weeks.

Notably, AAV9 miR-25 TuD transfer led to a significant improvement in cardiac fractional shortening (n = 15 for each group). (C) Invasive hemodynamic measurements,

including ESPVR, and responses to dobutamine through Pmax, Pdt, and HR were assessed in WT, AAV9 control treated mdx/utrn (+/�), and AAV9 miR-25 TuD-treated

mdx/utrn (+/�) mice. AAV9 miR-25 TuD transfer resulted in a substantial improvement in chronotropic and inotropic competency (n = 5 for each group). (D) Survival analysis

of WT, AAV9 control treatedmdx/utrn (+/�), and AAV9miR-25 TuD-treatedmdx/utrn (+/�) mice demonstrated a significantly enhanced survival rate formdx/utrn (+/�) mice

(n = 20 for each group). For (A)–(D), the data are presented as mean ± SD. *p < 0.05, **p < 0.005, ***p < 0.001.
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mononuclear infiltrates, and widespread cellular hypertrophy (Fig-
ure 5A). H&E staining of ventricular cardiac muscle from aged
mdx/utrn (+/�) mice that received AAV9 miR-25 TuD transfer
showed a more organized structure with appreciably less interstitial
fibrosis, and myocyte sizes similar to those found in WT mice (Fig-
ure 5C, p < 0.05). The effectiveness of AAV9 miR-25 TuD treatment
was supported by picrosirius red staining, revealing significantly
reduced interstitial collagen deposition compared with the control
group. In contrast, the control mice exhibited considerable interstitial
fibrosis, as indicated by noticeably larger areas of picrosirius red stain-
ing (Figure 5B). Quantitative analysis using ImageJ software
confirmed a 70% increase in fibrosis among mdx/utrn (+/�) control
mice compared with WT mice (Figure 5D, p < 0.005). In contrast,
mdx/utrn (+/�) mice that received AAV9miR-25 TuD demonstrated
a 40% reduction in fibrosis compared with the controls (Figure 5D,
p < 0.005). In addition, we analyzed the ultrastructural phenotype
of ventricular cardiomyocytes using transmission electron micro-
scopy. As shown in Figure 5E, mdx/utrn (+/�) mice showed greater
intracellular disorganization and ultrastructural deterioration
compared with WT mice, while AAV miR-25 TuD treatment
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 5

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
demonstrated a degree of cardiomyocyte ultrastructure restoration
and, overall, less intracellular disorganization compared with the
control.

Smad7 is identified as an essential target of miR-25 in cardiac

fibrosis

Given our observed reduction in cardiac fibrosis by AAV9 miR-25
TuD gene transfer, we hypothesized that fibrosis-regulating molecule
can be a direct target of miR-25. Therefore, we utilized three miRNA
target gene prediction software packages: Target Scan 7.0, miRDB,
and PicTar to identify direct targets of miR-25 with respect to fibrosis.
As a result, we identified 126 genes predicted to be potential targets of
miR-25. We performed additional validation among these targets us-
ing Harmonizome 3.0 to confirm their functional relevance. We
finally selected four putative candidates: ADM, SERCA2a, DSC2,
and Smad7 (Figure 6A). Among these four candidates, Smad7 was
of particular interest because it is an endogenous inhibitor of the
TGF-b signaling pathway that is associated with fibrosis in diverse or-
gans.38–42 In addition, we found that Smad7 has a putative binding
site between 1314 and 1337 in the 30untranslated region (30UTR)
with miR-25. Using a luciferase-Smad7-30UTR reporter assay system,
we validated that miR-25 significantly repressed the luciferase activity
in a dose-dependent manner. This inhibitory effect was completely
abolished when a putative binding site of miR-25 was deleted in the
Smad7-30UTR region (Figures 6A and 6B, p < 0.005).

Moreover, AAV9-mediated miR-25 overexpression reduced Smad7
and SERCA2a expression in WT mouse hearts (Figure 6C). Based
on this finding, we characterized the effect of miR-25 TuD, with or
without Smad7 expression using a Lenti-shSmad7 viral vector (Fig-
ure 6D). Consistent with previous data, the antifibrotic effect of
miR-25 inhibition was significantly reduced in the absence of
Smad7 expression (Figure 6E). Further histological analysis with
Masson’s trichrome staining confirmed that cardiac fibrosis was
more prominent without Smad7 expression, even after AAV9 miR-
25 TuD delivery (Figure 6F). Collectively, these data further validate
that Smad7 is a direct target of miR-25.

