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of Cardiac Autophagy via BECN1
Chen Chen,1,3 Shenglan Yang,1,2,3 Huaping Li,1 Zhongwei Yin,1 Jiahui Fan,1 Yanru Zhao,1 Wei Gong,1

Mengwen Yan,1 and Dao Wen Wang1

1Division of Cardiology, Department of Internal Medicine, Institute of Hypertension, Tongji Hospital, Tongji Medical College of Huazhong University of Science and

Technology, Hubei Key Laboratory of Genetics and Molecular Mechanisms of Cardiological Disorders (Huazhong University of Science and Technology), Wuhan

430030, China; 2Department of Cardiology, The First Affiliated Hospital of Chongqing Medical University, Chongqing 400046, China
Multiple factors have been shown to promote the progression
of diabetic cardiomyopathy. A link has previously been found
between Mir30 and autophagy in cancer cells and in the heart,
but the role of Mir30 in diabetic heart has not been studied.
Using in vitro and in vivo approaches, we found that the deple-
tion ofMir30c and induction of BECN1 enhanced autophagy in
diabetic (db/db) hearts and in cardiomyocytes treated with the
fatty acid palmitate. We verified that Mir30c repressed BECN1
expression by direct binding to the BECN1 30 UTRs. Mir30c
overexpression inhibited the induction of BECN1 and subse-
quent autophagy in diabetic hearts and improved cardiac func-
tion and structure in diabetic mice. However, these effects
were abrogated by BECN1 overexpression. Similarly, Mir30c
knockdown resulted in increased BECN1 levels and autophagic
flux, aggravating cardiac abnormalities. We also show that
SP1, an important transcriptional factor in energy metabolism
regulation, is a key upstream activator ofMir30c that binds the
promoter region of Mir30c. Our findings indicate that down-
regulation of Mir30c and subsequent activation of BECN1
promotes autophagy, contributing to the pathogenesis of dia-
betic cardiomyopathy. This observation suggests a theoretical
ground for developing microRNA-based therapeutics against
diabetic cardiomyopathy by inhibiting autophagy.
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INTRODUCTION
Over 40 years ago, Rubler et al. described four diabetic patients with
congestive heart failure but without obvious coronary diseases.1 Since
then, diabetic cardiomyopathy has been identified as a significant
health concern in the rapidly growing population of diabetic patients.

Insulin resistance, hyperglycemia, and obesity are the major charac-
teristics of type 2 diabetes, with a series of downstream events leading
to cardiomyocyte death and cardiac dysfunction.2 Growing evidence
indicates that diabetic hearts are characterized by multiple cellular
abnormalities, including altered substrate metabolism,3 increased
oxidative stress,4 mitochondrial dysfunction,5 and impaired calcium
homeostasis.6 However, the pathogenic molecular mechanisms that
affect the heart in type 2 diabetes remain poorly understood. It has
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been reported that basal constitutive autophagy in the heart plays a
cell-protective role, maintaining cell function under stress condi-
tions.7 Autophagy is the vacuolar degradation of intracellular com-
ponents, e.g., long-lived or damaged proteins and organelles, that
underpins cell survival.8 However, excessive autophagy can be detri-
mental, leading to non-apoptotic programmed cell death.9, 10 A
recent study revealed a novel role of autophagy in the pathogenesis
of diabetic cardiomyopathy by demonstrating that the activation of
myocardial autophagy in fructose-fed mice was associated with
increased production of reactive oxygen species (ROS), fibrosis, and
cardiomyocyte loss, contributing to cardiac insulin resistance.11

MicroRNAs (miRNAs) are a class of recently discovered, endoge-
nous, single-stranded, non-coding RNAs 22–23 nt long.12 These
molecules modulate gene expression at the post-translational level.13

Emerging evidence has implicated cardiac-enriched miRNAs in heart
diseases.14 Many miRNAs that are differentially expressed during dis-
ease repress or promote key target genes, regulate cell signaling, and
modulate pathogenic processes.Mir148a, which is enriched in human
and mouse hepatic tissues, and differentially expressed in the livers of
mice fed a high-fat diet (HFD), regulates cholesterol metabolism via
inhibiting low density lipoprotein receptor (LDLR) expression.15

However, little is known about the role of miRNAs in diabetes and
in the cardiovascular complications of this disease. To date, only
few have been identified as potential key regulators of diabetic com-
plications in the heart.16

Previously, Zhu et al. reported a link betweenMir30, a miRNA family
highly expressed in cardiomyocytes, and autophagy.17 They found
that the initiator of autophagy Beclin-1 (BECN1) was aMir30a target
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Figure 1. Mir30c Is Downregulated and Autophagy Is Induced in Diabetic Mouse Hearts

(A) Relative circulatingmiRNA levels in patients. (B) The correlation between circulatingMir30c levels and fasting glucose. RelativeMir30c expression was determined by qRT-

PCR in the heart (C), CMs and NCMs (D), and various organs (E) in 24-week-old animals. (F) Western blotting detection (left) and quantification (middle and right) of the cardiac

autophagy-related proteins BECN1 and LC3. ACTB was used as an internal control. (G) Representative autophagic vacuoles from cardiac tissues (arrows) analyzed by

transmission electron microscopy (magnification �38,000). Data are expressed as mean ± SEM (n = 8). For all panels, *p < 0.05 versus C57BL/Ks; **p < 0.01 versus

C57BL/Ks. Data are representative of three independent experiments.
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and Mir30a overexpression decreased autophagic activity in cancer
cells.18 Mir30 was also shown to mediate angiotensin-II-induced
myocardial hypertrophy by regulating autophagy.19 Downregulated
Mir30c enhanced myocardial matrix remodeling in pathological left
ventricular hypertrophy (LVH).20

Taken together, these previous findings suggest a possible regulatory
association of Mir30c, autophagy, and diabetic cardiomyopathy.
We therefore asked whether Mir30c is involved in the pathology of
diabetic cardiomyopathy in type 2 diabetes and whetherMir30c con-
tributes to diabetic cardiomyopathy by regulating autophagy. Herein,
we investigate this hypothesis using in vivo and in vitro models.

RESULTS
Mir30c Is Downregulated and Autophagy Is Induced in Diabetic

Hearts

First, we determined Mir30c levels in plasma taken from 28 healthy
controls, 26 patients with diabetes, 22 patients with chronic heart fail-
ure, and 15 patients with both diabetes and chronic heart failure (see
128 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
Table S1 for details of the participants). Plasma Mir30c levels were
reduced in the patients with disease (Figure 1A). Consistently, plasma
Mir30c levels were negatively correlated with plasma glucose levels in
patients with chronic heart failure (Figure 1B).

