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Abstract Pathological cardiac hypertrophy serves as a significant foundation for cardiac dysfunction

and heart failure. Recently, growing evidence has revealed that microRNAs (miRNAs) play multiple roles

in biological processes and participate in cardiovascular diseases. In the present research, we investigate

the impact of miRNA-34c-5p on cardiac hypertrophy and the mechanism involved. The expression of

miR-34c-5p was proved to be elevated in heart tissues from isoprenaline (ISO)-infused mice. ISO also

promoted miR-34c-5p level in primary cultures of neonatal rat cardiomyocytes (NRCMs). Transfection

with miR-34c-5p mimic enhanced cell surface area and expression levels of foetal-type genes atrial natri-

uretic factor (Anf ) and b-myosin heavy chain (b-Mhc) in NRCMs. In contrast, treatment with miR-34c-

5p inhibitor attenuated ISO-induced hypertrophic responses. Enforced expression of miR-34c-5p by tail
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Neonatal rat
cardiomyocytes;

Mice
intravenous injection of its agomir led to cardiac dysfunction and hypertrophy in mice, whereas inhibiting

miR-34c-5p by specific antagomir could protect the animals against ISO-triggered hypertrophic abnor-

malities. Mechanistically, miR-34c-5p suppressed autophagic flux in cardiomyocytes, which contributed

to the development of hypertrophy. Furthermore, the autophagy-related gene 4B (ATG4B) was identified

as a direct target of miR-34c-5p, and miR-34c-5p was certified to interact with 30 untranslated region of

Atg4b mRNA by dual-luciferase reporter assay. miR-34c-5p reduced the expression of ATG4B, thereby

resulting in decreased autophagy activity and induction of hypertrophy. Inhibition of miR-34c-5p abol-

ished the detrimental effects of ISO by restoring ATG4B and increasing autophagy. In conclusion, our

findings illuminate that miR-34c-5p participates in ISO-induced cardiac hypertrophy, at least partly

through suppressing ATG4B and autophagy. It suggests that regulation of miR-34c-5p may offer a

new way for handling hypertrophy-related cardiac dysfunction.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pathological cardiac hypertrophy, featured with the enlargement
of cardiomyocytes, cytoskeletal reorganization, and increased
expression of foetal-type genes, is an adaptive process of the heart
coping with myocardial stress. Initially, cardiac hypertrophy is a
compensatory phenomenon that helps to decrease wall stress and
to accommodate the increased load. However, prolonged cardiac
hypertrophy progresses to a decompensatory phase with contrac-
tile dysfunction and deterioration of cardiac performance, finally
developing into heart failure1,2. Although numerous studies have
verified the complex pathogenesis of cardiac hypertrophy, the
mortality and disability owing to cardiac hypertrophy and heart
failure are still very high. Thus, to search for effective therapies
that can prevent the development and progression of cardiac hy-
pertrophy is of great importance. In recent years, increasing evi-
dence has confirmed that autophagy in cardiomyocyte plays a
critical role in modulating cardiovascular diseases3,4. Autophagy,
which is evolutionarily conserved from lower eukaryotes to
mammals, involves the degradation of cytoplasmic components
and damaged organelles in lysosome-dependent manner, and is a
crucial catabolic degradative mechanism that obliterates redun-
dant materials and maintains homeostasis5,6. Autophagy imbal-
ance has been demonstrated to participate in the progression of
cardiovascular diseases7. Accumulating studies have revealed that
autophagy plays a beneficial role in cardiomyocytes, and the
suppression of autophagy provokes cardiac hypertrophy. A mod-
erate activation of autophagy can protect the heart from initial
cardiac hypertrophy progression8e10, whereas the deteriorating
effects of excessive autophagy on cardiac homeostasis have also
been reported11,12.

microRNAs (miRNAs) are a class of non-coding RNAs with
21e22 nucleotides in length, which tune gene expression by
interacting with the 30 untranslated region (30 UTR) of their target
mRNAs. miRNAs widely exist in viruses, protists, plants and
animals, exhibiting highly evolutionary conservation and
extremely low evolution rate, these conserved miRNAs have
preferentially conserved interactions with mRNAs13. Patients with
heart failure display a unique miRNA profile, and the expression
of some miRNAs may serve as biomarkers of cardiovascular
diseases14e16. In addition, several studies have demonstrated that
miRNAs are involved in mediating the process of cardiac hyper-
trophy and heart failure and circulatory miRNAs are proposed as
potential diagnostic and prognostic biomarkers in heart failure17.
For instance, miR-133, and possibly miR-1, have been demon-
strated to be key regulators of cardiomyocyte hypertrophy by
modulating several hypertrophic-related factors, such as RAS
homolog family member A, cell division control protein 42 and
negative elongation factor complex member A/Wolf-Hirschhorn
syndrome candidate 218. Cardiac-specific miR-22 deletion was
sufficient for inducing cardiac hypertrophic growth in response to
stress, and miR-22 knockout mice became more impressionable to
stress conditions, which accelerated the development of dilated
cardiomyopathy19. miR-103 could reduce cardiomyocyte auto-
phagy by targeting transient receptor potential vanilloid 3 sig-
nalling, which alleviated cardiac hypertrophy in pressure-
overloaded rat hearts20. Moreover, Yes-associated protein
enhanced the expression of miR-206, which mediated hypertrophy
and survival in cardiomyocytes through silencing forkhead box
protein P121. MiR-455 was also certified as a critical modulator
for cardiac development by targeting calreticulin, a Ca2þ binding/
storage chaperone resident protein that is essential for cardiac
development and postnatal pathologies22. These facts highlight
that miRNA occupies a significant position in modulating cardiac
hypertrophy.

Recently, we performed Illumina deep sequencing to charac-
terize miRNA expression profiles in left ventricular tissues from
mice with angiotensin II-induced cardiac hypertrophy23. A total of
64 miRNAs were identified to be up-regulated (a fold change �1.5
and a P value � 0.05) including miR-34c-5p (Supporting
Information Fig. S1). The screening on differentially expressed
miRNAs conducted by other researchers also revealed significant
elevation of the miR-34 family members miR-34b/c in rat hearts
with isoprenaline (ISO) treatment24. The computational prediction
of miRNA targets indicated a putative complementary seed region
between miR-34c-5p and the mRNA of the autophagy related
gene 4B (Atg4b), which is a key regulator of autophagy process.
Based on these preliminary evidences, we speculated that miR-
34c-5p might be associated with the dysregulation of autophagy
in the development of cardiac hypertrophy. MiR-34c-5p, as a
member of the miR-34 family (miR-34a, -34b, and -34c), was
previously reported to be elevated in the heart under stress25.
Clinical studies have revealed that miR-34b and miR-34c are
deregulated in heart tissues of both diabetic-heart failure and
nondiabetic-heart failure patients26. Nevertheless, the potential
roles of miR-34c-5p in cardiovascular systems remain to be
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elucidated. The present research showed that miR-34c-5p was
robustly increased in cultured cardiomyocytes and mice hearts
submitted to ISO treatment, accompanying with hypertrophic re-
sponses. Furthermore, miR-34c-5p could suppress autophagic
activity to provoke ISO-induced cardiac hypertrophy by targeting
ATG4B, which may add new understandings into the involvement
of autophagy and miR-34c-5p in the pathogenesis of cardiac hy-
pertrophy and heart failure.