AAV9 miR-25 TuD reduces fibrosis by inhibiting TGF-b signaling

pathways through restoring Smad7 expression

Based on previous results, we first measured the expression level of
Smad7 in the animal models of DMD and found that its expression
was a dramatically downregulated expression profile in both the
canine and mouse models (Figure 7A [n = 2] and C, p < 0.005).
Following AAV9 miR-25 TuD treatment in the mdx/utrn (+/�)
mice, pre- and mature miR-25 expression levels were quantified,
and both forms of miR-25 were markedly downregulated (Figure 7B,
p < 0.05). Moreover, systemic AAV9 miR-25 TuD delivery in the
mouse model significantly restored Smad7 protein expression (Fig-
ure 7C, p < 0.005). Smad2 activation (phosphorylation) was also eval-
uated since it is a critical pro-fibrotic molecule in TGF-b signaling. As
shown in Figure S3, Smad2 phosphorylation was substantially
reduced by AAV9 miR-25 TuD transfer. Subsequently, other specific
fibrotic markers such as fibronectin, galectin-3, and TGF-b1 were also
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measured by qRT-PCR and showed significant suppression by AAV9
miR-25 TuD treatment (Figure 7D, p < 0.005). Additionally, several
key inflammation markers were also characterized following AAV9
miR-25 TuD transfer using qRT-PCR analysis. We found that pro-in-
flammatory cytokines such as interleukin (IL)-1b and IL16 were
significantly downregulated, while anti-inflammatory cytokines
such as IL-4 and IL-10 were substantially increased by AAV9 miR-
25 TuD transfer (Figure S4).

Taken together, a marked reduction in pro-fibrotic and pro-inflam-
matory markers was observed in mdx/utrn (+/�) mice treated with
AAV9 miR-25 TuD, which is thought to result from restoring
Smad7 expression.

Direct intramuscular injection of AAV9 miR-25 TuD improves

skeletal muscle performance

Given the prominence of skeletal muscle fibrosis in DMD,43–46 we
sought to evaluate the effect of AAV9 miR-25 TuD gene transfer
in skeletal muscle. Although the AAV9 serotype shows the highest
tropism for cardiac tissue, it has also been shown to infect skeletal
muscle.47–49 To evaluate this further, we quantified the amount of
AAV9 viral particle delivered in both cardiac and skeletal muscle
following systemic intravascular delivery. As shown in Figure S5,
we found that AAV9 is approximately four times more concentrated
in cardiac muscle compared with skeletal muscle following injec-
tion. Given these findings that systemic delivery using the AAV9
vector showed lower transduction efficiency in skeletal muscles,
we administered a single intramuscular injection of AAV9 control
as well as AAV9 miR-25 TuD (1E11 vg/mouse) into the quadriceps
on both hind legs of mdx/utrn (+/�) mice. Prior to further evalu-
ating skeletal muscle function, we conducted an analysis of AAV9
GFP biodistribution through western blot analysis and viral copy
number measurement. Dissecting five different muscles (quadri-
ceps, tibialis anterior, gastrocnemius, soleus, extensor digitorum
longus) and four major organs (hearts, lungs, livers, and kidneys)
from those mice, we confirmed that AAV transduction is predomi-
nantly localized to muscles surrounding the needle tract at the injec-
tion site, with minimal expression in other leg muscles (Figure S6).
This observation is consistent with previous reports.50–54 Although
some expression was noted in the lungs and liver, the impact on car-
diac and skeletal function was minimal with intramuscular
injection.

To carry out a non-bias functional evaluation of skeletal muscle, we
performed a treadmill exhaustion test using a four-lane rodent tread-
mill (AccuPacer Treadmill, Omnitech Electronics, Columbus, OH,
USA). As shown in Figure 8A, AAV9 miR-25 TuD-injected mice
showed a 60% increase in the total running distance compared with
AAV9 control-injected mice. Subsequent H&E and picrosirius red
staining of skeletal muscle from aged mdx/utrn (+/�) mice that
received the AAV9 control showed much larger areas of interstitial
fibrosis and more necrotic myofibers with mononuclear infiltrates
compared with that of WT mice, and which was reduced by AAV9
miR-25 TuD delivery (Figure 8B, n = 8 for each group). In addition,



Figure 3. AAV9 miR-25 TuD restores Ca2+ regulating proteins and reduces cardiac hypertrophic markers

(A) The expression levels of SERCA2a, phospholamban phosphorylation, RyR, and NCX were analyzed using western blotting in WT, AAV9 control treated mdx/utrn (+/�),

and AAV9 miR-25 TuD mice. Compared with WT, SERCA2a, and phospholamban phosphorylation levels were significantly downregulated in the AAV9 control group, while

both levels exhibited a significant increase with miR-25 decoy transfer. No statistically significant changes were observed in RyR and NCX expression levels (n = 5 for each

group). (B) The expression levels of a-SKA, ANF, BNP, and b-MHC were analyzed using qRT-PCR in WT, AAV9 control treatedmdx/utrn (+/�), and AAV9 miR-25 TuD mice