To further investigate the association ofMir30cwith the pathogenesis
of diabetic heart failure, we measured Mir30c expression in the
myocardium of diabetic cardiomyopathy db/db mice and non-dia-
betic control C57BL/Ks mice. It was reported that diabetic db/db
mice developed severe diabetes by 8 weeks of age and exhibited car-
diomyopathy, as evidenced by signs of cardiac hypertrophy.21 We
observed a significant reduction in the expression of Mir30c in the
hearts of 24-week-old db/db mice compared with C57BL/Ks controls,
especially in isolated cardiomyocytes (Figures 1C, 1D, S1A, and S1B).
Mir30c was abundantly expressed in the cardiac tissue and cardio-
myocytes compared with other organs (Figures 1E and S1C–S1E).

BECN1 is a well-conserved protein and plays a central role during the
autophagy process. In db/db hearts, levels of BECN1 protein were



Figure 2. High FFA Concentrations Inhibit Mir30c Expression and Enhance Autophagy in Cultured H9c2 Cardiac Cells

H9c2 cells were analyzed after 48-hr treatment with different concentrations of palmitate (1 mM or 2 mM) andMir30cmimics (100 nM) in the presence or absence of 2 hr Baf

A1 (10 nM), pepstatin A (10 mg/mL), or E64d (10 mg/mL). (A) Relative Mir30c expression in H9c2 cells treated with palmitate, as determined by qRT-PCR. (B–D) Levels of

BECN1 and LC3 (B) and BECN1, LC3, and SQSTM1 (C and D) were determined in cell lysates by western blotting. ACTB was used as an internal control. (E and F) Live-cell

imaging of H9c2 cells transfected with Ad-mRFP-GFP-LC3 (1,000�magnification). Autophagosomes are labeled both with GFP andmRFP and appear yellow in themerged

image (yellow arrow indicated). Autolysosomes are labeled with mRFP only and appear red in the merged image (red arrow indicated). Data are expressed as mean ± SEM.

For all panels, *p < 0.05 versus control, **p < 0.01 versus control, #p < 0.05 versus palmitate (1 mM), ##p < 0.01 versus palmitate (1 mM), $p < 0.05 versusMir30c Random,
$$p < 0.01 versusMir30c random, &p < 0.05 versus palmitate +Mir30c, and &&p < 0.01 versus palmitate +Mir30c. Data are representative of three independent experiments.
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significantly increased compared with normal controls (Figure 1F).
During autophagy, the autophagy-related protein LC3-I is converted
to lipidated LC3-II; hence, the ratio of these two compounds has been
identified as a marker of autophagy. Notably, we found that the LC3-
II:LC3-I (LC3-II:I) ratio was greater in the hearts of db/db mice than
in the hearts of control mice (Figure 1F). The increased LC3-II:I ratio
indicated that diabetes induced both autophagosome synthesis
and degradation. In addition, we directly quantified autophagosomes
using electron microscopy. These double-membrane vesicles are
indicative of autophagy. Significantly, four times as many autophago-
somes were observed in db/db hearts than in C57BL/Ks mice detected
by electron microscopy (Figure 1G).

High Free Fatty Acid Concentrations Inhibit Mir30c Expression

and Enhance Autophagy in Cultured H9c2 Cardiac Cells

To elucidate the role of autophagy in diabetic cardiomyopathy
under high plasma free fatty acid (FFA) conditions, which is a
key characteristic of type 2 diabetes, we established a cell cul-
ture model of lipotoxicity by culturing H9c2 rat cardiac cells
in high-FFA medium in vitro. Compared with untreated controls,
high FFA concentrations led to a decrease in expression of Mir30c
(Figure 2A). In contrast, BECN1 and LC3-II:I protein levels signif-
icantly increased in an FFA-concentration-dependent manner
(Figure 2B).
Inhibitors of autophagic degradation, bafilomycin A1 (Baf A1) and
pepstatin A with E64d, were added to measure the autophagic flux.
Both autophagy inhibitors led to elevated LC3-II:I ratios, indicating
that they blocked autophagosomal degradation (Figure 2C). The
increased LC3-II:I ratio in palmitate-treated cells (compared with
the control) indicated that palmitate induced both autophagosome
synthesis and degradation. Moreover, in the presence of either
autophagy inhibitor, the LC3-II:I ratio was further increased by the
addition of palmitate, implying that palmitate induced autophago-
some generation. Similarly, FFA and autophagy inhibitors exerted
same effects on protein expression of BECN1. On the other hand, a
palmitate-induced decrease in SQSTM1 levels suggested autophagy
activation, with autophagy inhibitors exerting an opposite effect (Fig-
ure 2C). In addition to LC3, SQSTM1 is also a protein marker of auto-
phagy. SQSTM1 and SQSTM1-bound polyubiquitinated proteins
become incorporated into the completed autophagosome and are
degraded in autolysosomes, thus serving as an index of autophagic
degradation. Taken together, these results show that FFA stimulation
of H9c2 cells results in an increase in autophagic flux (Figure 2C).
Similar effects were observed in palmitate-treated H9c2 cells incu-
bated for different time periods with autophagy inhibitors (Figure S2).

To investigate the effects ofMir30c on autophagy,Mir30cmimics were
transfected in vitro. Exogenous Mir30c decreased palmitate-enhanced
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BECN1 and LC3-II:I levels, while Baf A1 counteracted this inhibition
(Figure 2D). In contrast, exogenous Mir30c increased palmitate-
reduced SQSTM1 levels, and the addition of Baf A1 led to an even
higher increase in SQSTM1 levels. These data suggested that the
FFA-enhanced autophagic flux was alleviated by Mir30c treatment
(Figure 2D).