2. Materials and methods

2.1. Animal models

C57B/L6 mice (male, aged 10e12 weeks, certification No.
44007200064634, SPF grade) were purchased from the Experi-
mental Animal Center of Guangzhou University of Chinese
Medicine (Guangzhou, China). All animal experiments were
authorized by the Research Ethics Committee of Sun Yat-sen
University and conformed to Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23, revised 1996).
The animals were housed in a specific non-pathogenic animal
breeding facility at 21e23 �C with a 12 h daylight/dark cycle and
ad libitum access to laboratory standard food and water.

Subcutaneous injection of ISO (2 mg/kg/day, No. A9525,
SigmaeAldrich, St. Louis, MO, USA) for 14 consecutive
days was performed to induce cardiac hypertrophy. Normal saline
(NS) was given as a vehicle control. Chemically modified miR-
34c-5p agomir and antagomir were used to enhance and inhibit
miR-34c-5p expression in vivo, respectively, and were synthesized
by GenePharma (Shanghai, China). miR-34c-5p agomir (5 OD),
antagomir (8 OD), and a comparable dose of negative control
(NC agomir or NC antagomir), were administrated through
tail vein injection once every 2 days. The mice were
randomly divided into the following groups: NC-agomir þ NS,
NC-agomir þ ISO, miR-34c-5p-agomir þ NS, miR-34c-5p-
agomir þ ISO, NC-antagomir þ NS, NC-antagomir þ ISO, miR-
34c-5p-antagomir þ NS, and miR-34c-5p-antagomir þ ISO. Each
group comprised eight animals.

2.2. Echocardiography and histological analysis

Mice were anesthetized with 3% (v/v) isoflurane. Technos MPX
ultrasound system (ESAOTE, Italy) was used to conduct the two-
dimensionally guided M-mode echocardiography according to the
methods described in our previous studies27,28. Then, the M-mode
recordings and parasternal short-axis parameters were measured.
Basic cardiac function indexes, including ejection fraction (EF),
fractional shortening (FS), left ventricular end-diastolic internal
diameter (LVID,d), left ventricular end-systolic internal diameter
(LVID,s), left ventricular end-diastolic volume (LV Vol,d), left
ventricular end-systolic volume (LV Vol,s), left ventricular end-
diastolic posterior wall thickness (LVPW,d), left ventricular end-
systolic posterior wall thickness (LVPW,s), interventricular
septal wall dimensions at end-diastole (IVS,d) and interventricular
septal wall dimensions at end-systole (IVS,s) were measured. The
animals were then sacrificed, and their hearts were quickly
removed and weighed. The histological cross-sections of the heart
tissues (5 mm thick) were fixed in 4% paraformaldehyde,
embedded in paraffin blocks, and stained with
haematoxylinseeosin (HE), PicriceSirius red (PSR) and wheat
germ agglutinin (WGA) staining for morphometry. The rest of the
tissues were instantly frozen in liquid nitrogen and then preserved
at �80 �C for further study.

2.3. Primary cultures of neonatal rat cardiomyocytes (NRCMs)

NRCMs were isolated from heart tissues of SpragueeDawley rats
(1- to 3-day-old) as described previously29. Purified car-
diomyocytes were seeded in 6-well plates with Dulbecco’s
modified Eagle’s medium (Gibco, Grand Island, NY, USA) con-
taining 10% foetal bovine serum (Invitrogen, Carlsbad, CA, USA)
and 0.1 mmol/L 5-bromodeoxyuridine (Thermo Fisher Scientific,
Waltham, MA, USA), and cultured at 37 �C with 5% CO2. After 1
day, the medium was replaced, and cells were cultured for an extra
24 h before tested.

2.4. Measurement of cell surface area

NRCMs cultured in 48-well plates were fixed at approximately
25 �C using 4% paraformaldehyde for 15 min, and further treated
with 0.3% TritonX-100 (Sangon Biotech, Shanghai, China) for
10 min. Cells were then washed with phosphate buffer solution
and incubated with 0.1% rhodamine-phalloidin for 1 h (Invitrogen)
to visualize actin filaments. After washing with phosphate
buffer solution for three times, cells were further stained with
4,6-diamidino-2-phenylindole (Invitrogen) and surface area was
assessed using a high content screening system (Thermo Fisher
Scientific). TheHCS Studio cell analyse softwarewas used to detect
surface area. Parameters of the software were adjusted so that the
border of nucleus and cytoskeleton in the field of view could be
accurately calculated. And 50 fields were randomly selected from
each group, containing 5e10 cardiomyocytes. The surface area of
200e300 cells was measured and the mean value was calculated.

2.5. MicroRNA, siRNA, plasmid transfection and adenovirus
infection

miR-34c-5p mimic, inhibitor, and relevant negative controls (NC
mimic and NC inhibitor) were purchased from RIBOBIO
(Guangzhou, China). The ATG4B overexpressing plasmid and the
green fluorescent protein (GFP)-tagged microtubule-associated
protein 1 light chain 3 (LC3) plasmid were provided by Addgene
(Cambridge, MA, USA). Atg4b siRNAwas synthesized by Sangon
Biotech. The sequences of siRNAs are listed in Supplemental
Information Table S1. Lipofectamine 2000 reagent (Invitrogen)
was used to perform transient transfection in NRCMs according to
the producer’s protocol for 24 or 48 h before harvesting. Adeno-
virus harbouring mCherry-GFP-LC3 (Ad-mCherry-GFP-LC3)
was purchased from Beyotime Biotechnology (Shanghai, China).
NRCMs were seeded in a confocal dish at a density of 1 � 105/
dish. Cells were transfected with Ad-mCherry-GFP-LC3 at a
multiplicity of infection (MOI) of 80. After 24 h, the medium
containing adenovirus was removed, and cells were further incu-
bated for 12 h, followed by treatment with miR-34c mimic or
inhibitor for the indicated time points. Images of LC3 puncta
containing green and red fluorescence were detected with a FV
1000S-IX81 confocal laser scanning microscopy (Olympus,
Tokoyo, Japan) at an excitation wavelength of 488 and 580 nm,
respectively. Ten fields selected for each group were observed.
Autophagic flux was evaluated by the fluorescence of mCherry/
GFP at different time points.
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2.6. Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA from cultured NRCMs or mouse cardiac tissues were
extracted with TRIzol reagent (Takara Biotechnology, Dalian,
China) following the manufacturer’s instructions. cDNA was then
prepared in a 20 mL reaction volume using the Revert Aid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). And
iCycler iQ system (iCycler, Bio-Rad, Hercules, CA, USA) with
SYBR-green quantitative PCR kit (TOYOBO, Japan) was used to
detect the expression levels of the target genes. Conditions of
amplification reactions were as follows: 95 �C for 15 min, fol-
lowed by 40 cycles of 95 �C for 30 s, 55 �C for 1 min, and 72 �C
for 30 s. b-Actin was used as a housekeeping gene. Specific mouse
or rat primers were synthesized by Sangon Biotech (listed in
Supplemental Information Table S2). Total RNA was reverse
transcribed using a Bulge-Loop microRNA reverse transcription
kit (RIBOBIO, Guangzhou, China). miR-34c-5p was detected
using the Bulge-Loop miRNA qRT-PCR Starter Kit (RIBOBIO).
U6 served as an endogenous control. All PCR reactions were
performed in triplicate, and the relative expression levels of
mRNA and microRNA were quantified using the 2eDDCt method.

