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MicroRNAs are promising therapeutic targets, because their
inhibition has the potential to normalize gene expression in
diseased states. Recently, our group found that miR-25 is a
key SERCA2a regulating microRNA, and we showed that mul-
tiple injections of antagomirs against miR-25 enhance cardiac
contractility and function through SERCA2a restoration in a
murine heart failure model. However, for clinical application,
a more stable suppressor of miR-25 would be desirable. Tough
Decoy (TuD) inhibitors are emerging as a highly effective
method for microRNA inhibition due to their resistance to en-
donucleolytic degradation, high miRNA binding affinity, and
efficient delivery. We generated a miR-25 TuD inhibitor and
subcloned it into a cardiotropic AAV9 vector to evaluate its ef-
ficacy. The AAV9 TuD showed selective inhibition of miR-25
in vitro cardiomyoblast culture. In vivo, AAV9-miR-25 TuD
delivered to the murine pressure-overload heart failure model
selectively decreased expression of miR-25, increased levels of
SERCA2a protein, and ameliorated cardiac dysfunction and
fibrosis. Our data indicate that miR-25 TuD is an effective
long-term suppressor of miR-25 and a promising therapeutic
candidate to treat heart failure.
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INTRODUCTION
Heart failure is the culmination of diverse cardiovascular diseases,
including hypertension, ischemic disease, atherosclerosis, valvular
insufficiency, myocarditis, and contractile protein mutations.1

Despite varying etiologies and manifestations, heart failure is
uniformly characterized by a progressive loss of contractile function
and reserve. The prevailing therapeutic strategy is to block the delete-
rious effects of the renin-angiotensin and sympathetic systems, but
existing drugs target few mechanisms within the failing cardiomyo-
cyte and there is a critical need for novel drugs, especially in patients
with advanced heart failure.2,3 A complex intracellular network
balances contractility and intracellular Ca2+ handling in relationship
to workload and has been extensively modeled and reviewed.4 How-
ever, the role of microRNAs (miRNAs) in these models remains
largely unexplored. miRNAs are a family of small, non-coding
RNAs that silence mRNA and regulate gene expression at the post-
transcriptional level.5,6 miRNAs evolved to fine-tune nearly all
normal and pathological processes examined by downregulating
proteins that occupy key nodal points.7,8 We reasoned that miRNAs
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that repress contractility might be upregulated during human heart
failure and might therefore constitute novel targets for therapeutic
intervention.

The calcium-transporting ATPase SERCA2a, also known as ATP2A2,
is the primary mechanism for Ca2+ uptake during excitation-contrac-
tion coupling in cardiomyocytes. Impaired Ca2+ uptake, resulting
from decreased expression and reduced activity of SERCA2a, is a hall-
mark of heart failure.9 Accordingly, restoration of SERCA2a by gene
transfer has proved effective in improving key parameters of heart
failure in animal models.10 Although gene therapy clinical trials of
AAV1.SERCA2a did not show beneficial effects in patients with heart
failure (due to very low transduction efficiency), SERCA2a remains
an important target.11 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.12 In the same study, miR-25 inhibi-
tion via an antisense oligonucleotide (AO) antagomir proved to halt
the progression of cardiac failure in mice that had undergone trans-
verse aortic constriction (TAC) surgery. This antagomir was delivered
systemically using nanoparticle technology, the major limitations of
which include poor tissue specificity, with a limited duration of effect
in the target organ. Therefore, the strong and stable suppression of
specific miRNA activity would be essential to evaluate the therapeutic
potential of such an approach. Numerous forms of antagomirs have
been trialed in the past with various chemical modifications to confer
increased nuclease resistance, higher binding affinity, improved
delivery efficiency, and modulation of renal clearance.13 Even with
improvements in these parameters, however, Haraguchi et al.14

proved that a more potent miRNA inhibition method exists. In their
2009 study, they tested various RNA decoy designs delivered via len-
tiviral vectors and established a precise configuration that achieved
the most efficient and specific miRNA suppression. They coined
this configuration Tough Decoy (TuD), which proved to possess
the optimal arrangement of stem length and miRNA binding sites
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Figure 1. miR-25 Tough Decoy Generation and

Evaluation

(A) miR-25 TuD was generated. (B) Single injection of

miR-25 antagomir over 8 weeks showed significantly

reduced relative mature miR-25 expression compared to

AAV9 miR-25 TuD. (C) Co-transfection of miR-25 TuD

with pre-miR-25 significantly abolished the restoration of

SERCA2a, and transfection of miR-25 TuD in H9c2

showed significantly attenuated miR-25 expression. All

data are represented as means ± SD (**p < 0.01,

***p < 0.005).
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with the linker sequence between.14 Proved to be superior to chemi-
cally modified oligonucleotides and Sponge Decoys, the TuD is the
most effective method of miRNA inhibition.15 When delivered
through a viral vector, TuD confers the longest duration of miRNA
suppression.16 Using this method, we have successfully generated
miR-25 TuD and combined it with the adeno-associated virus
(AAV) serotype 9 (AAV9) system to achieve long-term activity. We
hypothesize that stable inhibition of miR-25 will result in improved
cardiac function in the setting of heart failure (HF) through improve-
ments in cardiomyocyte Ca2+ handling.