Next, to monitor autophagic flux, we used an adenovirus that
constitutively expresses monomeric red fluorescent protein
(mRFP)-GFP tandem fluorescently tagged LC3 (Ad-mRFP-GFP-
LC3). In this system, autophagosomes produce both mRFP and
GFP signals, whereas autolysosomes produce only mRFP signal
because of GFP quenching in the acidic lysosomal environment.
Therefore, in a merged fluorescence image, yellow puncta corre-
spond to autophagosomes and red puncta indicate autolysosomes,
thereby allowing us to determine autophagic flux. As shown in Fig-
ure 2E, palmitate increased both the yellow and red puncta
numbers, whereas cells treated with Baf A1 or pepstatin A/E64d
predominantly contained yellow puncta. Consistently with data pre-
sented in Figure 2C, fewer red and more numerous yellow puncta
were observed in the presence of either inhibitor plus palmitate
compared with palmitate-only-treated cells, reinforcing the notion
that palmitate stimulates autophagic flux (Figure 2E). Furthermore,
exogenous Mir30c somewhat inhibited the palmitate-induced in-
crease in yellow and red vesicle number, whereas Baf A1 enhanced
the number of yellow puncta but reduced the number of red puncta
(Figure 2F). Taken together, these results indicate that palmitate
stimulates autophagic flux and exogenous Mir30c inhibits these
palmitate-induced changes.

All these results were consistent with our observations in the hearts
of db/db mice, suggesting that the regulation of Mir30c and auto-
phagy might play a role in the pathological processes of diabetic
cardiomyocytes.

BECN1 Is a Direct Target of Mir30c

We first used a bioinformatics approach using TargetScan software
to predict the target genes ofMir30c. Notably, BECN1 was identified
as a potential Mir30c target (Figure 3A). By aligning human, rat,
andmouse BECN1 30 UTRs, we noted that the predictedMir30c bind-
ing sites were highly conserved (R75%), which suggested that these
sites may be important for Mir30c regulation of BECN1 expression
(Figure 3A).

Then we transfected H9c2 cells with Mir30c mimics. Western blot-
ting revealed that compared with Mir30c control-transfected cells,
Mir30c mimics significantly reduced BECN1 levels (Figure 3B), but
not the levels of other autophagy-related proteins (Figure S3). To
verify a direct repression of BECN1 translation by Mir30c, we then
cloned the BECN1 30 UTR (wild-type [WT] and a mutated seed
region sequence) into pMIR-report vector, a luciferase expression
plasmid, resulting in plasmids pMIR-BECN1-30 UTR and pMIR-
mut-BECN1-30 UTR (Figure 3C). We found that co-transfection of
pMIR-BECN1 30 UTR with the Mir30c mimics resulted in a signif-
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icant decrease in luciferase activity compared with pMIR-BECN1
30 UTR/control miRNA transfection (Figure 3D). However, the
repressive effect of Mir30c mimics was abrogated by mutating the
BECN1 30 UTR (Figure 3D). Furthermore, we found that the protec-
tive effect of BECN1 knockdown on cell survival in palmitate-treated
H9c2 cells was replicated by Mir30c overexpression, as indicated
by higher cell viability compared with palmitate-only cells (Fig-
ure 3E). BECN1 knockdown or exogenous Mir30c expression
enhanced the proliferation of H9c2 cells (Figure 3F). In contrast,
Mir30c and si-BECN1 treatment decreased the H9c2 cell apoptosis
induced by palmitate (Figure 3G). Similarly, Mir30c and si-BECN1
treatment inhibited palmitate-induced caspase activity in H9c2 cells
(Figure 3H). Overall, these results suggest that Mir30c regulates
BECN1 translation by binding to its 30 UTR, which may protect car-
diomyocytes to survive.

Overexpression of Mir30c Rescues Cardiac Dysfunction in db/

db Mice

We investigated the effect of recombinant adeno-associated virus 9
(rAAV9)-mediated Mir30c overexpression on cardiac dysfunction
in vivo in db/db mice. qRT-PCR analyses revealed that overex-
pression of Mir30c in the heart was induced in a time-dependent
manner (Figure S4), and Mir30c did not affect cardiac functions of
WT C57BL/Ks mice under normal conditions without any stress
(Table S2). First, we performed a titration with three different doses
of WT BECN1. BECN1 expression was subsequently rescued in a
dose-dependent manner (Figure S5A). Then, we chose the intermedi-
ate (1 � 1011) virion particle dose for further experiments, as it
restored BECN1 expression to normal levels. rAAV-Mir30c adminis-
tration resulted in enhanced Mir30c overexpression in the heart,
whereas rAAV-anti-Mir30c inhibited Mir30c expression (Fig-
ure 4A). Moreover, compared with other organs, the rAAV-trans-
duced Mir30c was predominantly expressed in the heart, especially
in cardiomyocytes (Figures 4B and 4C).

Next, we performed echocardiographic and hemodynamic analyses
to examine the effects of rAAV treatments on cardiac function in
db/db mice. The experiments revealed that db/db mice developed
cardiac hypertrophy and diabetic cardiomyopathy, as shown by
increased left ventricular (LV) mass, reduced fractional shortening
(FS), decreased LV ejection fraction (LVEF), and reduced dp/dtmax,
(the peak instantaneous rate of LV pressure increase) and dp/dtmin

(the peak instantaneous rate of LV pressure decline) (Figures 4D–
4F; Table S3). As determined by echocardiographic analyses, overex-
pression ofMir30c in db/db mice significantly increased LVEF and FS
values and reduced LV mass compared with control diabetic hearts
(Figures 4D and 4E). In contrast, knocking down Mir30c by rAAV-
anti-Mir30c administration reduced LVEF and FS (Figures 4D and
4E). Notably, BECN1 overexpression counteracted the protective
effects of Mir30c and exacerbated cardiac dysfunction in db/db
mice, as indicated by decreased LVEF and FS values, and increased
LV mass (Figures 4D and 4E). Echocardiographic characteristics of
C57BL/Ks mice and db/db mice that underwent various treatments
are given in Table S3.



Figure 3. BECN1 Is a Direct Target of Mir30c

(A) Sequence alignment ofMir30c and BECN1 30 UTR from different species. (B) The effect ofMir30c on the BECN1 protein levels in H9c2 cells was determined by western

blotting. **p < 0.01 versus Mir30c random. (C) A schematic diagram of luciferase reporter plasmids pMIR-BECN1 30 UTR-WT and pMIR-mut-BECN1 30 UTR, with the

potentialMir30c target site on BECN1 30 UTR shown in red. (D) Regulation of BECN1 viaMir30c-targeting of BECN1 30 UTRwas determined with luciferase reporter assays in

HEK293 cells. **p < 0.01 versus BECN1 30 UTR +Mir30c random. H9c2 cells were treated with various RNA constructs and their viability (E), proliferation (F), and apoptosis

(G and H) were determined by CCK8 assay, BrdU incorporation assay, and Annexin V/PI and caspase-3 activity assay, respectively, as described in the Materials and

Methods. **p < 0.01 versus control, &&p < 0.01 versus palmitate + transfection reagent, and #p < 0.05 versus palmitate + si-BECN1. Data are expressed as mean ± SEM and

are representative of three independent experiments.
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Hemodynamics analysis revealed elevated dp/dtmax and dp/dtmin in
Mir30c-overexpressing mice (Figure 4F). In contrast, Mir30c knock-
down decreased dp/dtmax and dp/dtmin, suggesting that Mir30c
improves cardiac function in diabetic cardiomyopathy; BECN1
abolished these positive effects of Mir30c (Figure 4F). In addition,
neither the Millar system nor echocardiographic examinations indi-
cated differences in the preload volumemax between the tested groups
(Figures S5B and S5C). Afterload Ea was increased in the db/db
groups compared with the C57BL/Ks controls but remained un-
changed among db/db groups, indicating reduced arterial elastance
(Figure S5D).