(n = 5 for each group). In the western blot analysis, 20 mg of proteins was loaded into each well. For (A) and (B), the data are presented as mean ± SD. *p < 0.05, **p < 0.005.
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we analyzed the ultrastructural phenotype of skeletal muscle using
transmission electron microscopy after IM injection (Figure 8C). As
shown in Figure 8C, mdx/utrn (+/�) mice showed severe myofiber
disorganization compared with WT mice. However, AAV9 miR-25
TuD IM treatment resulted in a more organized skeletal muscle ultra-
structure compared with the control.
Using these skeletal muscle samples, we analyzed TGF-b and inflam-
matory signaling pathways by western blot and qRT-PCR analysis. As
shown in Figure 8D, pro-fibrotic signaling molecules, such as TGF-b
and p-Smad2, were downregulated by AAV9 miR-25 TuD delivery,
whereas inhibitory Smad7 was upregulated. Fibrotic markers such
as vimentin, fibronectin, gelsolin, and a -SMA were also reduced.
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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Figure 4. AAV9 miR-25 TuD inhibits cardiac MAPK signaling and pro-apoptotic pathways

(A) The expression levels of MAPK proteins were analyzed by western blotting in WT, AAV9 control treatedmdx/utrn (+/�), and AAV9 miR-25 TuD mice using the indicated

antibodies (n = 5 for each group). (B) The expression levels of apoptosis-related proteins were analyzed by western blotting in WT, AAV9 control treatedmdx/utrn (+/�), and

AAV9miR-25 TuDmice using the indicated antibodies (n = 5 for each group). In the western blot analysis, 25 mg of proteins was loaded into each well. For (A) and (B), the data

are presented as mean ± SD. *p < 0.05, **p < 0.005.

(legend continued on next page)
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Figure 5. Systemic AAV9 miR-25 TuD transfer decreased cardiac muscle fibrosis in aged mdx/utrn (+/–) mice

Histological analysis was conducted on frozen sections of cardiac muscles obtained from WT, AAV9 control, and AAV9 miR-25 TuD-treated mdx/utrn (+/�) mice. (A)

Representative images of hematoxylin and eosin (H&E) staining depict cardiac muscles fromWT, AAV9 control, or AAV9miR-25 TuD-treatedmdx/utrn (+/�) mice. The scale

bar indicates 100 mm. (B) Representative images of picrosirius red staining illustrate cardiac muscles from WT, AAV9 control, or AAV9 miR-25 TuD-treated mdx/utrn (+/�)

mice. The scale bar indicates 100 mm. (C) Quantification of cardiomyocyte size was performed based on H&E staining. (D) Cardiac fibrosis was quantified using picrosirius red

staining. (E) Ultrastructural images were obtained using transmission electron microscopy. In the western blot analysis, 15 mg of proteins was loaded into each well. For (C),

data are presented as mean ± SD. *p < 0.05, **p < 0.005 (n = 3 for each group).
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Furthermore, both pre- and mature miR-25 expression was success-
fully reduced by AAV9miR-25 TuD delivery in skeletal muscles (Fig-
ure 8E). Subsequently, pro-inflammatory cytokines such as IL-1b, 6,
but not 12 were significantly downregulated, while anti-inflammatory
cytokines such as IL-4, 10, and 13 were substantially increased by
AAV9 miR-25 TuD treatment compared with the AAV9 control
delivered group. (Figures 8F and 8G).

Taken together, AAV9 miR-25 TuD abrogated cardiac dysfunction
and fibrosis by upregulating SERCA2a and Smad7 expression. More-
over, direct intramuscular injection of AAV9 miR-25 TuD amelio-
rated muscular disorganization by inhibiting pro-fibrotic and pro-in-
flammatory signaling pathways via Smad7 expression in the skeletal
muscle, improving muscle performance.

DISCUSSION
DMD has long been considered an attractive target for gene therapy.
With packing constraints of 4.7 kb, the AAV vector is incapable of car-
rying a full-length replacement dystrophin transgene. AAV9micrody-
strophin transfer has previously proven ineffective at reducing
myocardial fibrosis nor did it improve cardiac function in aged mdx
mice (>21 months of age) with established dilated cardiomyopathy,
suggesting that microdystrophin restoration alone is insufficient to
ameliorate established DMD-related cardiac dysfunction.55 Both
anti-oligonucleotide chemistries and readthrough compounds are un-
able to produce strong cardiac transduction, mostly because of high
plasma clearance rates. These therapies are also limited by renal and
hepatic toxicities.56 Therefore, the treatment for dystrophic cardiomy-
opathy is currently limited to pharmacotherapy used for conventional
heart failure with variable results.56 At present, no specific therapeutic
strategy exists to reverse the cardiac dysfunction observed in DMD.