RESULTS
Generation of miR-25 TuD

TuD libraries and the miR-25 TuD sequence (Figure 1A) were gener-
ated as previously described.17 miR-25 TuD was inserted into a self-
complementary AAV plasmid under the U6 promoter to generate a
Mo
cardiotropic AAV9 virus. The duration of
transgene expression and inhibitory effect of
miR-25 TuD expression in the heart was fol-
lowed for eight weeks post-intravenous injec-
tion. Compared to antagomir, AAV9 miR-25
TuD showed superior inhibitory activity
(**p < 0.01) (Figure 1B). To establish the effect
of miR-25 TuD against its target, functionality
was confirmed via transfection experiments
using H9c2 cells and qRT-PCR was conducted
to measure miR-25 expression. The level of
mature miR-25 expression was dramatically
attenuated by miR-25 TuD transfection (**p <
0.01) (Figure 1C). Western blot analysis
confirmed that miR-25 TuD nearly restored
SERCA2a levels, which were blocked by trans-
fection of pre-miR-25 (**p < 0.01) (Figure 1C).

Effect of miR-25 TuD In Vitro

To evaluate the effect of miR-25 TuD, we first
validated miR-25 TuD specificity and binding
efficiency against SERCA2a 30 UTR using a
luciferase assay system (Figure 2A). Luciferase
activity was significantly reduced by miR-25
TuD transfer in a dose-dependent manner
(***p < 0.005) (Figure 2B) in both HEK293 and H9c2 cells. Luciferase
activity in miR-25 TuD-treated H9c2 cells was higher than that trans-
fected with control plasmid. SERCA2a expression also dramatically
increased in miR-25 TuD-transferred H9c2 cells (Figure 2C).

In addition, we observed angiotensin II regulation of pre- and
mature miR-25 expression. Calcium dysregulation was recapitu-
lated in vitro using angiotensin II in H9c2 cells. Angiotensin II
induced SERCA2a downregulation and a NCX upregulation trend
(SERCA2a, p < 0.005; NCX, p = 0.072) (Figure S1), which mirrored
heart failure molecular signaling (Figure S2). A representative
in vitro figure is shown in Figure 2D, and original blots for Figure 2D
and Figure S1 are shown in Figure S3. We observed that angiotensin
II upregulates both pre- and mature miR-25 expression, which is
normalized by miR-25 TuD transfer in H9c2 cells (***p < 0.001,
**p < 0.005) (Figures 2E and 2F).
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Figure 2. Effect of miR-25 TuD In Vitro

(A) miR-25 TuD specificity and binding efficiency against

SERCA2a 30 UTR was assessed using a luciferase assay

system. (B) Luciferase assay shows significant reduced

activity by miR-25 in a dose-dependent manner in both

HEK293 and H9c2. (C) miR-25 TuD transfection shows

restoration of SERCA2a in H9c2 cells. (D) Recapitulation

of calcium dysregulation in vitro using angiotensin II in

H9c2 cells shows SERCA2a downregulation and NCX

upregulation. (E) Angiotensin II upregulates pre-miR-25

and is normalized by miR-25 TuD transfer in H9c2. (F)

Angiotensin II upregulates mature-miR-25 and is

normalized by miR-25 TuD transfer in H9c2. All data are

represented as means ± SD (**p < 0.01, ***p < 0.005).

Molecular Therapy
Cardiac Function Is Enhanced by miR-25 TuD Transfer

Next, we evaluated the effect of miR-25 TuD in a pressure-overload
murine HF model using the AAV9 miR-25 TuD construct shown
in Figure 3A. HF was initiated by TAC and monitored by serial echo-
cardiography (seeMaterials andMethods).We have used extreme HF
models for this study with TAC surgery, which showed significant
reduction in both SERCA2a and NCX expression (Figure S2). After
confirming cardiac dysfunction, AAV9 was injected intravenously
with a concentration of 5 � 1011 vg per mouse. Genomic incorpora-
tion showed significant AAV9 control and miR-25 TuD within the
mice genomes (p < 0.005, n = 5 each) (Figure S4).

Echocardiogram Results

Representative echocardiographic figures are shown in Figure 3B.
Eight weeks after TAC surgery, fractional shortening significantly
720 Molecular Therapy Vol. 26 No 3 March 2018
decreased, reflecting heart failure (**p < 0.005)
(Figure 3C). These mice were randomly treated
with either AAV9 control or AAV9 miR-25
TuD, and their cardiac function was observed
16 weeks after TAC surgery. AAV9 control-
treated HF mice initially had an average frac-
tional shortening of 38.21% ± 3.73% (n = 8),
which deteriorated to 16.19% ± 0.86% (n = 5)
eight weeks post-injection. In contrast, the
AAV9 miR-25 TuD-treated HF group began
with an average fractional shortening of
34.43% ± 6.08% (n = 5), which was maintained
up to eight weeks after gene transfer. When
both treatments were compared, AAV9 miR-
25 TuD transfer resulted in statistically signifi-
cant improvement in cardiac fractional short-
ening (*p < 0.05) (Figure 3C).