We overexpressed the BECN1 coding domain sequence (CDS)
region and 30 UTR (WT or mutated) in db/db mice using the
rAAV system (Table S4). Compared with rAAV-Mir30c treatment,
rAAV-Mir30c + rAAV-BECN1 30 UTR mut (mutated) treatment
significantly decreased cardiac functions, whereas rAAV-Mir30c +
rAAV-BECN1 30 UTR WT administration resulted in no significant
changes. Moreover, decreased cardiac function was observed in the
rAAV-miR-random + rAAV-BECN1 30 UTR WT group compared
with rAAV-miR-random group.

We also determined cardiomyocyte size, as an indicator of hypertro-
phy, and observed that rAAV-Mir30c treatment repressed diabetes-
associated cell enlargement. However, this repression was reversed
by simultaneous overexpression of BECN1; the repression was
also not observed after anti-Mir30c administration (Figure 4G).
Masson and Sirius red staining revealed mild cardiac fibrosis in
db/db mice compared with the C57BL/Ks control mice (Figures 4H
and 4I). Mir30c administration alleviated cardiac fibrosis. BECN1
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 131
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Figure 4. Mir30c Overexpression Relieves Cardiac Dysfunction in db/db Mice

Animals (24-week-old db/db mice and C57BL/Ks control mice) were analyzed after treatment with recombinant adeno-associated viruses (rAAVs). (A–C) Relative expression

ofMir30cwas determined by qRT-PCR. (A) Cardiac expression ofMir30c in rAAV-treated mice. &p < 0.05 versus C57BL/Ks and **p < 0.01 versus db/db control. (B) Relative

expression of Mir30c in different organs. *p < 0.05 versus C57BL/Ks and #p < 0.05 versus db/db. (C) Relative expression of Mir30c in isolated CMs and NCMs. *p < 0.05

versus C57BL/Ks CM, #p < 0.05 versus db/db CM, %p < 0.05 versus C57BL/Ks NCM, and &p < 0.05 versus db/db NCM. (D and E) Echocardiographic analysis of db/dbmice

and C57BL/Ks controls. EF% (ejection fraction), FS% (fractional shortening), and LV masses were quantitatively analyzed. (F) Hemodynamic analysis of db/db mice and

C57BL/Ks controls. dp/dtmax, peak instantaneous rate of LV pressure increase; dp/dtmin, peak instantaneous rate of LV pressure increase decline. (G) CM visualization and

CM size quantitation following various treatments. &p < 0.05 versus C57BL/Ks, *p < 0.05 versus db/db control, **p < 0.01 versus db/db control, and #p < 0.05 versus db/db

rAAV-Mir30c. (H) Cardiac fibrosis, as determined byMasson staining. (I) Cardiac fibrosis, as determined by Sirius red staining. Data are expressed as mean ± SEM (n = 8) and

are representative of three independent experiments.
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overexpression inhibited the anti-fibrosis effects of Mir30c, whereas
anti-Mir30c treatment aggravated cardiac fibrosis in db/db mice (Fig-
ures 4H and 4I).

Taken together, our data suggest that Mir30c alleviates the cardiac
dysfunction associated with diabetic cardiomyopathy in db/db mice,
and that this effect can be counteracted by BECN1.

Mir30c Downregulates BECN1, Protecting db/db Hearts from

Excessive Autophagy

Next, we tested whether Mir30c repression of BECN1 inhibits exces-
sive autophagy in db/db mice. Western blot revealed increased
BECN1 levels, increased LC3-II:I ratio, decreased SQSTM1 levels,
and more autophagosomes in db/db hearts compared with C57BL/
Ks controls, indicating enhanced autophagy (Figures 5A and 5B).

Overexpression ofMir30c in db/dbmice resulted in decreased BECN1
levels and LC3-II:I ratio and increased SQSTM1 levels compared with
the untreated db/db mice, reflecting inhibition of autophagic flux.
By contrast, anti-Mir30c treatment resulted in the opposite effects,
indicating accelerated autophagy (Figure 5A). Furthermore, over-
expression of BECN1 reversed the Mir30c-depressed autophagy, as
132 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
indicated by the increased LC3-II:I ratio in these mice (Figure 5A).
Fewer autophagic vacuoles were observed with electron microscopy
in Mir30c-overexpressing db/db mice, and knockdown of Mir30c
by rAAV-anti-Mir30c resulted in more autophagosomes compared
with control db/db mice (Figure 5B). Consistently with western blot
(Figure 5A), overexpression of BECN1 abrogated theMir30c-induced
reduction of autophagic vesicle numbers (Figure 5B).

Next, mice were transfected with a GFP-LC3 plasmid to monitor
autophagosome formation in the heart. We observed that GFP-
LC3-positive vesicles were rare in the hearts of control C57BL/Ks
mice but significantly increased in db/db mice. Compared with
db/db mice, the inhibition of GFP-LC3-positive vesicle formation
in rAAV-Mir30c-treated db/db mice was reversed by BECN1 overex-
pression, whereas rAAV-anti-Mir30c enhanced the formation of
GFP-LC3-positive vesicles beyond control (db/db untreated mice)
levels. These data indicate that diabetes-induced autophagosome for-
mation is suppressed by Mir30c inhibition of BECN1 (Figure S6).

Interestingly, as measured by LC3 in situ staining,Mir30c overexpres-
sion in vivo was accompanied by decreased cardiac LC3 levels, and
this effect was attenuated by BECN1 overexpression. On the other



Figure 5. Mir30c Downregulates BECN1, Protecting db/db Hearts from Excessive Autophagy

(A) Mice were treated with different RNA constructs, and BECN1, SQSTM1, and LC3 protein levels were determined by western blotting, with ACTB as an internal control.