2.7. Western blot analysis

Proteins in NRCMs or mouse cardiac tissues were extracted using
RIPA lysis buffer. The concentration of proteins was determined
by a BCA Protein Assay Kit (Thermo Fisher Scientific). A total of
30 mg of sample protein was separated by SDS-PAGE electro-
phoresis and further transferred to polyvinylidene difluoride
membranes (EMD Millipore Corporation, Billerica, MA, USA),
the membranes were blocked in 5% defatted milk (dissolved in
Tris-buffered saline with 0.1% Tween 20) at room temperature for
1 h and then incubated with the indicated primary antibodies at
4 �C overnight and cultured with the secondary antibodies at room
temperature for 1 h after that. Protein levels were detected with
Image Quant LAS 4000 mini (Waukesha, WI, USA). GAPDH
served as a housekeeping gene. The band intensities were was
analysed using Image J software (NIH, Bethesda, MD, USA).

2.8. Dual-luciferase reporter assay

HEK293T cells were transfected with pZEX-MT06 Firefly/Renilla
dual-luciferase vectors (FulenGen, Guangzhou, China) containing
wild-type Atg4b 30 UTR (WT-Atg4b-30 UTR) and mutant Atg4b 30

UTR (Mut-Atg4b-30 UTR), respectively. NRCMs seeded in
96-wells plates were co-transfected with miR-34c mimic or NC
mimic using Lipofectamine 2000 reagent (Invitrogen, USA). Cells
were harvested after 36 h, and the luciferase activity was deter-
mined by a Luc-pair duo-luciferase assay kit (FulenGen). And the
level of luciferase activity was calculated as the normalized
relative Firefly luciferase/Renilla ratio.

2.9. Immunofluorescence assay

NRCMs cultured on coverslips were fixed using 4% para-
formaldehyde, washed with warm phosphate buffer solution,
permeabilized with 0.3% Triton X-100 at room temperature for
10 min and subsequently cultured with 10% goat serum (BOS-
TER, Wuhan, China) at room temperature for 1 h. Afterwards,
cells were incubated with primary antibody of LC3 (diluted 1:100,
SigmaeAldrich) at 4 �C overnight, and further incubated with
Alexa Fluor-labelled secondary antibody (diluted 1:200, Cell
Signaling Technology, Danvers, MA, USA). The laser scanning
microscope (Olympus Corporation, Japan) was used to examine
the coverslips. The fluorescence intensity was quantified with
ImageJ software.

2.10. Materials

Antibodies used in this study were as follows: ATG4B
(Ab154843, Cell Signaling Technology), LC3 (L7543, Sigma-
eAldrich), ANF (sc-80686, Santa Cruz Biotechnology, Dallas,
TX, USA), b-MHC (M8421, SigmaeAldrich), autophagy related
gene 9A (ATG9A) (26276-1-AP, Proteintech, Beijing, China) and
GAPDH (60004-1-lg, Proteintech). Secondary antibodies conju-
gated with Alexa Fluor-488 were obtained from Proteintech.
Chloroquine (CQ) was purchased from Sangon Biotech; 3-
methyladenine (3-MA), rapamycin and bafilomycin A1 (Baf A1)
were obtained from TargetMol (Boston, MA, USA). The plasmid
encoding GFP-LC3 in pcDNA3.1 (þ) was generated by another
laboratory30.

2.11. Statistical analysis

The data are displayed as mean � standard deviation (SD). Un-
paired Student’s t-test was used to analyse the statistical signifi-
cance between two groups, and analysis among multiple groups
was conducted by one-way or two-way analysis of variance
(ANOVA) with Bonferroni post-tests using GraphPad Prism 7.0
(GraphPad Software Inc., San Diego, CA, USA). In all instances, a
value of P < 0.05 was regarded as statistically significant.

3. Results

3.1. ISO induces cardiac hypertrophy and increases the
expression of miR-34c-5p

ISO, widely known as a nonselective b-adrenergic receptor (b-AR)
agonist, was employed to induce cardiac hypertrophy. In our study,
C57BL/6 mice were administrated with ISO (2 mg/kg/day, for
14 days) through subcutaneous injection. The bodyweight and heart
rate of mice were not affected by ISO (Supporting Information
Fig. S2). The hearts of ISO-treated mice were significantly larger
than those of members in the control group receiving NS (Fig. 1A),
and showed typical hypertrophic changes, including extracellular
matrix collagen deposition in the myocardium and inflammatory
cell infiltration as revealed by gross morphologic examination, PSR
staining, HE staining, WGA staining and representative echocar-
diographic graphs (Fig. 1BeF). Additionally, treatment with ISO
increased the heart weight to body weight (HW/BW) and heart
weight to tibia length (HW/TL) ratios (Fig. 1G, H), and evoked
abnormalities in cardiac structure and function by elevating EF, FS,
LVPW and IVS (Fig. 1IeN). The protein and mRNA levels of hy-
pertrophic markers ANF and b-MHC were markedly increased in
cardiac tissues of ISO-infused mice (Fig. 1O and P). In cultured
NRCMs, ISO stimulation (10 mmol/L for 24 h) also resulted in
notable elevation in ANF and b-MHC expression (Fig. 1R and S).
CCK8 assay showed that the cell viability was not significantly
affected by ISO treatment (Supporting Information Fig. S3). These
results demonstrate that cardiac hypertrophy was successfully
induced by ISO both in vivo and in vitro. The data of qRT-PCR
analysis further reveal a time- and concentration-dependent



Figure 1 ISO induces hypertrophic responses accompanying with elevated miR-34c-5p expression. C57BL/6 mice were injected with ISO

(2 mg/kg/day, 14 days). (A) Gross morphology of the hearts. (B) Representative images from echocardiography. (C)e(F) HE staining of cardiac

sections, PSR staining for collagen deposition, WGA staining for cross-sectional areas. (G) and (H) HW/BW and HW/TL ratios. (I)e(N)

Echocardiographic parameters. Data are shown as mean � SD (n Z 7); *P < 0.05, **P < 0.01 vs. control group. (O) and (P) Western blot and

qRT-PCR were performed to measure the expression of ANF and b-MHC. (Q) The expression of miR-34c-5p was determined by qRT-PCR.

Cultured NRCMs were treated with 10 mmol/L ISO for indicated time points. (R) and (S) Western blot was performed to measure the protein

levels of ANF and b-MHC. The mRNA levels of Anf and b-Mhc were detected by qRT-PCR. (T) The level of miR-34c-5p was determined in

NRCMs following ISO incubation. Data are shown as mean � SD, n Z 3 or 4; *P < 0.05, **P < 0.01 vs. control group.

2378 Yuhong Zhang et al.
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increase in miR-34c-5p expression in NRCMs following ISO
treatment (Fig. 1T and Supporting Information Fig. S4). In
myocardial tissues from mice with ISO injection, the level of miR-
34c-5p was also significantly elevated compared to the control
group (Fig. 1Q), indicating the engagement of miR-34c-5p in the
progression of cardiac hypertrophy.