Invasive Hemodynamics Results

Pressure-volume loop multi-beat analysis after
inferior vena cava occlusion in HF mice that
had previously received either AAV9 control
or AAV9 miR-25 TuD transfer showed an
average end-systolic pressure-volume relation-
ship (ESPVR) value of 2.17 ± 0.45 (n = 8) or 5.62 ± 0.73 (n = 8),
respectively (**p < 0.005, *p < 0.05) (Figure 3D). Furthermore, dP/
dtMax significantly increased from 3,251 ± 841 (n = 8) in AAV9 con-
trol mice to 7,324 ± 1,048 (n = 5) in AAV9 miR-25 TuD-transferred
mice (*p < 0.05) (Figure 3D). Average end-diastolic pressure-volume
relationship (EDPVR) values of HF mice showed decreased values
from 0.34 ± 0.06 (n = 5) in AAV9 control mice to 0.12 ± 0.04
(n = 5) in AAV9 miR-25 TuD-transferred mice (***p < 0.001,
**p < 0.005) (Figure 3E). Diastolic value Tau showed significantly
decreased values from 10.34 ± 2.12 (n = 5) in AAV9 control mice
to 8.31 ± 1.77 (n = 5) in AAV9 miR-25 TuD-transferred mice
(*p < 0.05) (Figure 3E).

Moreover, western blot analysis data support that SERCA2a
expression was restored by miR-25 TuD transfer (***p < 0.001,



Figure 3. Cardiac Function Is Enhanced by miR-25

TuD Transfer

(A) miR-25 TuD construct subcloned into self-comple-

mentary AAV plasmid under U6 promoter. (B) Repre-

sentative echocardiograms of sham, two months post-

TAC, HF mouse with AAV9 control transfer, and HF

mouse with AAV9 miR-25 TuD transfer. (C) AAV9 miR-25

TuD transfer significantly improves cardiac fractional

shortening. (D) Hemodynamic data show systolic values

ESPVR and dP/dtMax significantly improved end-systolic

elastance and myocardial contractility and global

contractility. (E) Hemodynamic data show diastolic func-

tion EDPVR and Tau significantly decreased, indicating

improved compliance and diastolic relaxation. All data are

represented as means ± SD (*p < 0.05, **p < 0.01,

***p < 0.005).
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**p < 0.005, *p < 0.05) (Figure 4A), and northern blot and qRT-PCR
data show that mature miR-25 expression was significantly induced
in the HF group, which was substantially reduced by miR-25 TuD
transfer (***p < 0.001, **p < 0.005) (Figures 4B and 4C). The original
northern blot is shown in Figure S3.

miR-25 Is SERCA2a Specific, with No Cross Reactivity with

Other Calcium Signaling Proteins

Western blot analysis was performed to evaluate calcium regulatory
proteins such as SERCA2a, phospholamban (PLN), NCX, RyR, and
IP3R2 (Figure 5; Figure S5). SERCA2a expression and
PLN phosphorylation were significantly enhanced in miR-25
TuD-transferred mice (**p < 0.005 and *p < 0.05, respectively)
(Figure 5). NCX, RyR, and IP3R2 expression remained unchanged
among groups (Figure 5; Figure S5). These results align with our
previous findings, which show a correlation between cardiac
Mo
function and SERCA2a expression.12 In addi-
tion, SUMO1 expression level was evaluated,
because SUMO1 was reported as a critical
modulator of SERCA2a in the post-transla-
tional process.18 SUMO1 was significantly
elevated by miR-25 TuD delivery (Figure S6).
We assume that this could be an indirect ef-
fect, because miR-25 does not target
SUMO1. Rather, this result is due to the resto-
ration of SERCA2a. Moreover, miR-92a, a
miR-17-92 member that has the same seeding
sequence as miR-25, was measured to verify
the target specificity of miR-25 TuD. miR-
92a expression was altered by miR-25 TuD
(Figure S7).

Cardiac Fibrosis Substantially Reduced by

miR-25 TuD Transfer

Western blot analysis was performed to eval-
uate fibrosis markers Vimentin and a-SMA,
in addition to endogenous antifibrotic mole-
cule SMAD7 (Figure 6A). When compared to control, miR-25
TuD-treated mice showed decreasing trends in Vimentin expres-
sions and significant decrease in a-SMA expression (**p < 0.005,
*p < 0.05) (Figure 6A). Fibrosis inhibition molecule SMAD7 showed
significant restoration from control to miR-25 TuD-treated mice
(**p < 0.005, *p < 0.05) (Figure 6A). Masson trichrome staining
of HF mice, which received AAV9 control compared to AAV9
miR-25 TuD transfer, showed significant decrease of fibrosis, align-
ing with western blot analysis (**p < 0.005, *p < 0.05) (Figure 6B).
Furthermore, examination of apoptosis-related signaling molecules
Bcl-2, BAX, and caspase-3 showed these to be significantly blunted
by miR-25 TuD transfer (**p < 0.005, *p < 0.05) (Figure 6A).
TUNEL staining of HF mice that which received AAV9
control compared to AAV9 miR-25 TuD transfer showed decrease
in apoptosis signaling, aligning with western blot analysis
(Figure 6C).
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Figure 4. SERCA2a Expression Is Restored by miR-

25 TuD

(A) miR-25 TuD transfer restored SERCA2a expression.