Protein band intensity in C57BL/Ks was set as 1, and relative protein intensities are presented as fold changes. (B) Autophagosomes (arrows) in mouse cardiac tissues were

analyzed by transmission electron microscopy and quantified per field. (C) Cardiac LC levels were assessed by immunohistochemistry. (D) Cardiac apoptosis was examined

with TUNEL assay (200� magnification). (E) Cardiac proliferation was determined by EdU staining (600� magnification). In all panels, data are expressed as mean ± SEM

(n = 8). &p < 0.05 versus C57BL/Ks, &&p < 0.01 versus C57BL/Ks, *p < 0.05 versus db/db control, **p < 0.01 versus db/db control, #p < 0.05 versus db/db rAAV-Mir30c, and
##p < 0.01 versus db/db rAAV-Mir30c. Data are representative of three independent experiments.
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hand, rAAV-anti-Mir30c treatment led to increased LC3 expres-
sion compared with db/db control mice (Figure 5C). Furthermore,
TUNEL assays revealed that BECN1 overexpression reversed the
reduced apoptosis effect of Mir30c overexpression in heart tissues
in db/db mice (as indicated by increased numbers of TUNEL-positive
cells; Figure 5D). Moreover, 5-ethynyl-2’-deoxyuridine (EdU) in situ
staining demonstrated that anti-Mir30c expression in vivo inhibited
cardiomyocyte proliferation in db/db mice, as indicated by fewer
EdU-positive cardiomyocytes compared with db/db mice (Figure 5E).

Together, our data show thatMir30c overexpression silences BECN1
and inhibits BECN1-activated autophagy, contributing to the protec-
tion of cardiac function in diabetic db/db mice. However, the loss of
Mir30c leads to induced BECN1 expression, enhanced autophagy,
and therefore contributes to diabetic heart pathology.

SP1 Regulates Mir30c In Vitro

Using bioinformatics, we identified SP1, an important transcrip-
tional factor in energy metabolism regulation, as the most promising
regulator of Mir30c promoter. To modulate SP1 expression, H9c2
cells were transfected with an SP1-specific small interfering RNA
(si-SP1). We observed a marked decrease in Mir30c expression
upon si-SP1 transfection, suggesting that Mir30c is indeed regulated
by SP1 (Figure 6A). We therefore cloned the promoter region of
Mir30c into a pGL3 vector. Luciferase activity, as controlled by the
Mir30c promoter constructs, was significantly reduced relative to
the small interfering RNA (siRNA) negative control, indicating that
SP1 acted via the promoter region of Mir30c to modulate Mir30c
expression (Figure 6B). Additionally, western blot and qRT-PCR an-
alyses revealed that downregulation of SP1 in cardiac cells in vitro
resulted in enhanced BECN1 expression (Figures 6C and 6D).
Next, we performed chromatin immunoprecipitation (ChIP) assays
in HEK293 cells and observed that endogenous SP1 was able to
directly bind to the�500-bp to 0-bp region upstream ofMir30c (Fig-
ure 6E). Overexpression of SP1 in H9c2 cells reversed the palmitate-
inducedMir30c reduction and BECN1 stimulation at both the mRNA
and protein levels (Figures 6F and 6G).

Downregulation of SP1 in db/db Hearts Contributes to Mir30c

Loss and the Resultant BECN1 Increase Promotes Excessive

Autophagy

After verifying thatMir30c was positively regulated by SP1, we aimed
to determine whether the depletion ofMir30c in db/db hearts was also
SP1 regulated. We discovered that both SP1 mRNA (Figure 6H) and
protein levels (Figure 6I) were reduced in db/db hearts in comparison
with the C57BL/Ks controls, in agreement with previous studies; in
contrast, BECN1 protein levels were increased in db/db hearts (Fig-
ure 6J). Meanwhile, decreased SQSTM1 and increased LC3 levels
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 133
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Figure 6. SP1 Regulates Mir30c In Vitro

(A) RelativeMir30c expression in H9c2 cells treated with siRNA was determined by qRT-PCR. **p < 0.01 versus siRNA-NC. (B) Regulation ofMir30c expression by SP1 was

analyzed by luciferase assays. *p < 0.05 versus pGL3-Mir30c + siRNA-NC. (C) BECN1 and SP1 protein levels in H9c2 cells transfected with si-SP1, as determined bywestern

blotting. ACTB was used as an internal control. (D) Relative mRNA expression levels of BECN1 in H9c2 cells transfected with si-SP1. Gene expression was analyzed by qRT-

PCR. *p < 0.05 versus siRNA-NC and **p < 0.01 versus siRNA-NC. (E) ChIP assays were performed with HEK293 cells. (F) RelativeMir30c expression in vitro, as determined

by qRT-PCR. **p < 0.01 versus control and &p < 0.05 versus palmitate + LF2K. (G) Relative protein levels of BECN1 and SP1 invitro analyzed by western blotting. ACTB was

used as an internal control. **p < 0.01 versus control and ##p < 0.01 versus palmitate. (H) Relative Sp1 mRNA levels in animal hearts were determined by qRT-PCR. Gapdh

was used as an internal control. (I) Relative Sp1 protein levels in animal hearts were detected by western blotting and ACTB was used as an internal control. Data are

expressed as mean ± SEM (n = 8). **p < 0.01 versus C57BL/Ks. (J) SP1, SQSTM1, BECN1, and LC3B proteins in rodent hearts were detected by immunohistochemistry

(200� magnification). In all panels, data are representative of three independent experiments.
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indicated that autophagy played a role in diabetic cardiomyopathy
(Figure 6J). The results support our hypothesis that SP1 downregula-
tion contributes to Mir30c downregulation in db/db hearts.

Collectively, our results demonstrate that Mir30c is decreased and
BECN1-activated autophagy is induced in db/db mice.

DISCUSSION
In response to the characteristically high levels of FFAs in type 2 dia-
betes, high FFA levels have been shown to promote the progression of
diabetic cardiomyopathy via multiple factors.22 In the present study,
we conclude that in db/db hearts, Mir30c reduction caused by SP1
downregulation increases BECN1 expression, promoting excessive
autophagy, and contributing to the pathology of diabetic cardiomy-
opathy (Figure 7).