3.2. MiR-34c-5p promotes hypertrophic responses in NRCMs

To further study the functions of miR-34c-5p in cardiomyocytes,
both gain-of-function and loss-of-function approaches were per-
formed. NRCMs were respectively transfected with miR-34c-5p
mimic, negative control mimic (NC mimic), miR-34c-5p inhibitor
and negative control inhibitor (NC inhibitor). The transfection
efficiency was confirmed by qRT-PCR (Supporting Information
Fig. S5), and CCK8 assay showed that the viability of cells
remained intact (Supporting Information Fig. S6). The levels of
cardiac hypertrophy markers ANF and b-MHC, were dramatically
increased in miR-34c-5p mimic-transfected NRCMs compared
with those in NC mimic group (Fig. 2A). In addition, miR-34c-5p
overexpression also increased the average cell surface area,
comparable with ISO stimulation (Fig. 2C). Furthermore, ISO
treatment led to hypertrophic responses, such as up-regulation of
b-MHC and ANF expression and enlargement of cell surface area,
which could be attenuated by miR-34c-5p inhibitor (Fig. 2B and
D). Taken together, these results indicate that miR-34c-5p was
sufficient to induce cardiomyocyte hypertrophy in vitro, while
miR-34c-5p suppression could successfully inhibit ISO-induced
hypertrophic responses in NRCMs. The expression of caspase 3,
BCL-2 and BAX remained intact, suggesting that miR-34c-5p
might not impact cardiomyocyte apoptosis (Supporting
Information Fig. S7).

3.3. Autophagy is related to miR-34c-5p-mediated cardiac
hypertrophy

The above results of our experiments have indicated that
miR-34c-5p participated in the development of cardiac hyper-
trophy. However, the mechanism underlying miR-34c-5p medi-
ates cardiac hypertrophy is still unknown. Our previous study
revealed that autophagy was markedly reduced in ISO-induced
cardiac hypertrophy31. The autophagy inhibition in car-
diomyocytes would evoke cardiac hypertrophy32. Here, the levels
of LC3 (a mammalian homolog of yeast Atg8) and P62 expres-
sion were measured to determine the changes in autophagy. The
level of P62 protein, a substrate for autophagy, is negatively
associated with autophagy activity. Furthermore, the trans-
formation from the cytosolic form of LC3 (LC3-I) to LC3-II, an
essential process for autophagosome formation and autophagy
activation, was also detected. We observed that the P62 expres-
sion was elevated and LC3-II expression was suppressed after
stimulation with miR-34c-5p mimic, whereas miR-34c-5p inhib-
itor showed opposite effects, indicating that miR-34c-5p could
modulate autophagy activity (Fig. 3A and B). Moreover, 3-MA
and rapamycin were used to verify the role of autophagy in
miR-34c-5p mediated cardiac hypertrophy. As shown in Fig. 3C
and D, 3-MA, a phosphoinositide 3-kinase inhibitor that acts as a
highly selective suppressor of autophagy33, dramatically elevated
cell surface area, as well as the expression of hypertrophic
markers ANF and b-MHC in NRCMs. On the contrary, rapamycin
is a specific inhibitor of the mammalian target of rapamycin
(mTOR) that has been widely adopted to induce autophagy34.
Treatment with rapamycin significantly attenuated ISO-stimulated
hypertrophic responses in NRCMs. Rapamycin also alleviated
miR-34c-5p mimic-induced hypertrophic responses and led to
elevated expression of hypertrophic markers ANF and b-MHC
and enlarged cell surface area (Fig. 3E and F), whereas 3-MA
abolished the anti-hypertrophic responses of the miR-34c-5p in-
hibitor (Fig. 3G and H). These results indicate that autophagy was
closely associated with miR-34c-5p mediated cardiac hypertro-
phy. In addition, further rescue and complementary experiments
were performed by overexpressing ATG5 or treatment with
lysosomal inhibitors CQ and Baf A1 (Supporting Information
Fig. S8), which could affect the steps downstream of ATG4B in
the autophagic pathway. ATG5 overexpression resulted in LC3-II
accumulation, an effect that was further augmented by concom-
itant lysosomal inhibition. ATG5 overexpression also alleviated
miR-34c-5p mimic-induced hypertrophic responses and auto-
phagy inhibition, while the protective effects of miR-34c-5p in-
hibitor were compromised at the presence of CQ, supporting the
participation of miR-34c-5p in hypertrophy via autophagy
inhibition.

3.4. MiR-34c-5p suppresses autophagic flux

To ascertain the influence of miR-34c-5p on the dynamic process
of autophagy, we analyzed the changes in autophagic flux. CQ is a
well-established autophagy inhibitor that can suppress lysosomal
acidification, thereby preventing autophagosome fusion and
degradation35. Baf A1, a specific inhibitor of vacuolar-type Hþ-
ATPase affecting the pH of lysosomes, is also widely used to
analyse autophagic flux36. As shown in Fig. 4A, miR-34c-5p
mimic alone could down-regulate LC3-II level in NRCMs. CQ
treatment led to accumulation of LC3-II, which was attenuated at
the presence of miR-34c-5p mimic. Similar results were found
when Baf A1 was used. These data indicate that miR-34c-5p
mimic suppressed the formation of LC3-II, thereby resulting in
less LC3-II aggregation when autophagic flux was blocked by
lysosome inhibition. On the contrary, in cells treated with CQ or
Baf A1, miR-34c-5p inhibitor could still promote LC3-II level as
compared with the NC inhibitor, suggesting that miR-34c-5p in-
hibition facilitated autophagy by enhancing LC3-II formation.
Furthermore, CQ led to accumulation of P62, which was further
increased at the presence of miR-34c-5p mimic. In contrast, miR-
34c-5p inhibitor could attenuate CQ-induced P62 aggregation
(Supporting Information Fig. S9). Cells stimulated with ISO or
miR-34c-5p mimic presented diminished LC3 aggregation in the
cytoplasm, while cells with miR-34c-5p inhibitor treatment dis-
played increased LC3 aggregation (Fig. 4B). In NRCMs trans-
fected with the GFP-LC3 plasmid, we found that miR-34c-5p
mimic efficiently decreased GFP-LC3 puncta and dissociative
GFP protein expression. In contrast, the miR-34c-5p inhibitor
obviously induced GFP-LC3 puncta and dissociative GFP protein
expression (Fig. 4CeE). Adenovirus with mCherry-GFP-LC3
fusion protein was used to infect NRCMs. Under normal condi-
tions, LC3 localizes in autophagosomes emitted yellow signals
(mCherry and GFP), and after autophagosomes fuse with lyso-
somes, the autolysosomes present stable mCherry red puncta as
acid-sensitive GFP is more rapidly quenched by a low lysosomal
pH37. Autophagosomes induction will result in an increase in
green puncta and red puncta, and the subsequently enhanced
combination of autophagosomes with lysosomes can augment the
number of red only puncta. As shown in Fig. 4F, both yellow dots
and red only dots were considerably decreased following



Figure 2 MiR-34c-5p mimic induces cardiomyocyte hypertrophy and miR-34c-5p inhibitor attenuates ISO-induced cardiac hypertrophy.