Mature miR-25 expression is significantly induced in HF

with AAV9 control-transferred mice and significantly

reduced in HF with miR-25 TuD-transferred mice. (B)

Northern blot of miR-25 was normalized by U6. Poly-

acrylamide gel before transfer shows 8S, 18S, and 28S

bands clearly, showing limited degradation. Quantifica-

tion shows that miR-25 increases as HF progresses.

However, after AAV9 miR-25 TuD transfer, miR-25 levels

significantly decrease. (C) qRT-PCR data show that miR-

25 expression increases in HF mice with AAV9 control

transfer and decreases in HF mice with AAV9 miR-25

TuD transfer. Threshold cycles are plotted against the

number of RNA concentration as a standard curve. All

data are represented as means ± SD (*p < 0.05,

**p < 0.01, ***p < 0.005).

Molecular Therapy
The Activity of miR-25 TuD Transfer Is Blunted in SERCA2a KO

Mice

To confirm that the effect of the miR-25 TuD requires SERCA2a, we
administered AAV9 miR-25 TuD or control (empty vector) intrave-
nously to wild-type (WT) mice or Serca2a-cardiomyocyte null (S2a
knockout [KO]) mice, as shown in the experimental protocol in Fig-
ure 7A. Echocardiogram showed that miR-25 TuD transfer had no
effect on cardiac function in SERCA2a KO mice (Figure 7B).
miR-25 TuD decreased endogenous miR-25 levels in WT and SER-
CA2a KO mice relative to control-treated animals (**p < 0.005,
*p < 0.05) (Figure 7C). Nevertheless, because SERCA2a is absent in
SERCA2a KO hearts (Figure 7D), SERCA2a protein levels were unal-
tered by miR-25 TuD treatment on both groups, although miR-25
expression level is substantially increased in SERCA2a KO mice, as
shown in previous literature.12
722 Molecular Therapy Vol. 26 No 3 March 2018
miR-25 TuD Transfer Shows Anti-fibrotic

Properties in SERCA2a KO Mice

To confirm that the effect of the miR-25 TuD
may be due to additional binding partners, we
observed miR-25 TuD on SERCA2a KO mice,
as shown in the experimental protocol (Fig-
ure 8A). Western blot data showed significant
increase in SMAD7 and decreasing trends of
ColIA2 and a-SMA in AAV9 miR-25 TuD-
transferred mice compared to control (***p <
0.001, *p < 0.05) (Figure 8D). Original blots
for SERCA2a and SMAD7 are shown in Fig-
ure S3. Masson trichrome staining of SERCA2a
KO HF mice, which received AAV9 control
compared to AAV9 miR-25 TuD transfer,
aligned with western blot data (Figure 8C).
qRT-PCR data showed that mature miR-25
expression, as well as fibrosis markers trans-
forming growth factor b1 (TGF-b1), Vimentin,
and ColIA2, was significantly induced in the
AAV9 control group (**p < 0.005, *p < 0.05)
(Figure 8B), and all were significantly reduced by miR-25 TuD trans-
fer except ColIA2 (*p < 0.05) (Figure 8B).

DISCUSSION
We previously reported that inhibition of endogenous miR-25 has a
beneficial effect on cardiac function in the setting of heart failure.12

Although the structure and chemistry of antagomirs have improved,
they confer transient expression and need to be administered multiple
times.19,20 TuDs represent an improved anti-miRNA strategy,
because the unique bulging structure of TuD protects it from endonu-
cleolytic targeting.21 Therefore, we generated a TuD inhibitor against
miR-25 and delivered it with the AAV9 vector system to achieve car-
diac specificity and long-term expression. We conducted this study to
assess the potency of miR-25 inhibition using the AAV9miR-25 TuD
vector, specifically monitoring the effect of miR-25 inhibition on



Figure 5. miR-25 Is SERCA2a Specific, with No Cross Reactivity with Other Calcium Signaling Proteins

SERCA2a and PLN phosphorylation were significantly enhanced in miR-25 TuD-transferred mice with NCX, and RyR expression remaining unchanged among groups. All

data are represented as means ± SD (*p < 0.05, **p < 0.01).
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SERCA2a levels and, in turn, cardiac function in the murine pressure-
overload HF model. Because SERCA2a is a critical regulator of
calcium homeostasis in HF and is negatively regulated by miR-25,
we reasoned that the stable inhibition of miR-25 using TuD should
have long-term beneficial effects on cardiac function.