Recently, theMir30 family was reported to be among the most highly
expressed group of miRNAs in cardiomyocytes, which is consistent
134 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
with our conclusions.20 Duisters et al. showed that Mir30c levels
were decreased in animal models and human LVH, resulting in
increased levels of connective tissue growth factor and leading to
myocardial matrix remodeling.20 In another study, downregulation
of Mir30 was shown to mediate angiotensin-II-induced myocardial
hypertrophy by regulating autophagy.19 These studies demonstrated
that Mir30 family levels substantially decreased during LVH, leading
to heart failure. However, the upstream regulator responsible for
Mir30 downregulation in the course of pathological hypertrophy
was not known.

In our present study, we focused on diabetic cardiomyopathy. Consis-
tent with previous studies, we found that depletion of Mir30c in dia-
betic hearts and the relative lack ofMir30cwas associated with cardiac
abnormalities, enhancing the link between Mir30c downregulation
and LVH. We also showed that high FFA levels decreased Mir30c
levels in cardiomyocytes. Other mechanisms may also be involved
in Mir30 loss in LVH. However, considering that FFA levels are



Figure 7. The Roles of Mir30c and Autophagy in Diabetic Cardiomyopathy

Our results show that in db/db hearts, lipotoxicity from increased levels of free fatty

acids (FFAs) downregulates SP1 in the nucleus. This leads to less Mir30c being

transcribed, which results in increased levels of BECN1. More BEC1 leads to more

autophagy, which contributes to the pathology of diabetic cardiomyopathy in an

undetermined manner.
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generally abnormal in type 2 diabetes,23 perturbed FFA levels may be
the major reason behind the marked depletion of Mir30c in the
myocardium of diabetes patients, providing a new perspective on
the impact of lipotoxicity on diabetic hearts.

Althoughautophagy is conventionally considered tobe a cell-protective
mechanism,24 it is also known as type II cell death, since cell death may
occur as a result of excessive autophagy.10, 17 Increasing evidence has
demonstrated altered autophagy in various heart diseases,9, 25 but its
role in the heart remains unclear. Early reports indicated that low-level
constitutive autophagy in the heart under baseline normal conditions is
important for the maintenance of cardiomyocyte size, global cardiac
structure, and cell function.7 However, several studies have suggested
that high levels of autophagy are not only associated with myocardial
hypertrophy but also responsible for autophagic cell death in the failing
heart,26, 27 and the occurrence of autophagic cardiomyocytes is greater
than the occurrence of apoptotic cells.9 Therefore, autophagy in the
heart may play different roles, beneficial or detrimental, in different
cellular settings.7 Regarding heart abnormalities in type 2 diabetes,
Mellor et al. found that upregulated autophagy contributed to cardiac
pathology in insulin resistance, suggesting an anti-survival role of auto-
phagy in diabetic hearts.11 Moreover, an obesogenic diet based onmilk
fat rather than lard induced gross and cellular hypertrophic cardiac
dysfunction and increased autophagy in the hearts of mice.28

Under normal physiological conditions, glucose, lactate, and fatty
acids are the main energy substrates that maintain cardiac perfor-
mance. However, mitochondrial oxidative metabolism decreases
and glycolysis becomes a significant source of energy in an overloaded
heart. Insufficient ATP supply leads to starvation state, initiating
autophagy,29 which then can lead to cell death through excessive
degradation of essential cellular components. In UMX7.1 hamsters,
an animal model of dilated cardiomyopathy induced by the absence
of Sgcd gene, cardiomyocyte loss induced by autophagic death was
increased, which was confirmed by the presence of typical autophagic
vacuoles.25 However, chronic activation of AMP-activated protein
kinase catalytic subunit alpha 2 bymetformin prevented cardiomyop-
athy by upregulating autophagic activity in diabetic mice.30 Consid-
ering the above, the role of autophagy in diabetes deserves further
investigation, particularly with transgenic animal models, to evaluate
autophagic flux in vivo.

Here, we have shown that high levels of FFAs and the subsequent loss
of Mir30c are crucial for activation of autophagy in cardiomyocytes
both in cultured H9c2 cells exposed to FFAs and in db/db mice. In
contrast to previous investigations that principally explored the asso-
ciation between high glucose and autophagy,30 we studied the role of
autophagy in high-FFA conditions in diabetic hearts. We found that
autophagy increase in response to high FFAs led to cardiac abnormal-
ities in diabetes.

Although we have detected plasma expression of Mir30c in patients
and involved cell lines and mouse models, there was no verification
in humans of the role of Mir30c and relative proteins studied. Studies
of the function of Mir30c in humans will provide information more
directly to human disease.

In conclusion, we here demonstrated that cardiac abnormalities in
db/db mice are associated with Mir30c depletion through auto-
phagy regulation and that downregulation of SP1 results in reduced
Mir30c levels. Our data suggest novel therapeutic targets for diabetic
cardiomyopathy.

MATERIALS AND METHODS
Reagents

H9c2 and HEK293 cell lines were obtained from the American Type
Culture Collection. Cell culture medium (high glucose-dulbecco’s
modified eagle medium [H-DMEM] and OPTI-MEM) and fetal
bovine serum (FBS) were obtained from GIBCO (Life Technologies).
Primers for miRNA qRT-PCR, miRNA mimics, siRNAs, and their
controls were synthesized by RiboBio Corporation. Primers for
mRNA real-time PCR were synthesized by BGI. Mouse monoclonal
antibodies against BECN1 (catalog number sc-48381), ACTB (catalog
number sc-47778), and SP1 (catalog number sc-420) were purchased
from Santa Cruz Biotechnology. Rabbit polyclonal antibodies against
LC3, ATG5, and ATG7 (Autophagy Antibody Sampler Kit, catalog
number 4445) were purchased from Cell Signaling Technology.
Mouse monoclonal antibody against ACTA1 (catalog number
NBP1-97725) and rabbit polyclonal antibodies against ULK1 (Cat
No: NB110-74844) and ATG14 (catalog number NBP2-36445)
were purchased from Novus Biologicals. Rabbit polyclonal antibody
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against SQSTM1 (catalog number A0682) was purchased from
ABclonal. Pre-stained protein markers and DNA ladders were pur-
chased from Fermentas (Thermo Fisher Scientific). Polyvinylidene
difluoride (PVDF) membranes were obtained from Millipore (Merck
KGaA). Baf A1, pepstatin A, and E64d were purchased from Cayman.
All other reagents were obtained from Sigma-Aldrich Shanghai
Trading Co., unless otherwise specified.