Cultured NRCMs were transfected with miR-34c-5p mimic, NC mimic, miR-34c-5p inhibitor or NC inhibitor. Cells were further incubated with

10 mmol/L ISO for 24 h. (A) and (B) The protein expression of ANF and b-MHC was measured by Western blot (nZ 5). (C) and (D) The surface

area of NRCMs was determined. Data are shown as mean � SD, n Z 6; *P < 0.05 vs. control group; #P < 0.05 vs. NC mimic group or NC

inhibitor group; $P < 0.05 vs. ISO þ NC inhibitor group.
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treatment with miR-34c-5p mimic, indicating the blockage of
autophagy process. However, miR-34c-5p inhibitor obviously
promoted the formation of yellow dots and red only dots in a time-
dependent manner. These data suggest that miR-34c-5p can
supress autophagic flux, whereas inhibiting miR-34c-5p facilitates
the induction of autophagy. Considering the relative low level of
basal autophagy activity in NRCMs, the inhibitive effect of miR-
34c-5p was also validated under the condition that autophagic
activity was induced by nutrient starvation (Supporting
Information Fig. S10). In NRCMs incubated with nutrient-
deprived medium, miR-34c-5p mimic suppressed the aggrega-
tion of LC3-II when autophagic flux was blocked by lysosome
inhibition. At the same time, the increase in formation of both
yellow dots and red only dots were obviously attenuated at the
presence of miR-34c mimic, which further indicated the negative
regulation of autophagic flux by miR-34c-5p.

3.5. ATG4B is a direct target of miR-34c-5p

To elucidate the molecular mechanism of miR-34c-5p in regu-
lating cardiac hypertrophy, bioinformatics analysis of putative
targets of miR-34c-5p was performed using the target prediction
websites, including TargetScan (http://www.targetscan.org/) and
miRDB (http://www.mirdb.org), which identified 743 and 803
transcripts with conserved miR-34c-5p binding sites. miR-34c-5p
has been elucidated to dramatically affect autophagy activity, and

http://www.targetscan.org/
http://www.mirdb.org/


Figure 3 MiR-34c-5p promotes cardiac hypertrophy via modulating autophagy. (A) and (B) Cultured NRCMs were transfected respectively

with miR-34c-5p mimic and inhibitor for 24 h. The protein level of P62 and LC3-II were measured by Western blot. Data are shown as

mean � SD, n Z 5; *P < 0.05, **P < 0.01 vs. control group; #P < 0.05 vs. NC mimic or NC inhibitor group. (C) and (D) NRCMs were treated

with 3-MA or rapamycin accompanying with ISO treatment for 24 h. The cell surface area was measured (n Z 6). The levels of autophagic and

hypertrophic markers were detected by Western blot (nZ 3). Data are shown as mean � SD; *P < 0.05, **P < 0.01 vs. control group; #P < 0.05

vs. ISO group. (E) and (F) NRCMs with miR-34c-5p mimic transfection were submitted to rapamycin treatment for 24 h. The cell surface area

(n Z 6) and expression of autophagic and hypertrophic markers (n Z 5) was determined. Data are shown as mean � SD; *P < 0.05, **P < 0.01

vs. control group; #P < 0.05, ##P < 0.01 vs. NC mimic group; $P < 0.05, $$P < 0.01 vs. miR-34c-5p mimic group. (G) and (H) NRCMs were

transfected with miR-34c-5p inhibitor, and then incubated with ISO and 3-MA for 24 h. The cell surface area (n Z 6) and expression of

autophagic and hypertrophic markers (n Z 5) was determined. Data are shown as mean � SD; *P < 0.05, **P < 0.01 vs. control group;
#P < 0.05, ##P < 0.01 vs. ISO þ NC inhibitor group; $P < 0.05, $$P < 0.01 vs. ISO þ miR-34c-5p inhibitor group.
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interestingly, the autophagy-related genes Atg4b and Atg9a were
commonly predicted by TargetScan and miRDB as targets of miR-
34c-5p (Fig. 5A, Supporting Information Fig. S11). ATG4B
protein level was down-regulated by ISO-treatment in NRCMs in
a time-dependent manner (Supporting Information Fig. S12). The
predicted binding sites of rat Atg4b 30 UTR with miR-34c-5p are



Figure 4 miR-34c-5p suppresses autophagosome formation in NRCMs. (A) Cultured NRCMs were incubated with chloroquine (CQ) or

bafilomycin A1 (Baf A1) at the presence of miR-34c-5p mimic/inhibitor for 24 h. LC3-II expression was measured by Western blot. Data are

shown as mean � SD, n Z 3; *P < 0.05, **P < 0.01 vs. NC mimic/inhibitor group without CQ and Baf A1; #P < 0.05 vs. NC mimic/

inhibitor þ CQ group; $P < 0.05 vs. NC mimic/inhibitor þ Baf A1 group. (B) NRCMs were treated with ISO, miR-34c-5p mimic or inhibitor for

24 h. LC3-II aggregation was visualized by immunostaining. Data are shown as mean � SD, n Z 5; *P < 0.05, **P < 0.01 vs. NC mimic or NC

inhibitor group; #P < 0.05 vs. NC groups þ CQ or Baf A1. (C)e(E) NRCMs were subjected to GFP-LC3 transfection and further treated with

miR-34c-5p mimic/inhibitor. The levels of GFP and GFP-LC3 were measured by Western blot (n Z 3). The accumulation of GFP-LC3 was

detected. Data are shown as mean � SD, n Z 5; *P < 0.05 vs. NC mimic or NC inhibitor group. (F) NRCMs were transfected with adenovirus

harboring mCherry-GFP-LC3, and then treated with miR-34c-5p mimic/inhibitor. Representative images of fluorescent LC3 dots are shown. Data

are shown as mean � SD, n Z 5; Left panel: *P < 0.05 vs. control group (12 h, GFP), #P < 0.05 vs. control group (12 h, mCherry); Right panel:

*P < 0.05 vs. control group (yellow dots/cell), #P < 0.05 vs. control group (red only dots/cell).
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highly conserved in humans and mice (Fig. 5B). HEK293T cells
were transfected with pEZX-MT06 dual-luciferase vectors
encoding the WT-30 UTR of Atg4b or mutant miR-34c-5p binding
sites within the Atg4b 30 UTR. And the result showed that
compared to the NC mimic group, the normalized luciferase ac-
tivity was efficiently reduced upon co-transfection of the WT-
Atg4b-30 UTR luciferase vector with miR-34c-5p mimic. Mutation
of the miR-34c-p binding sites within the Atg4b 30 UTR abolished
the repressing effects of miR-34c-5p mimic (Fig. 5B). Further-
more, the expression of ATG4B was reduced by miR-34c-5p
mimic in NRCMs, whereas treatment with the miR-34c-5p in-
hibitor elevated ATG4B protein level (Fig. 5C and D). In addition,
the expression of ATG9A was detected, and it was shown that
miR-34c-5p had no impact on ATG9A content (Supporting In-
formation Fig. S13). These results validated ATG4B as a direct
target of miR-34c-5p.