We compared antagomir and TuD constructs in terms of transience
of gene expression. Eight weeks after a single injection, miR-25
expression was significantly restored in themiR-25 antagomir-treated
mice compared to those treated withmiR-25 TuD (Figure 1B). For the
inhibition of miR-25, miR-25 TuD had superior tissue specificity and
longer transgene duration. The stability of TuD makes it a preferable
method to antagomir in the case of miR-25. Our results show that the
combination of AAV9-TuD against miR-25 is a potent suppressor of
cardiac miR-25 levels, as determined by both qPCR and western blot
(Figures 1C and 2B). This correlated with a subsequent increase in to-
tal SERCA2a levels (Figures 1C and 2C).

With respect to cardiac function, TAC-induced HFmice that received
AAV9 miR-25 TuD showed an overall improvement in average frac-
tional shortening from 34.43% ± 6.08% (n = 5) pretreatment to
35.46% ± 11.26% (n = 5) at the end of the experimental period,
8 weeks after gene transfer. HF mice that received AAV9 control
started the experimental period with an average fractional shortening
of 38.21% ± 3.73% (n = 8). This deteriorated to 16.19% ± 0.86%
(n = 5) by the 8 week time point. Altogether, AAV9 miR-25 TuD
transfer resulted in an improvement in fractional shortening
compared to control (p < 0.01) (Figure 3C).

Our invasive hemodynamic data correlated with our echocardio-
graphic findings, with multi-beat analyses of pressure-volume loops
after inferior vena cava occlusion showing improved ESPVR in
miR-25 TuD transfer, indicating overall improvement in end-systolic
elastance andmyocardial contractility (p < 0.05) (Figure 3D). In addi-
tion, improvement of dP/dtMax showed improved global contractility
(p < 0.05) (Figure 3D). Diastolic function was additionally analyzed,
which showed a significant decrease in EDPVR, indicating an
improvement in diastolic function through increased compliance
(p < 0.01) (Figure 3E). Further analysis of our hemodynamic data
showed a decrease in Tau, indicative of enhancement of diastolic
relaxation (p < 0.05) (Figure 3E). miR-25 TuD treatment indicates
overall improvement in both systolic and diastolic function through
improved inotropic response and improvement in cardiac response
under stress conditions.

To understand the molecular mechanisms of the functional improve-
ment, we focused first on SERCA2a expression, which was restored by
miR-25 TuD transfer (p < 0.05) (Figure 4A). Northern blot and qRT-
PCR correlated with our western blot analysis, showing reduced
miR-25 TuD transfer reduced the mRNA level of mature miR-25
(p < 0.005) (Figures 4B and 4C). We found no significant changes
in NCX, RyR, and IP3R2 in response to miR-25 TuD transfer, indi-
cating specificity for cardiac SERCA2a (Figure 5; Figure S5).

Phosphorylation of PLN, a negative regulator of SERCA2a func-
tion, was also substantially increased, suggesting improved calcium
regulation (p < 0.05) (Figure 5).22–24 This result aligns with our pre-
vious findings, which show a correlation between cardiac function
and SERCA2a expression.12 Altogether, these data indicate that
AAV9 miR-25 TuD significantly enhances cardiac function
through SERCA2a restoration. This conclusion is supported by
the finding that AAV9 miR-25 TuD altered miR-25 expression
levels but did not affect cardiac function in SERCA2a KO mice
(Figures 7B–7D).
Molecular Therapy Vol. 26 No 3 March 2018 723

http://www.moleculartherapy.org


Figure 6. miR-25 TuD Transfer Substantially Reduces Cardiac Fibrosis and Apoptosis-Related Signaling Molecules

(A) Fibrosis markers, Vimentin, and a-SMA showed decreasing trends, but fibrosis inhibition marker SMAD7 showed significant restoration from control to miR-25 TuD-

treated mice. In addition, apoptosis signaling molecules Bcl-2, BAX, and caspase-3 were significantly blunted by miR-25 TuD transfer. (B) Masson trichrome staining of HF

mice showed significant decrease in fibrosis in miR-25 TuD-transferred mice compared to AAV9 control-transferred mice. (C) TUNEL staining was conducted to visualize

apoptosis signaling in sham and HF mice treated with AAV9 control or AAV9 miR-25 TuD. All data are represented as means ± SD (*p < 0.05, **p < 0.01). Red scale bar,

1 mm; black scale bar, 50 mm; white scale bar, 25 mm.
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Figure 7. The Activity of miR-25 TuD Transfer Is

Blunted in SERCA2a KO Mice

(A) Experimental protocol of miR-25 TuD transfer is

shown. (B) Echocardiogram data showed that miR-25

TuD had no effect on cardiac function in SERCA2a KO

mice. (C) miR-25 TuD decreased endogenous miR-25

levels in WT, and SERCA2 decreased endogenous miR-

25 levels in WT and SERCA2a KO mice. (D) SERCA2a

expression is unaltered by miR-25 TuD in both groups,

although miR-25 expression level is substantially

increased in SERCA2a KO mice. All data are represented

as means ± SD (*p < 0.05, **p < 0.01).
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In addition, degeneration of cardiomyocytes leads to significant
fibrosis formation and thus a progressive decline in cardiac func-
tion.25–27 Thus, fibrotic signaling markers were evident in the pres-
sure-overload model. We observed a decreasing trend in fibrosis
marker Vimentin and a significant decrease in fibrosis marker
a-SMA following miR-25 delivery (p < 0.05) (Figure 6A).