Human Tissue Samples

In accordance with the Declaration of Helsinki and with the approval
of the Ethics Committee of Tongji Hospital, 28 healthy controls,
26 patients with diabetes, 22 patients with chronic heart failure, and
15 patients with both diabetes and chronic heart failure were enrolled
in the study. All patients were admitted to the Cardiovascular Divi-
sion of Tongji Hospital between January 2012 and January 2016. Fast-
ing blood samples were collected via venous puncture after obtaining
written informed consent. The clinical characteristics of the patients
and control participants are listed in Table S1. After centrifugation,
the plasma samples were transferred to RNase-free tubes and stored
at �80�C until further analysis.

Animals

The animal study was approved by the Institutional Animal Research
Committee of Tongji Medical College. For in vivo experiments,
male db/db mice generated in C57BL/Ks background and control
C57BL/Ks mice (Model Animal Research Center of Nanjing Univer-
sity) were used. All experiments were performed in accordance with
the ARRIVE guidelines and NIH guidelines for animal welfare. All
animals were maintained under a 12 hr light/12 hr dark photoperiod,
with free access to water and food. We randomly divided the db/db
mice into five groups (n = 8 in each group): control, rAAV-miR-
random, rAAV-Mir30c, rAAV-anti-Mir30c, and rAAV-Mir30c +
rAAV-BECN1. The mice were injected with the corresponding
rAAVs via tail vein at 16 weeks of age. Echocardiographic analysis
was performed under inhalation anesthesia with 2% isoflurane.31

Mice were anesthetized with intraperitoneal injections of a ketamine
(80 mg/kg) and xylazine (5 mg/kg) mixture before hemodynamic
analyses.32 To assess the adequacy of the anesthesia during hemody-
namic examinations, parameters such as responsiveness, blood pres-
sure, and respiratory and heart rates were monitored. The mice were
killed by CO2 inhalation. The rAAV-treated db/db and control mice
were sacrificed at 24 weeks of age, and tissue samples were snap-
frozen in liquid nitrogen or collected for paraffin embedding.

Isolation of Primary Cardiomyocytes

Cardiomyocytes (CMs) and non-cardiomyocytes (NCMs) were iso-
lated from adult mice, as described previously.33 Briefly, the left ven-
tricles were harvested from perfused and digested hearts and dissected
into small pieces for dissociation in transfer buffer. After filtering
the cell solution, the cells were settled by sedimentation for several
minutes in Falcon tubes. Cell pellets and supernatants were trans-
ferred to individual Falcon tubes for further separation. Cell pellets
were re-suspended in transfer buffer and settled by repeated precipi-
tation. After a second precipitation, the cell pellets were examined for
136 Molecular Therapy: Nucleic Acids Vol. 7 June 2017
typical rod-shaped cell morphology before RNA extraction to verify
the expression of CM markers. The initial supernatant was first
centrifuged at 50� g (3 min) and then at 300� g (5 min) before veri-
fication of the pelleted cell NCM identity by qRT-PCR assessment of
fibroblast and CM markers.34

Western Blot Analysis

Western blotting was performed using specific antibodies (primary
antibody dilution 1:1,000), as described previously.35 Individual band
intensitieswere analyzed bydensitometry using ImageJ (NIH software).

Autophagic Flux Analysis

Cells were treated with Ad-mRFP-GFP-LC3 (catalog number
HB-AP2100001, Hanbio) for 48 hr, according to the manufacturer’s
instructions and were then assessed for green (GFP) or red (mRFP)
fluorescence. Autophagosomes were observed as yellow puncta and
autolysosomes were observed as red puncta in merged images. Auto-
phagic flux was measured as a percent increase in red puncta in the
merged images, as described previously.36

Cell Culture and Treatment

For in vitro experiments, H9c2 cells were routinely maintained in
H-DMEM supplemented with 10% FBS at 37�C in an atmosphere
of 5% CO2. The cells were cultured in six-well plates and grown
to �60%–70% confluence before transfection. Transfection with
miRNA mimics (100 nM), siRNAs (100 nM), and relative controls
(100 nM) was performed with Lipofectamine 2000 (LF2K for short,
Invitrogen, Life Technologies Corporation), according to the manu-
facturer’s recommendations. For high-FFA stimulation, H9c2 cells
were treated with palmitate (1 mM or 2 mM) as previously described,
for 48 h.37 Baf A1 (10 nM), pepstatin A (10 mg/mL), and E64d
(10 mg/mL) were administered for 2 hr. For luciferase assays,
HEK293 cells were cultured in H-DMEM supplemented with 10%
FBS and co-transfected in 24-well plates using Lipofectamine 2000
with 200 ng of the appropriate luciferase pMIR construct and 10 ng
pRL-TK plasmid (Promega). In addition, Mir30c mimics or si-SP1,
and the corresponding controls were used (final concentration
100 nM) to co-transfect with reporter plasmids in HEK293 cells.

Real-Time qPCR

Total RNA was extracted from animal hearts or H9c2 cells using a
TRIzol Reagent Kit (Invitrogen, Life Technologies) and reverse-tran-
scribed with a specific RT primer (RiboBio) using an EasyScript First-
Strand cDNA Synthesis SuperMix (Transgen Biotech Corporation).
Real-time qPCR was performed with specific primers according to
the manufacturer’s protocol (RiboBio). U6 small nuclear RNA
expression was used as an internal standard, and miRNA expression
was normalized to U6. The mRNA primers are listed in Table S5.
Each reaction was performed in triplicate, and data analysis was per-
formed by 2�DDCt method as described previously.38

miRNA Target Prediction

Bioinformatics predictionwebsites TargetScan (http://www.targetscan.
org/) and miRBase (http://www.mirbase.org/) were used for Mir30c
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target prediction. To predict transcription factor binding sites in gene
promoter regions, the program Alibaba 2.0 (http://gene-regulation.
com/pub/programs.html.) was used. The National Center for Biotech-
nology Information’s (https://www.ncbi.nlm.nih.gov/) BLAST pro-
gram was used for analyses of the sequences of potential target genes.

Construction of Luciferase Reporter Plasmids

The full-length sequence of the human BECN1 30 UTR was amplified
by PCR using the primers forward 50-GAGCTCACTCTGAGG
AGCAGTGGA-30 and reverse 50-TTCGAAATCTGGGTGACCTT
GACT-30 and was then mutated using Fast Mutagenesis System
(Transgen Biotech Corporation), according to the manufacturer’s in-
structions. To construct luciferase reporter plasmids, the 30 UTR and
mutant 30 UTR of BECN1 were inserted into pMIR-REPORT lucif-
erase vector (Ambion).