Previously, our group successfully generated a TuD RNA inhibitor of
miR-25 and combined it with an AAV9 vector system to achieve high
cardiac specificity and long-term transgene expression. When the
AAV9 miR-25 TuD vector was administered to a pressure over-
load-induced heart failure model, we were able to demonstrate an
amelioration of cardiac dysfunction and tissue fibrosis.57

Given that a major pathological hallmark of DMD is aberrations in
intracellular Ca2+ cycling, together with SERCA2a expression being
significantly reduced in multiple DMD mouse models,58–60 we hy-
pothesized that TuD miR-25 inhibition might rescue DMD-induced
cardiomyopathy.

In this respect, we first evaluated the miR-25 expression level in both
canine (GRMD) and mdx/utrn (+/�) haploinsufficiency mouse
models and showed a significant upregulation of miR-25 in both
models. Basal characteristic analysis showed that cardiac dysfunction
in mdx/utrn (+/�) mice could be observed as early as 6 months after
birth, and established cardiac fibrosis was observed after 9 months
(Figure 1G). Therefore, we decided to perform the therapeutic deliv-
ery of AAV9 miR-25 TuD in aged mice (>9 months old).

With reference to cardiac function, we were able to demonstrate that
aged mdx/utrn (+/�) mice treated with AAV9 miR-25 TuD transfer
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 9
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Figure 6. Smad7 is identified as an essential target of miR-25 in cardiac fibrosis

(A) The alignment results betweenmiR-25 and Smad7 30-UTR provide insights into the specific binding locations within the genome sequence. (B) Luciferase reporter activity

was measured using Smad7 30UTR in a dose-dependent manner with miR-25 mimic. Additionally, a deletion mutation in the miR-25 binding site of Smad7 30UTR was

applied to validate the luciferase activity. Protein levels of SERCA2a and Smad7 were examined by western blot analysis after AAV9 pre-miR-25 delivery in WT mice (C), or

lentiviral shSmad7 vector delivery (D). (E) AAV9 miR-25 TuD was injected into mdx/utrn (+/�) mice, with or without the lentiviral shSmad7 vector, and protein levels of

SERCA2a and Smad7 were detected by western blot analysis. (F) Following euthanasia, mouse hearts were cryosectioned and subjected to Masson’s trichrome staining for

the evaluation of cardiac fibrosis. In the western blot analysis, 15 mg of proteins was loaded into each well. For (A)–(F), the data are presented as mean ± SD. *p < 0.05,

**p < 0.005 (n = 3 for each group).
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demonstrated improved cardiomyocyte contractility and Ca2+ tran-
sient when compared with AAV9 control (Figure 2A). This was vali-
dated further with an improved average left ventricular FS (Figure 2B),
as well as improvements in invasive hemodynamic parameters
together with enhanced chronotropic and inotropic responses to do-
butamine-induced stress (Figure 2D).

Furthermore, multiple miRNA target prediction software identified
four targets of miR-25 with the most functional relevance to heart
contraction. One of the most potent targets with the highest scores
was Smad7. Interestingly, Smad7 is a well-characterized anti-fibrotic
10 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
molecule in the TGF-b signaling pathway, and genetic disruption of
Smad7 impairs skeletal muscle growth and regeneration.34 Since
SERCA2a and Smad7 both play roles in several pathogenic mecha-
nisms related to dystrophic cardiomyopathy and are negatively
regulated by miR-25, we rationalized that the effective inhibition of
miR-25 would have a beneficial effect on both cardiac and skeletal
functions in this DMD mouse model.

Our results showed that the combination of AAV9miR-25 TuDwas a
potent suppressor of cardiac and skeletal miR-25 levels, as determined
by qRT-PCR (Figures 7B and 8E). This was also correlated with a



Figure 7. AAV9 miR-25 TuD reduces fibrosis by

inhibiting TGF-b signaling pathways by restoring

Smad7 expression

Western blotting was performed to evaluate the expres-

sion of Smad7 and GAPDH in the canine (GRMD) models

(A), with n = 2 for each group. Similarly, in the mdx/utrn

(+/�) mouse models, western blot analysis was

conducted to assess Smad7 and GAPDH expression

(B), with n = 5 for each group. (C) The expression levels

of pre- and mature miR-25 were quantified using qRT-

PCR in mdx/utrn (+/�) mice treated with AAV9 control

or AAV9 miR-25 TuD, with n = 5 for each group. (D)

Furthermore, qRT-PCR analysis was employed to

analyze the mRNA expression levels of fibrosis markers,

such as fibronectin, galectin-3, and TGF-b1, in

comparison with the WT group. In the western blot

analysis, 20 mg of proteins was loaded into each well.