Fibrosis inhibition marker SMAD7 significantly increased
following miR-25 TuD delivery (p < 0.05) (Figure 6A). Masson tri-
chrome staining showed significant decrease in fibrosis in miR-25
decoy-treated mice, in support of the western blot data (p < 0.05)
(Figure 6B). We investigated miR-25 TuD delivery in SERCA2a
KO mice to determine whether miR-25 TuD may have additional
binding partners leading to decreased fibrosis. SMAD7 was signif-
icantly restored in miR-25 TuD-transferred mice (p < 0.005), and
fibrosis markers ColIA2 and a-SMA were significantly reduced
(Figure 8D). Masson trichrome staining aligned with this data (Fig-
ure 8C). Furthermore, qRT-PCR showed miR-25 decreased, in
addition to fibrosis indicators TGF-b1, Vimentin, and ColIA2,
which significantly decreased (Figure 8B). The significant change
in fibrosis, more specifically, SMAD7, in both WT and SERCA2a
KO mice raises the possibility that miR-25 may have other
mRNA targets, in addition to SERCA2a, that are relevant to cardiac
fibrosis.

This was validated with the finding that miR-25 TuD transfer re-
sulted in reduction of pro-apoptotic marker expression. We saw
significantly lower levels of Bcl-2 expression in HF mice when
compared to WT (p < 0.01) (Figure 6A). This was shown to
dramatically increase after receiving miR-25 TuD treatment
(p < 0.01) (Figure 6A). Conversely, both BAX and cleaved
caspase-3 were significantly elevated compared to WT (p < 0.01)
(Figure 6A); however, both reduced significantly in response to
miR-25 decoy transfer (p < 0.05 and p < 0.01, respectively) (Fig-
Mo
ure 6A). TUNEL staining also aligned with
these results (Figure 6C). These molecular
findings reflect a significant cardiomyocyte
survival benefit and protection from patholog-
ical cardiac remodeling due to the inhibition
of miR-25. The cumulative effects of these
findings support the observation that AAV9
miR-25 TuD transfer results in the amelioration of cardiac
dysfunction in TAC-induced HF mice.

In an era of rapidly expanding appreciation of epigenetics, miRNA in-
hibition is proving to be an increasingly influential method of gene
modulation.28 Thus far, improvement in cardiac function through
the inhibition of miR-25 has only been tested using an antagomir
in the surgical heart failure model, which reflects a pressure-overload
cardiomyopathy.12 Our study extends the current methodology
through the refined union of a proficient miRNA inhibitor and the
most cardiotropic viral vector available to maximize the efficiency
and duration of transgene expression. We believe this demonstration
has broader implications, because numerous cardiac miRNA targets
have been identified and linked with pathological processes but to
date have largely been studied through the use of chemically modified
oligonucleotide inhibitors.5,28–31 This study establishes a potent car-
diotropic method of strong miRNA inhibition that has the potential
to be applied to other miRNA therapeutic targets for cardiovascular
disease.

MATERIALS AND METHODS
Generation of miR-25 TuD

TuD libraries and the miR-25 TuD sequence were as previously
described.17 Briefly, the entire TuD is made up of 112 base pairs.
Stem I, the linker, the miRNA binding site, stem 2, and the loop are
made up of 18, 3, 22, 8, and 4 base pairs, respectively. The twomiRNA
binding sites are the same 50-CAGACCGAGAGTAGTGCAAT-30,
which binds to the complementary 50-AUUGCACUUGUCUCGGU
CUG-30 miR-25 site (Figure 1A).

Anti-miRNA Administration

Anti-miR-25 (product code AM10584) and anti-miRNA negative
control (product code AM17010) were purchased from Thermo Sci-
entific (IL, USA). Separate solutions of anti-miR-25 and anti-miRNA
lecular Therapy Vol. 26 No 3 March 2018 725
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Figure 8. miR-25 Tough Decoy Transfer Shows Anti-fibrotic Properties in SERCA2a KO Mice

(A) Experimental protocol for SERCA2a KO HF mice treated with AAV9 control and miR-25 TuD is depicted. (B) qRT-PCR of miR-25 and fibrosis markers TGF-b, Vimentin,

and ColIA2 are shown. In SERCA2a KO TAC mice treated with AAV9 control, both miR-25 and fibrosis markers significantly increase. miR-25 TuD treatment significantly

decreases miR-25 and fibrosis markers. (C) Masson trichrome staining of SERCA2a KO TACmice showed decrease in fibrosis in miR-25 TuD-transferred mice compared to

AAV9 control-transferred mice. (D) Western blot shows a decreasing trend of collagen, a significant decrease of a-SMA, and a significant increase of SMAD7 between heart

failure mice treated with AAV9 control and AAV9 miR-25 TuD. No significant changes were reported for SERCA2a. All data are represented as means ± SD (*p < 0.05,

**p < 0.01, ***p < 0.005). Scale bar, 1 mm.
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negative control were each diluted with in vivo-jetPEI solution (cata-
log no. 201-50, Polyplus-transfection, Illkirch, France) containing
10% (w/v) glucose at a ratio of in vivo-jetPEI nitrogen residues per
oligonucleotide phosphate of 5, following the recommendations of
the manufacturer. All solutions were mixed by vortexing for 10 s
and incubated for at least 15min at 37�C before injection. Eachmouse
received 400 mL of a saline and oligonucleotide mixture (100 mL of
oligonucleotide solution plus 300 mL of saline, corresponding to
300 mg of oligonucleotide per dose) through tail vein injection. All in-
jections were carried out using a 30-gauge needle syringe with a single
mouse restrainer (Harvard Apparatus, MA, USA).