3.6. ATG4B is involved in miR-34c-5p mediated cardiac
hypertrophy

To further determine the role of ATG4B in miR-34c-5p-regulated
cardiac hypertrophy, NRCMs were co-transfected with miR-34c-
5p inhibitor and Atg4b siRNA. Our results showed that Atg4b
knockdown alone could resulted in obvious hypertrophic re-
sponses in NRCMs, as indicated by enlargement of cell surface
area and increased expression of hypertrophic markers ANF and
b-MHC (Fig. S12). ISO treatment provoked cardiomyocyte hy-
pertrophy, which was rescued by miR-34c-5p inhibitor. However,
the protective effect of miR-34c-5p inhibition was counteracted by
silencing Atg4b (Fig. 5E and G). Next, NRCMs were co-
transfected with miR-34c-5p mimic and an expression vector
encoding Atg4b. Overexpression of Atg4b attenuated miR-34c-5p
mimic-triggered increase in hypertrophic markers expression and
cell surface area (Fig. 5F and H). These findings collectively
suggested the participation of ATG4B in miR-34c-5p-mediated
cardiomyocyte hypertrophy.

3.7. Overexpression of miR-34c-5p promotes cardiac
hypertrophy in vivo

In view of the pro-hypertrophic responses observed in gain-of-
function studies using cultured NRCMs, we hypothesized that
miR-34c-5p overexpression by specific agomir might promote
cardiac hypertrophy development in vivo. The qRT-PCR analysis
proved that endogenous cardiac miR-34c-5p levels were suc-
cessfully elevated in mice treated with miR-34c agomir via tail
vein injection, but not in those receiving the negative control
agomir (Fig. 6Q). ISO treatment and miR-34c agomir induced
obvious hypertrophic abnormalities, including enlargement of
heart size, disorganized myocardial architecture, decreased inter-
cellular space, and significant collagen deposition detected by HE
and PSR staining (Fig. 6AeE). WGA staining on heart sections
showed that there was a significant increase in cross-sectional area
following ISO or miR-34c-5p agomir treatment (Supporting In-
formation Fig. S14). In addition, the HW/BW and HW/TL ratios,
and the echocardiographic parameters, such as EF, FS, and LVPW,
were markedly elevated, whereas LVID and LV Vol were decreased
by ISO or miR-34c-5p agomir (Fig. 6FeO). Transmission electron
microscopy (TEM) and immunohistochemical staining further
showed a decrease in the number of double membrane structured
autophagosomes, accompanying with enhanced P62 content in
cardiac tissues after miR-34c-5p agomir treatment (Supporting
Information Fig. S15). Additionally, the protein and mRNA levels
of ATG4B, autophagic markers, and hypertrophic markers were
detected. The data showed that the miR-34c-5p agomir elevated the
levels of ANF, b-MHC and P62, but reduced the levels of ATG4B
and LC3-II (Fig. 6P and R). These results reveal that miR-34c-5p
inhibited ATG4B expression and autophagy activity, thereby
inducing cardiac hypertrophy in mice.

3.8. Inhibition of miR-34c-5p rescues ISO-induced cardiac
hypertrophy in mice

Because our studies showed that miR-34c-5p suppression pro-
tected cardiomyocytes from ISO-induced hypertrophic responses,
we next explored whether miR-34c-5p antagomir could
counteract ISO-induced hypertrophic abnormalities in animals.
The miR-34c-5p expression level was successfully knocked down
in mouse cardiac tissues treated with miR-34c-5p antagomir, as
determined by qRT-PCR (Fig. 7Q). Morphological and histolog-
ical analyses revealed that the miR-34c antagomir attenuated ISO-
provoked hypertrophic responses and the related pathologic
changes (Fig. 7AeE and Fig. S14). Antagomir administration
inhibited the increase in the HW/BW and HW/TL ratios stimu-
lated by ISO. It also ameliorated ISO-induced abnormalities in
cardiac structure and function by normalizing EF, FS, LVPW,
LVID and LV Vol levels (Fig. 7FeO). Furthermore, the ATG4B
and LC3-II contents were increased, whereas the levels of P62 and
hypertrophic markers were attenuated by miR-34c-5p antagomir
in cardiac tissues with ISO infusion (Fig. 7P and R). MiR-34c-5p
antagomir also inhibited ISO-induced reduction of autophago-
some formation and attenuated P62 aggregation as indicated by
TEM and immunohistochemical staining (Fig. S15). These results
show that the suppression of miR-34c-5p could increase the level
of its target ATG4B, which in turn increased the autophagy
activity and protected mice against ISO-induced cardiac
hypertrophy.

4. Discussion

Pathological cardiac hypertrophy is a dominant process in cardiac
adaption to hemodynamic overload and neurohumoral stimuli.
Prolonged cardiac hypertrophy will result in contractile dysfunc-
tion, cardiac decompensation, myocardium remodelling, and even
heart failure38. Recently, autophagy has been recognized to be
critical for maintaining cardiac homeostasis and function via
restricting misfolded protein accumulation, oxidative stress and
mitochondrial damage, while impairment of autophagy is tightly
related to the development of diabetes and aging-induced
myocardial abnormalities39. Furthermore, growing evidences
indicate that miRNAs play a pivotal role in modulating autophagy
activity and are involved in the pathogenesis of cardiovascular
diseases. For instance, the miR-212/132 family suppressed auto-
phagy activity by targeting FoxO3 transcription factor, thereby
promoting cardiac hypertrophy and heart failure40; miR-100 acted
as an inhibitor of mTOR signaling cascade to activate endothelial
autophagy and protect against vascular inflammation41; mesen-
chymal stem cell transplantation could improve myocardial
infarction by enhancing autophagic flux through excreted exo-
somes containing miR-125b-5p42. These studies highlight that
miRNAs may function as potential biomarkers or therapeutic
targets for various cardiovascular diseases including cardiac hy-
pertrophy, by modulating autophagy activity.



Figure 5 ATG4B is a direct target of miR-34c-5p and involved in miR-34c-5p mediated cardiac hypertrophy. (A) The numbers of transcripts

with conserved miR-34c-5p binding sites predicted by TargetScan and miRDB. (B) Schematic representation of the predicted binding sites for

miR-34c-5p and the mutated binding sites in the 30 UTR of Atg4b. HEK293T cells were transfected with dual luciferase reporter vectors con-

taining the wild-type or mutant Atg4b 30 UTR. Cells were further treated with a miR-34c-5p mimic or NC mimic, and luciferase activity was

measured. Data are shown as mean � SD, n Z 5; *P < 0.05 vs. NC mimic group. n.s.: no statistical difference. (C) and (D) NRCMs were treated

with miR-34c-5p mimic or inhibitor for 24 h ATG4B expression was measured by Western blot. Data are shown as mean � SD, nZ 5; *P < 0.05,

**P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. NC mimic or NC inhibitor group. (E) and (G) NRCMs were subjected to miR-34c-5p
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Our results show that during ISO-induced cardiac hypertrophy
miR-34c-5p was dramatically elevated both in vitro and in vivo.
miR-34c-5p is one of the miR-34c family members (including
miR-34a, b, c), which are originally defined as tumour suppressors
mediating cell cycle arrest in a variety of cell types43. They are
also involved in stem cell differentiation, spermatogenesis, neuron
development, aging, brain disorders and other metabolic diseases,
including diabetes and obesity44. In the cardiovascular system, the
miR-34 family widely participates in apoptosis, DNA damage,
telomere attrition and inflammatory response45. Previous studies
have recognized miR-34a as an important regulator in cardiac
diseases. Overexpression of miR-34a facilitates cardiac aging and
dysfunction46, while inhibition of miR-34a is able to attenuate
pathological cardiac remodeling47. The detrimental effect of miR-
34a is possibly associated with its inhibition on autophagy. Acti-
vation of miR-34a could impaired autophagic flux and promote
cochlear cell death48. In contrast, miR-34a inhibitor was shown to
protect mesenchymal stem cells from hyperglycaemic injury and
rescue heart function after myocardial infarction in diabetes
mellitus rats through the activation of autophagy pathway49.