For (A)–(D), the data represent the mean ± SD.

*p < 0.05, **p < 0.005, ***p < 0.001.
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subsequent increase in total SERCA2a and Smad7 expression levels
(Figures 3A, 7C, and 8D).

Much of the DMD phenotype is due to the replacement of healthy
myocytes with fibrotic material in both cardiac and skeletal muscles.
First, we found that mdx/utrn (+/�) mice treated with AAV9 miR-
25 TuD transfer had restored cardiac Smad7 expression, together
with a significant reduction in the mRNA expression levels of
pro-fibrotic biomarkers such as fibronectin, galectin-3, and TGF-
b1 (Figure 7D, p < 0.005). This was confirmed histologically by a
visible reduction in interstitial cardiac fibrosis and fewer areas of ne-
crosis seen in sections from mdx/utrn (+/�) mice that received
AAV9 miR-25 TuD transfer compared with the AAV9 control
(Figure 5A).

The vulnerability of dystrophin-deficient muscle fibers to mechanical
stress has been shown to stimulate MAPK pathways and catalyze pro-
gression to cardiac hypertrophy.61 Compared with WT mice, we
found increased expression of MAPK biomarkers in mdx/utrn
(+/�) control mice, which correlates with previous work.62,63 Impres-
sively, AAV9 miR-25 TuD transfer resulted in significant reductions
in p-ERK/ERK (p < 0.005), p-JNK/JNK (p < 0.005), and p-p38/p38
(p < 0.005) compared with the control (Figure 4A). This was further
validated by the finding that AAV9 miR-25 TuD transfer resulted in
Molecular
the reduced expression of both pro-apoptotic
and cardiac stress markers (Figure 3B). Further-
more, we observed significantly lower levels of
BCL-2 expression in mdx/utrn (+/�) control
mice than in WT mice (p < 0.05). This signifi-
cantly increased after AAV9 miR-25 TuD treat-
ment (Figure 4B, p < 0.005). Conversely, both
BAX and cleaved caspase-3 were significantly
elevated in the AAV9 control arm compared
withWTmice (p < 0.05, p < 0.005, respectively);
however, both were significantly reduced in response to AAV9 miR-
25 TuD transfer (Figure 4B, p < 0.05).

In our routine characterization of target protein expression in disease-
related in vitro and in vivo models through western blot analysis, the
careful selection of a stable protein loading control is essential for ac-
curate evaluation. Despite reports suggesting potential variations in
the expression levels of common internal loading controls like actin
and tubulin under specific disease conditions,64 we confirmed the sta-
bility of these housekeeping proteins in our model, both with and
without AAV9 delivery (Figure S7).

Moreover, a significant limitation of AAV therapy is the off-target
expression of the target gene.65,66 To address this concern, various
groups have explored novel approaches, such as employing tissue-
specific promoters or capsid engineering methods.67–69 However,
these strategies often exhibit reduced transduction efficiency in prac-
tical applications.70,71 In this respect, we utilized an AAV vector con-
taining the typical CMV promoter in our study. Nevertheless, for
enhanced clinical applications, there is a need to develop a novel
AAV vector with minimal off-target expression.

In summary, we believe that our findings reflect a significant cardio-
myocyte survival benefit and protection from pathological cardiac
Therapy: Nucleic Acids Vol. 35 June 2024 11
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Figure 8. Direct intramuscular injection of AAV9 miR-25 TuD improves muscle performance

(A) The treadmill exhaustion test involved calculating the average running distance on the treadmill during the exercise program. The bars represent the mean values for each

group, with error bars indicating the standard deviation (n = 8 for each group). (B) Representative histological images with H&E and picrosirius red staining depict

(legend continued on next page)
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remodeling due to the strong inhibition of miR-25 as the restoration
of SERCA2a plays a critical role in improving Ca2+ handling and con-
tractile properties. Additionally, the increase in Smad7 expression due
to miR-25 inhibition appears to abrogate the development of skeletal
fibrosis through impeding TGF-b signaling pathways. To evaluate the
effect of miR-25 inhibition in skeletal muscles, an additional direct
intramuscular injection was administered because systemic delivery
using the AAV9 vector showed minimal transduction efficiency in
skeletal muscles owing to the cardiotropic nature of AAV9. As shown
in Figure 8A, the AAV9 miR-25 TuD-transfected group showed
significantly enhanced running performance in the treadmill exhaus-
tion test. This was confirmed histologically by a visible reduction in
skeletal muscle fibrosis and disorganization of myofibrils. Moreover,
fewer areas of necrosis were observed in sections from mdx/utrn
(+/�) mice that received the AAV9 miR-25 TuD transfer compared
with the AAV9 control. Additional molecular pro-fibrotic markers
confirmed that AAV9 miR-25 TuD delivery ameliorated tissue
fibrosis and inhibited TGF-b signaling through the restoration of
Smad7 expression (Figure 8D).