Cell Culture and Treatment

The H9c2 myoblast cell line, derived from embryonic rat heart, was
obtained from ATCC (VA, USA). Cells were grown in DMEM
(Thermo Scientific, IL, USA) with 10% heat-inactivated fetal
bovine serum (FBS), penicillin (100 U/mL), and streptomycin
(100 mg/mL), at 37�C in 5% CO2 and 95% air, at a relative humidity
of 95% and were split 1:4 at subconfluence (80%). Before each exper-
iment, cells were seeded in six-well plates or chamber slides (NUNC
177437, Lab-Tek Chamber Slides, Thermo Scientific) at a density of
5 � 104 cells/cm2 and starved for 18 hr in DMEM containing 0.1%
FBS. H9c2 cells were treated with angiotensin II (10�7 M, Bachem,
CA, USA) with or without miR-25 TuD plasmid transfection and
pre-miR-25 for 4 days. They were used to verify the expression level
of miR-25 and SERCA2a in vitro, followed by the same method we
described earlier.

SERCA2a 30 UTR Luciferase Assay

pMirtarget vector containing SERCA 30 UTR was purchase from
OriGene (MD, USA). SERCA2a 30 UTR (NM_001681) was subcloned
into pMirtarget vector using SgfI and MluI restriction enzymes as
shown in Figure 2A. Both HEK293 cells and H9c2 rat cardiomyo-
blasts were used for luciferase assay. Cells were transfected using plas-
mids described in Figure 2B with polyethyleneimine (PEI) transfec-
tion reagent. After 24 hr, cells were harvested using lysis buffer
from the Pierce Firefly Luciferase Glow Assay Kit (Thermo Scientific,
IL, USA) and quantified by bovine serum albumin (BCA) assay re-
agents (Thermo Scientific, IL, USA). 10 mg of total lysate was used
for each sample, and measurement was performed using a 1450
MicroBeta TriLux Microplate Scintillation and Luminescence
Counter (PerkinElmer, CT, USA).

AAV Production

Self-complementary AAV (serotype 9) constructs were generated
using the pds-AAV2-EGFP vector and the optimal TuD sequence
against human miR-25. The EGFP sequence was removed from the
AAV construct due to the side effect of GFP on cardiac function.32,33

The recombinant AAV was produced by transfecting HEK293 T cells
as described previously.34 The AAV particles in the cell culture media
were also collected by precipitation with ammonium sulfate and pu-
rified by ultracentrifugation on an iodixanol gradient. The particles
were then concentrated by exchanging iodixanol for lactate Ringer’s
solution by multiple dilution and concentration steps using a centrif-
ugal concentrator. The AAV titer was determined by real-time qPCR
and SDS-PAGE.

Animal Care and Transverse Aortic Constriction

All procedures were approved by and performed in accordance with
the Institutional Animal Care and Use Committee of the Icahn School
of Medicine at Mount Sinai. The investigation conforms with the
Guide for the Care and Use of Laboratory Animals published by
the NIH (Publication No. 85-23, revised 1996). Studies were conduct-
ed in male B6C3F1 mice aged 8–10 weeks (weight, 25–30 g) obtained
from Jackson Laboratory. Mice were anesthetized with a solution
mixture of 95 mg/kg of ketamine and 5 mg/kg of xylazine adminis-
tered via intraperitoneal injection. The mice were ventilated with a
tidal volume of 0.2 mL and a respiratory rate of 110 breaths per min-
ute (Harvard Apparatus). A longitudinal incision of 2–3 mm was
made in the proximal sternum to allow visualization of the aortic
arch.

The transverse aortic arch was ligated between the innominate and
the left common carotid arteries with an overlaid 27-gauge needle.
The needle was then immediately removed, leaving a discrete region
of constriction.