Recently, we performed deep sequencing of miRNAs in a mice
model of angiotensin II-induced cardiac hypertrophy, and found
that miR-34c-5p, another key member of miR-34 family, was
significantly up-regulated in myocardium23. The screening results
of another group also revealed that the miR-34 family members
miR-34b and c were elevated in mice heart tissues following ISO
treatment24. To date, the function of miR-34c is mainly focused on
modulating different types of cancer. For instance, miR-34c-3p
has been validated as a potential liquid biopsy biomarker for
nasopharyngeal carcinoma diagnosis50. Overexpression of miR-
34c-5p may offer a novel strategy for the therapy of acute
myelocytic leukaemia patients via targeting leukaemia stem cells
to reinitiate senescence51. miR-34c-5p could suppress non-small
cell lung cancer tumours by targeting high mobility group box-1
mRNA, which promoted endoplasmic reticulum stress, and
increased reactive oxygen species levels52. Additionally, miR-34c-
5p ameliorated the proliferation, migration, and invasion of oste-
osarcoma cells by targeting flotillin-253. However, the patho-
physiological role of miR-34c-5p in cardiovascular system has
just begun to be understood. A few studies have shown that
stimulation with aldosterone could down-regulate miR-34c-5p
expression and promote Ca2þ/calmodulin-dependent protein ki-
nase II expression, which was closely related to aldosterone-
induced fibrosis54. The level of miR-34c-5p was reported to in-
crease in the cardiac tissues of patients suffering atrial fibrilla-
tion55. It was also significantly up-regulated in human failing
hearts56. These evidences shed light on the clinical implications of
miR-34c-5p in cardiovascular diseases. Unfortunately, no data are
presently available concerning its changes in patients with cardiac
hypertrophy. Here, our results provide the first clue that miR-34c-
5p regulates autophagy in ISO-induced cardiac hypertrophy by
inhibiting ATG4B. We observed that miR-34c-5p expression was
dramatically up-regulated in the hearts of mice with ISO-induced
inhibitor transfection and treated with Atg4b siRNA (siATG4B) at the pres

were determined, and the cell surface area were measured. Data are shown

group; #P < 0.05, ##P < 0.01 vs. ISO þ NC inhibitor group; $P < 0.05, $$

were co-transfected with ATG4B expressing plasmid and miR-34c-5p mim

were measured, and the cell surface area of NRCMs was measured. Data a

mimic group; #P < 0.05, ##P < 0.01 vs. miR-34c-5p mimic group.
cardiac hypertrophy. Overexpression of miR-34c-5p was sufficient
to trigger cardiomyocyte hypertrophy in vitro and could induce the
hypertrophic phenotype of mice. In contrast, treatment with the
miR-34c-5p inhibitor significantly alleviated the hypertrophic re-
sponses stimulated by ISO in cultured NRCMs, and miR-34c-5p
antagomir attenuated ISO-induced hypertrophic abnormalities in
mice hearts. These findings indicate that miR-34c-5p is a pro-
hypertrophic miRNA and suggest a potential cardioprotective ef-
fect of inhibiting miR-34c-5p.

Increasing efforts have been made to clarify the pathobiology
of cardiac hypertrophy and to develop new approaches for pre-
vention of heart failure. Activation of autophagy was previously
shown to alleviate cardiac derangements induced by genetic or
metabolic disorders, and thereby extended life span in vivo57. It
was also reported that autophagy could improve cardiac function,
attenuate inflammation, and rescue heart failure58. On the con-
trary, the disorder of autophagy in cardiomyocytes has been
indicated to provoke hypertrophy31. In line with this point, our
data show that autophagy activity was obviously inhibited in ISO-
induced cardiac hypertrophy, and the autophagy inhibitor 3-MA
could repress autophagy activity and evoke hypertrophic re-
sponses in cardiomyocytes. Rapamycin, as a well characterized
mTOR suppressor, has been proved to attenuate cardiac hyper-
trophy stimulated by pressure overload or ISO in mice and rats59.
Its protective effect can be attributed to the promotion of cardiac
autophagy60. Here, we found that overexpression of miR-34c-5p
inhibited autophagy activity, while miR-34c-5p suppressed auto-
phagy in vitro and in vivo. Furthermore, rapamycin or ATG5
overexpression could increase autophagy activity and prevent
miR-34c-5p-induced cardiomyocyte hypertrophy. Instead, sup-
pression of miR-34c-5p attenuated ISO-induced hypertrophic re-
sponses, which could be counteracted by 3-MA and CQ. In
addition, the changes in autophagic flux were detected. It was
reported that the blockage of autophagic flux contributed to
ischemia/reperfusion-induced cardiomyocyte death, indicating the
association between autophagic flux impairment and cardiac
dysfunction61. Our results validated that miR-34c overexpression
led to an obvious decrease in autophagy induction, whereas
suppression of miR-34c-5p resulted in significant activation of
autophagic flux. Collectively, these findings suggest that
miR-34c-5p impairs autophagy activity in cardiomyocytes, which
may facilitate the onset of hypertrophy.

Since miRNAs function mainly by regulating target genes,
bioinformatics analysis was performed and ATG4B was predicted
as a downstream effector of miR-34c-5p. Multiple autophagy-
related genes participate in modulating the process of autophagy.
Among them, ATG4B, a mammalian homologue of yeast Atg4,
has been demonstrated to play a critical role in processing LC3.
During the initial stage of autophagy, newly synthesized LC3 is
cleaved by Atg4B, exposing the C-terminal glycine residue,
referred to as the LC3-I. Next, ATG7, serving as the E1-like
enzyme, activates LC3-I and then the E2-like enzyme ATG3 fa-
cilitates phosphatidylethanolamine (PE) conjugation to LC3-I to
ence of ISO for 24 h. The levels of ATG4B and hypertrophic markers

as mean � SD, n Z 3 or 6; *P < 0.05, **P < 0.01 vs. NC inhibitor

P < 0.01 vs. ISO þ miR-34c-5p inhibitor group. (F) and (H) NRCMs

ic for 24 h. The expression level of ATG4B and hypertrophic markers

re shown as mean � SD, n Z 3 or 6; *P < 0.05, **P < 0.01 vs. NC



Figure 6 miR-34c-5p inhibition provokes cardiac hypertrophy in vivo. C57B/L6 mice were s6ly infused with 2 mg/kg/day ISO or normal saline