Based on the predictions, the 50 promoter region (�1,000 to 0 bp)
of Mir30c was cloned into the tpGL3 luciferase reporter vector
(Promega) following the manufacturer’s protocol.

Dual Luciferase Assays

Luciferase activity was analyzed 48 hr after transfection using a dual-
luciferase reporter assay system (Promega), according to the manu-
facturer’s recommendations. The activity of Renilla luciferase was
used to normalize the transfection efficiency and the internally
controlled firefly luciferase activity.

Cell Survival Assays

Cell-Counting Kit 8 (CCK8) assays were performed to assess cell sur-
vival as described previously.39

BrdU Incorporation Assays

A bromodeoxyuridine (BrdU) immunolabeling assay was performed
using a nonisotopic immunoassay kit to quantify BrdU incorporation
into newly synthesized DNA of actively proliferating cells, according
to the manufacturer’s instructions (Calbiochem, EMD Chemicals), as
described previously.40

Annexin V/Propidium Iodide Assays

Treated cells were harvested, resuspended in binding buffer, incubated
with fluorescein isothiocyanate (FITC)-conjugated AnnexinV and pro-
pidium iodide (PI; Annexin V-FITC Apoptosis Detection Kit, BD) ac-
cording to themanufacturer’s protocol, and thenanalyzedwithFACStar
Plus flow cytometer (BD). To exclude necrotic cells, only Annexin-
V-positive and PI-negative cells (early apoptotic cells) were counted.

Caspase-3 Activity Assays

Caspase-3 activity was measured using a colorimetric assay kit ac-
cording to the manufacturer’s instructions (R&D Systems).

Construction and Preparation of Recombinant Adeno-

Associated Viruses

rAAV vectors (type 9) were used to express Mir30c, BECN1, and the
appropriate controls in heart tissues in vivo. The rAAV-9 system was
a kind gift fromDr. Xiao Xiao (University of North Carolina at Chapel
Hill). Three plasmidsused to co-transfectHEK293 cells were purified as
described previously.41 To construct rAAV vectors carrying Mir30c,
anti-Mir30c, or miR-random, the respective complementary single
oligonucleotide strands were synthesized (BGI). After annealing, dou-
ble-stranded DNA fragments were ligated with rAAV vectors. To
construct rAAV vectors carrying BECN1, full-length BECN1 sequence
was PCR-amplified using specific primers (forward: 50-CGCGGAT
CCTCCCGAGGTGAAGAGCAT-30, reverse: 50-AAGGAAAAAAGC
GGCCGCAAAAGCCTTTAAGGCAAA-30). The amplified products
were then cloned into rAAV vectors. The rAAVs were aliquoted and
stored at �80�C until use.

Electron Microscopy

Heart samples were fixed in 2% glutaraldehyde in PBS and electron
microscopy analysis was performed using a Tecnai G2 12 transmis-
sion electron microscope (FEI). Autophagosomes were counted in
ten images from different fields (five or more). The characteristic
smooth double-membrane structures completely surrounding com-
pressed mitochondria or membrane-bound electron-dense material
were identified as autophagosomes.42

Histological Analysis and CM Size Determination

After sacrifice, mouse hearts were collected for paraffin embedding
and sectioned. After H&E staining, CM sizes were determined by
morphology. Masson and Sirius red staining was performed to assess
cardiac fibrosis. For histological analysis, the tissue sections were
stained with specific antibodies (primary antibody dilution 1:200)
and secondary antibodies, visualized by light microscopy, photo-
graphed (200�), and analyzed by ImagePro software.

TUNEL Assays

Cardiac apoptosis was determined using TUNEL staining, according
to the manufacturer’s instructions (R&D Systems). Images were ac-
quired using an inverted microscope (TE 2000; Nikon) equipped
with digital imaging camera. For each slide, ten high-power field im-
ages were captured.

EdU Incorporation Assays

EdU (50 mg/kg) was subcutaneously injected into mice every day for
3 days before sacrifice, as described previously.34 EdU staining was
then performed according to manufacturer’s instructions (RiboBio).
For each slide, ten high-power field images were captured.

Echocardiography and In Vivo Hemodynamics

After anesthetization, echocardiographic analysis was performed to
determine cardiac function of 24-week-old mice using a high-resolu-
tion imaging system with a 30-MHz high frequency scanhead (Visu-
alSonics Vevo770, VisualSonics), as described previously.35 Briefly, a
parasternal long-axis B-mode image was acquired with appropriate
positioning of the scan head so that the maximum LV length could
be identified. Then a clockwise 90� rotation at the papillary muscle
level depicted the parasternal short-axis view. From this view, an
M-mode cursor was positioned perpendicular to the anterior and
Molecular Therapy: Nucleic Acids Vol. 7 June 2017 137

http://gene-regulation.com/pub/programs.html
http://gene-regulation.com/pub/programs.html
https://www.ncbi.nlm.nih.gov/
http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
posterior walls of the left ventricle, andM-mode image loops were ob-
tained for measurement of wall thickness and chamber dimensions.
Each of these captured image loops included 11 to 20 cardiac cycles,
and data were averages from at least three cycles per loop.

LVEF was calculated as follows: LVEF = (left ventricular end-diastolic
volume [LVEDV] � left ventricular end-systolic volume [LVESV])/
LVEDV� 100%. FS was calculated as follows: FS% = (left ventricular
end diastolic dimension [LVDd] � left ventricular end systolic di-
mensions [LVDs])/LVDd � 100%.

Mouse hemodynamics were assessed as previously described.35

Briefly, a catheter manometer (Millar 1.4F, SPR 835, Millar Instru-
ments) was inserted in the right carotid artery and advanced into
the left ventricle to measure instantaneous intraventricular pressure
and volume. After stabilization, steady-state measurements were re-
corded. PVAN software (Millar Instruments) was used to perform
the cardiac pressure-volume analysis. All data were averages of at least
five measurements, and each measurement concluded at least ten
successive loops. Global systolic function was measured as the peak
instantaneous rate of the LV pressure increase and decline (dp/dt
max, dp/dt min).
ChIP Assays

ChIP assays were carried out according to the manufacturer’s proto-
col for the ChIP assay kit (Beyotime), as described previously.43
Statistical Analysis

The data are presented as mean ± SEM ormean ± SD. Student’s t tests
and ANOVAs were performed to identify statistically significant
differences between treatment groups, as appropriate. In all cases,
p < 0.05 was considered statistically significant.
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