In an era of a rapidly expanding appreciation of epigenetics, miRNA
inhibition has proven to be an increasingly influential method for
gene modulation.71 Our study extends the current understanding in
this area by highlighting the influence of miR-25 on dystrophic cardiac
dysfunction. This study also successfully demonstrated gene transfer
in a DMDmodel through the refined union of a proficient miRNA in-
hibitor and a highly cardiotropic viral vector to maximize the effi-
ciency and duration of transgene expression. We believe this demon-
stration has broader implications, as numerous cardiac miRNA targets
have been identified and linked with pathological processes; however,
to date, they have largely been studied using chemically modified
oligonucleotide inhibitors.71–75 With much of the focus of DMD
gene therapy currently directed toward dystrophin restoration, our
study provides additional insights into the utility of miRNA modula-
tion as a potential therapeutic adjunct that specifically targets the car-
diac and skeletal muscle dysfunction seen in dystrophic disease.

MATERIALS AND METHODS
Animal care

All procedures were approved by and performed in accordance with
the Institutional Animal Care andUse Committee of the Icahn School
of Medicine at Mount Sinai (Animal protocol NO.: IACUC-2017-
0431 and IACUC-2019-0027). This study conformed to the Guide
for the Care and Use of Laboratory Animals published by the US Na-
tional Institutes of Health (NIH Publication Nos. 85–23, revised
1996). C57BL/10ScSn (Dmdmdx/Utrntm1Jrs) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). Furthermore,
mononuclear infiltrates and tissue fibrosis. The scale bar indicates 100 mm. (C) Ultrast

sentative western blot images evaluating markers such as SERCA2a for cardiac calc

Smad2/3, and Smad7 for TGF-b signaling molecules, and a-SMA for myofibroblast (n =

after gene transfer (n = 5 for each group). The mRNA expressions for (F) anti-inflammator

skeletal muscles (n = 5 for each group). In the western blot analysis, 20 mg of proteins wa

**p < 0.005, ***p < 0.001.
to ensure an authentic dystrophic cardiomyopathy model, only aged
mdx/utrn (+/�) mice (R9 months) were included in our study.

AAV9 and lentiviral vector production

Self-complementary adeno-associated virus (AAV, serotype 9) con-
structs were generated using the pds-AAV2-EGFP vector and the
optimal TuD sequence against human miRNA-25, which was kindly
donated by Dr. Brian Brown, Professor of Genetics at the Icahn
School of Medicine, Mount Sinai. The specificity of the miR-25
TuD was determined through a pMirTarget vector containing
Smad7 30UTR under luciferase (Origene, MD, USA). The eGFP
sequence was removed from the AAV construct due to viral pack-
aging constraints, and recombinant AAV was produced by transfect-
ing 293 T cells as described previously.33 AAV particles in the cell cul-
ture media were collected by precipitation with ammonium sulfate
and purified by ultracentrifugation on an iodixanol gradient. Using
a centrifugal concentrator, the particles were then concentrated by
exchanging iodixanol with lactated Ringer’s solution in multiple dilu-
tion and concentration steps. The AAV titer was determined by quan-
titative real-time PCR and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and AAV9 GFP was used as a control. In the cardiac
study, 1E11vg of AAV9 was administrated intravenously via tail vein.
In the skeletal muscle function analysis, an equivalent amount of
AAV9 was intramuscularly injected into the quadricep of both legs.
To inhibit Smad7 in vitro and in vivo, a shLentivirus against Smad7
was purchased from OriGene (Cat No. TL514317V; MD, USA).

Transthoracic echocardiography and in vivo hemodynamics

Mice were anesthetized by intraperitoneal injection of ketamine
(100 mg/g). Two-dimensional images and M-mode tracings were re-
corded in the short axis at the left ventricular papillary muscle level
using a 15.0 MHz transducer to determine the percentage of FS and
ventricular dimensions (GE Vivid 7 Vision; GE Healthcare, Chicago,
IL, USA). To improve experimental precision, the same technician
performed an ECHO examination throughout the experimental
period. Furthermore, a minimum HR of 550 beats per min was
required to improve the experimental accuracy to include structural
and functional measurements to minimize bradycardia-related un-
derestimations of cardiac function. Measurements were performed
at least three times for each mouse, and the average of the measure-
ments was used.