Production of SERCA2a KO Mice

Conditional SERCA2 KO mice were donated by G. Christensen.35

The mice were generated by standard gene-targeting strategies to
introduce loxP sites into introns 1 and 3 of the Serca2. For our studies,
8- to 10-week-old mice were injected intraperitoneally with 4-hy-
droxy (4-OH) tamoxifen (1 mg/day) (Sigma-Aldrich, MO, USA)
for 4 days to induce cardiomyocyte-specific excision of the Serca2
gene sequences, essentially as described.35,36

Echocardiography and In Vivo Hemodynamic Analysis

Mice were anesthetized by intraperitoneal injection of ketamine
(100 mg/g). Two-dimensional images and M-mode tracings were
recorded on the short axis at the level of the papillary muscle to deter-
mine the percentage of fractional shortening and ventricular dimen-
sions (GE Vivid 7 Vision, IL, USA). One day after echocardiography,
in vivo hemodynamic analysis was performed using a 1.2 Fr pressure-
volume conductance catheter (Scisense, Ontario, Canada). Mice were
anesthetized by intraperitoneal injection of a mixture of urethane
(1 mg/g), etomidate (10 mg/g), and morphine (1 mg/g) and were
then intubated via a tracheotomy and mechanically ventilated at a
tidal volume of 7 mL/g and 125 respirations/min. The pressure-vol-
ume catheter was placed in the left ventricle via an apical stab
approach as previously described.37 Pressure-volume data were
analyzed using IOX2 software (EMKA Technologies).

Histological Examination of Cardiac Tissues

Mouse heart tissues were cryopreserved with optimum cutting tem-
perature (OCT) compound (Tissue-Tek, Sakura Finetek, USA) and
sectioned into 6 mm thick slices. To measure the fibrotic areas, a
Masson trichrome staining kit (ab150686; Abcam, MA, USA) was
used for staining of the sectioned hearts. The fibrotic areas stained
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blue, and the normal tissue stained red. The fibrotic area was calcu-
lated as the ratio of the total area of fibrosis to the total area of the
section using ImageJ software (NIH, MD, USA). To detect apoptosis,
TUNEL assay was conducted with the DeadEnd Fluorometric
TUNEL kit (Promega, WI, USA) according to the manufacturer’s
instructions. Slides were sealed with glass slides using mounting
medium with DAPI (Vectashield, CA, USA).

Western Blot Analysis

Membrane and tissue homogenates were prepared as previously
described.12 Proteins were resolved on 10% SDS-PAGE gels followed
by transfer to polyvinylidene fluoride (PVDF) membranes (Millipore,
MA, USA). Detection of the proteins bands was performed according
to standard lab protocols.

Antibody raised against SERCA2a, RyR, NCX, CCN5, ColIA2, and
GAPDH were purchased from Sigma-Aldrich (Seattle, USA), and
antibodies raised against p-PLN(ser16), total PLN, p-caspase-3,
caspase-3, Bcl-2, BAX, a-SMA, and Vimentin were purchased from
Cell Signal (MA, USA). SMAD7 was purchased from Lifespan Biosci-
ences (WA, USA).

Northern Blot Analysis of Small RNAs

Total RNA was isolated from cardiac tissues with the mirVana
miRNA Isolation Kit, with phenol (Ambion, USA). Four microgram
of total RNA were separated on 15% urea-polyacrylamide gel and
transferred to BrightStar positively charged nylon membranes
(Invitrogen, USA). Biotin conjugated-oligonucleotide probes comple-
mentary to miR-25-3p and U6, positive control, were purchased from
Exiqon (product 611961-370, 50-TCAGACCGAGACAAGTGC
AAT-30, and product 699002-370, 50-CACGAATTTGCGTGTC
ATCCTT-30, respectively). In addition, all reagents for northern
blot analysis were from the NorthernMax Kit (Thermo Fisher,
USA), and the experimental protocol was modified according to
various previous literature to enhance the detection capacity.38,39

Real-Time qPCR

RNA was isolated using the RNeasy Mini Kit (QIAGEN, Hilden, Ger-
many), and cDNA was synthesized using the Verso cDNA Synthesis
Kit (Thermo Scientific, IL, USA) according to the manufacturer’s
protocol. Real-time qPCR was done with PerfeCTa SYBR Green
FastMix, Low ROX (Quanta BioSciences, MA, USA). For miRNAs,
transcript levels were determined by real-time PCR using a Quanti-
Tect SYBR Green real-time PCR kit (QIAGEN, Valencia, CA). Small
RNAs were isolated from samples with themirVanamiRNA Isolation
Kit (Thermo Scientific, IL, USA) according to the manufacturer’s
instructions. Quantitative assay for miRNAs were performed using
the miRNA expression assay kit (Exiqon, MA, USA) with LNA
PCR primer set (Catalog no. 203351 for miR-25-3p) and the UniSp6
total nucleic acid (TNA) spike-in control primer set. Reverse tran-
scription was performed at 42�C for 60 min and inactivated for
5 min at 95�C, and cDNA was amplified in 10 mL reaction volumes
using 10 pmol of primers for 40 cycles: 95�C for 10 s, 60�C for 15
s, and 72�C for 5 s. A spike-in control primer set (UniSp6) and one
728 Molecular Therapy Vol. 26 No 3 March 2018
candidate endogenous control primer set (miR-103a-3p) were used
as internal controls to calculate the relative abundance of mRNAs.
Primer information can be found in Table S1.

Statistical Analysis

Statistical analyses were performed using Student’s t test or two-way
ANOVA. Significant differences are demonstrated by a single
asterisk, which indicates p < 0.05; a double asterisk, which indicates
p < 0.01; or a triple asterisk, which indicates p < 0.005. Data in the
figures represent the mean ± SD.
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