In vivo hemodynamic analysis was performed using a 1.2-Fr pressure-
volume (PV) conductance catheter (Scisense, Ontario, Canada). Mice
were anesthetized by intraperitoneal injection of a mixture of ure-
thane (1 mg/g), etomidate (10 mg/g), and morphine (1 mg/g), and
were then intubated via a tracheotomy and mechanically ventilated
ructural images were obtained using transmission electron microscopy. (D) Repre-

ium pump, vimentin, fibronectin, and gelsolin for fibrosis, TGF-b1, p-Smad2, total

3 for each group). (E) Pre- and mature forms of miR-25 were measured before and

y and (G) pro-inflammatory cytokines were measured using the qRT-PCRmethod in

s loaded into each well. For (A)–(G), the data are presented as mean ± SD. *p < 0.05,
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at a tidal volume of 7 mL/g and 125 respirations/min. The PV catheter
was placed in the left ventricle via an apical stab approach as previ-
ously described.76 The pressure-volume data were analyzed using
IOX2 software (EMKA Technologies, Paris, France). Moreover, a car-
diac stress challenge was performed by infusing dobutamine at
increasing strengths of 1 mg/mL, 10 mg/mL, 100 mg/mL, and 1 mg/
mL, each mixed with normal 0.9% saline and delivered via a central
venous catheter inserted into the right jugular vein with 10-min
wash-out periods between infusions allowing for hemodynamic pa-
rameters to normalize.
Histological examination of cardiac and skeletal muscle tissues

Mouse heart tissues were cryopreserved with an optimum cutting
temperature compound (Tissue-Tek O.C.T. Compound; Sakura, Tor-
rance, CA, USA) and sectioned into 6-mm-thick slices. To measure
cell size, a hematoxylin/eosin (H&E) staining kit (9990001; Fisher Sci-
entific, Hampton, NH, USA) was used to stain the sectioned hearts.
The cells were stained pink, and the nuclei were blue. The cross-
sectional area was imaged using light microscopy (E400; Nikon, To-
kyo, Japan) and analyzed using ImageJ software (NIH) at�40magni-
fication. Aminimum of 150 cardiomyocytes were measured per heart.
To measure the fibrotic areas, a Masson trichrome staining kit
(ab150686; Abcam, Trumpington, Cambridge, UK) was used to stain
the sectioned hearts. The fibrotic area was stained blue, and the
normal tissue was stained red. Finally, the fibrotic area was calculated
as the ratio of the total area of fibrosis to the total area of the section
using ImageJ software.
Adult primary cardiomyocytes isolation

Cardiomyocytes were isolated from either C57/BL6 WT mouse or
mdx/utrn (+/�) haploinsufficient mouse hearts, as previously
described,77 with minor modifications. Male mice of 9–12 months
of age were included in this study. Briefly, after heparin (50 U) injec-
tion, animals were anesthetized with intraperitoneal ketamine
(100 mg/g). The heart was quickly removed from the chest, and the
aorta was retrogradely perfused at 37�C for 3 min with calcium-free
Tyrode buffer (137 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES [pH 7.4], 10 mM 2, 3-butanedione monox-
ime, and 5 mM taurine) gassed with 100% O2. Subsequently, enzy-
matic digestion was initiated by adding type B collagenase (300 U/
mL; Worthington, Lakewood, NJ, USA) and hyaluronidase (0.1 mg/
mL; Worthington, Lakewood, NJ, USA) to the perfusion solution.
When the heart became swollen after 10 min of digestion, the left
ventricle was quickly removed, cut into several sections, and further
digested in a shaker (60–70 rpm) for 10 min at 37�C in the same
enzyme solution. The cell suspension was filtered through a cell
strainer (100 mmpore size; BD Falcon, Glendale, AZ, USA) and gently
centrifuged at 500 rpm for 1 min. Extracellular Ca2+ was added back
to a concentration of 1.25 mM over 30 min to avoid the Ca2+ paradox.
This procedure usually yields approximately 80% of viable rod-
shaped ventricular myocytes with clear sarcomere striations. Finally,
isolated cardiomyocytes were plated onto a laminin-coated plate and
cultured in modified Eagle’s medium with Hanks’ balanced salt solu-
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tion supplemented with 2 mM L-carnitine, 5 mM creatine, 5 mM
taurine, and 100 IU/mL penicillin.
Ca2+ transient and contractility measurement

Cardiomyocytes were isolated as described in the myocyte isolation
method section. Furthermore, isolated cardiomyocytes were plated
on laminin-coated coverslips and stabilized for 2 h, and the mechan-
ical properties of ventricular myocytes were assessed using a video-
based edge detection system (IonOptix, Westwood, MA, USA). Car-
diomyocytes were stimulated to contract at a frequency of 1 Hz.
Changes in sarcomere length were captured and analyzed using
soft-edge software (IonWizard, MA, USA). To detect intracellular
Ca2+ changes, cardiomyocytes were loaded with 0.5 mmol/L Fura2-
AM (Life Technologies, Carlsbad, CA, USA), a Ca2+-sensitive indica-
tor, for 10 min at 37�C. Fluorescence emissions were simultaneously
recorded using an IonOptix with contractility measurements.
Treadmill (exhaustion test)

Mouse treadmill exercises were performed as previously described.78

Briefly, 4 weeks after gene transfer, mdx/turn (+/�) mice were sub-
jected to a single exercise session on a rodent treadmill. Specifically,
the treadmill speed was initially set at 5 m/min, and the mice were
acclimated to this condition before running for 5 min at high speeds
to avoid injury and potential data artifacts. Subsequently, the tread-
mill speed was increased by 1 m/min every minute until the mice
were not able to return to the track despite the electric shock. The to-
tal running distance was calculated precisely for all speeds and
durations.
Western blot analysis

Membrane and tissue homogenates were prepared as previously
described.20 Proteins were resolved on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to PVDF mem-
branes (Millipore, Burlington, MA, USA). An equivalent amount of
protein samples was loaded into each well. Protein bands were de-
tected using standard laboratory protocols. The antibody raised
against SERCA2a was obtained from 21st Century Biochemicals. In
addition, transferred blots were blocked with 5% non-fat skim milk
and incubated with antibodies against phospholamban (PLN), p-
PLN (Badrilla, Leeds, UK), a-SMA (Sigma-Aldrich, Saint Louis,
MO, USA), fibronectin (Proteintech, Chicago, IL, USA), Vimentin,
Gelsolin, pSmad2, total Smad2/3, TGF-b 1 p-JUN, total-JUN, p-
ERK, total ERK1/2, p-38, total p-38, caspase3, GAPDH (Cell
Signaling, Danvers, MA, USA), Smad7, Bcl-2 (SCBT, Dallas, TX,
USA), BAX, NCX (abcam, Trumpington, Cambridge, UK), and
cTnT (Novus, Centennial, CO, USA) for 12–16 h at 4�C. The blots
were washed with Tris-buffered saline containing 0.1% Tween 20
(TBS-T), incubated with secondary antibodies conjugated to horse-
radish peroxidase (#31430; Thermo Fisher Scientific, Waltham,
MA, USA), and washed again. The band signal was developed using
a chemiluminescent solution (#WBKLS0500; Millipore, Burlington,
MA, USA). ImageJ plug-in software was used to quantify the western
blot results.
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Quantitative real-time PCR

Transcript levels were determined by real-time PCR using a
QuantiTect SYBR Green Real-Time PCR Kit (Qiagen, CA, USA). To-
tal RNA was isolated from the samples using the TRIzol reagent
(Gibco BRL, CA, USA) according to the manufacturer’s instructions.
Reverse transcription was performed at 50�C for 20 min, and cDNA
was amplified in 20-mL reaction volumes using 10 pmol of primers for
35 cycles: 94�C for 10 s, 57�C for 15 s, and 72�C for 5 s. 18S RNA was
used as an internal control to calculate the relative abundance of the
mRNAs. The qPCR primers used in this study are listed in Table S1.

In silico approach to identify miR-25 targets

To predict the targets of microRNA-25-3p (miR-25-3p), we retrieved
data from TargetScan (TargetScanHuman 7.0) miRDB (http://www.
mirdb.org/, accessed on 21 Mar 2021) and PicTar databases. Subse-
quently, we employed DAVID to classify the genes from each data-
base based on the disease classes. Next, we compared the target genes
identified in each database with the gene set list of cardiac contraction
genes in the Harmonizome3.0 database. Using Jvenn, we created a
Venn diagram to visualize overlapping genes.

Transmission electron microscopy

Cells and fractions (1 mm3) from fresh ventricles were pre-fixed in a
solution of 3% glutaraldehyde overnight at 4�C, post-fixed in 1%
osmium tetroxide (OsO4), dehydrated in an ascending series of alco-
hols, and embedded in an epoxy resin. Next, the ultrathin sections
were stained with uranyl acetate and lead citrate. Furthermore, sam-
ples were viewed under a transmission electron microscope (H-7650;
Hitachi, Tokyo, Japan), and images were taken at 5 K and 12 K
magnification.

Statistical analysis

Statistical analyses were conducted utilizing Student’s t test, with sig-
nificance denoted by a single asterisk (*) representing p < 0.05, a dou-
ble asterisk (**) indicating p < 0.005, or a triple asterisk (***) indi-
cating p < 0.001. Data are presented as mean ± SD.

Statistical significance was determined using a two-way ANOVA fol-
lowed by Tukey’s test. No adjustments were made for multiple com-
parisons across the variables tested.
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Data are available from the corresponding authors on reasonable
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