(NS) for two weeks. Specific agomir (5 OD) and its negative control (NC agomir) were administrated via tail vein once every two days to

overexpress miR-34c-5p. (A) Gross morphology of the hearts. (B) Representative images from echocardiography. (C)e(E) HE staining of cardiac

sections and PSR staining for collagen deposition. (F) and (G) HW/BW and HW/TL ratios. (H)e(O) Echocardiographic parameters. Data are

shown as mean � SD, n Z 8; *P < 0.05 vs. NC agomir group. (P) and (R) The levels of b-MHC, ANF, P62, LC3 and ATG4B in cardiac tissues

were measured by Western blot and qRT-PCR. Data are shown as mean � SD, nZ 4; *P < 0.05, **P < 0.01 vs. NC agomir group. (Q) MiR-34c-

5p expression in myocardium were measured by qRT-PCR. Data are shown as mean � SD, n Z 4; *P < 0.05, **P < 0.01 vs. NC agomir group.
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form LC3-II. It has been reported that abnormal autophagy ac-
tivity is closely related to various pathological conditions, and
ATG4B is considered as a potential therapeutic target because of
its pivotal function in the autophagy process62,63. In cardiovas-
cular diseases, the suppression of miR-490-3p or overexpression
of ATG4B promoted LC3-II content, increased autolysosomes,



Figure 7 miR-34c-5p inhibition protects mice against ISO-induced cardiac hypertrophy. C57B/L6 mice were subcutaneously infused with

2 mg/kg/day ISO or normal saline (NS) for two weeks. To inhibit miR-34c-5p in vivo, specific antagomir (8 OD) and its negative control (NC

antagomir) were administrated via tail vein once every two days. (A) Gross morphology of the hearts. (B) Representative images from echo-

cardiography. (C)e(E) HE staining of cardiac sections and PSR staining for collagen deposition. (F) and (G) HW/BWand HW/TL ratios. (H)e(O)

Echocardiographic parameters. Data are shown as mean � SD, n Z 8; *P < 0.05, **P < 0.01 vs. NC antagomir group; #P < 0.05 vs. ISO þ NC

antagomir group. (P) and (R) The levels of b-MHC, ANF, P62, LC3 and ATG4B in cardiac tissues were measured by Western blot and qRT-PCR.

Data are shown as mean � SD, n Z 4; *P < 0.05, **P < 0.01 vs. NC antagomir group; #P < 0.05 vs. ISO þ NC antagomir group. (Q) miR-34c-

5p expression in myocardium were measured by qRT-PCR. Data are shown as mean � SD, n Z 4; *P < 0.05 vs. NC antagomir group; #P < 0.05

vs. ISO þ NC antagomir group.
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inhibited the expression of P62, and reduced infarct size64. In our
study, miR-34c-5p level was found to be negatively correlated
with ATG4B expression in vitro and in vivo, and the level of
ATG4B was reduced in ISO-induced cardiac hypertrophy. More-
over, ATG4B expression was dramatically reduced by miR-34c-5p
mimic and agomir, whereas miR-34c-5p inhibitor and antagomir
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reversed the decrease in ATG4B level caused by ISO. The dual-
luciferase reporter assay showed that miR-34c-5p could directly
bind to the complementary region on Atg4b 30 UTR. Inhibition of
ATG4B could counteract the protective effect of the miR-34c-5p
inhibitor against ISO-induced hypertrophic responses. On the
contrary, overexpression of ATG4B attenuated miR-34c-5p
mimic-triggered cardiac hypertrophy. Therefore, the pro-
hypertrophic effect of miR-34c-5p can be at least partly
ascribed to its negative regulation of ATG4B expression and
subsequent reduction in autophagy activity.

Previous studies have revealed that stimulation of b-AR affects
Dicer-regulated microRNA maturation in a b-Arrestin-dependent
way65. Excessive b-AR activation by ISO could alter miRNA
expression profiles in the heart with a significant up-regulation of
miR-34c24. However, the potential role of miR-34c in ISO-induced
myocardium injuries has not been described before. In the present
work, we provided new findings about the pro-hypertrophic prop-
erty of miR-34c-5p and its contribution to cardiac hypertrophy
triggered by ISO. More importantly, our results uncovered that
the detrimental effects of miR-34c-5p was associated with auto-
phagy inhibition. Although a recent report has shown that miR-34c
promoted diabetic corneal neuropathy via suppressing autophagy66,
the link between miR-34c and cardiac autophagy remains undoc-
umented. Here, we further proved that aberrant increase in
miR-34c-5p expression compromised autophagy in myocardium
and thereby led to the development of hypertrophy, while
miR-34c-5p inhibition could attenuated the hypertrophic responses
provoked by ISO, suggesting a novel therapeutic intervention based
on modulating miR-34c-5p. In addition, ATG4B was identified as a
direct target of miR-34c-5p. In HeLa and SKOV3 cancer cell lines,
Wu et al. observed that miR-34c-5p suppressed ATG4B expres-
sion67. Down-regulation of ATG4B by miR-34c was also found in
cultured trigeminal ganglion neurons66. Nevertheless, none of these
researches investigate whether miR-34c-5p can influence ATG4B
in vivo, as well as whether ATG4B participates in cardiovascular
diseases due to miR-34c-5p dysregulation. By injecting rats with
miR-34c-5p agomir and antagomir, we manifested the inhibitive
effect of miR-34c-5p on ATG4B in the heart. Moreover, we per-
formed experiments by silencing or restoring ATG4B expression.
ATG4B knockdown compromised the protective effect of the miR-
34c-5p inhibitor against ISO-induced hypertrophy. In contrast,
ATG4B overexpression could attenuate miR-34c-5p mimic-trig-
gered cardiac hypertrophy. These findings provide the first evidence
that ATG4B acts as a downstream effector contributing to miR-34c-
5p-mediated cardiac hypertrophy. Despite of all these findings,
there are still some limitations in our study. First, it remains unclear
whether similar results can be obtained if cardiac hypertrophy is
caused by other stimuli besides ISO, such as angiotensin II or
pressure overload. Second, it is well known that an individual
miRNA may modulate a wide range of transcripts68,69. In fact, other
target genes of miR-34c-5p have been previously determined, such
as ATG9A. ATG9A participates in autophagy inhibition induced by
miR-34a to facilitate cardiac hypertrophy8. Our results suggest that
ATG9A may not be associated with miR-34c-5p-mediated cardiac
hypertrophy, but we still cannot rule out the potential involvement
of other targets besides ATG4B in the pro-hypertrophic effect of
miR-34c-5p. Finally, the mechanism of ATG4B in modulating
cardiac hypertrophy is far from elucidated. The influence of ATG4B
on autophagy and cardiovascular system should be further clarified.
Especially, the animals with cardiac specific ATG4B over-
expression or depletion may be used in future investigations.
5. Conclusions

In summary, our data reveal that miR-34c-5p promoted ISO-
induced cardiac hypertrophy. The expression of miR-34c-5p was
markedly elevated in cultured NRCMs and heart tissues of mice
after ISO treatment. Autophagy activity was reduced after ISO
treatment, and miR-34c-5p was also demonstrated to suppress
autophagy. Autophagy activation could ameliorate the pro-
hypertrophic effect of miR-34c-5p, whereas autophagy inhibitors
compromised the protective role of miR-34c-5p inhibition.
Furthermore, ATG4B was identified as a direct target of miR-34c-
5p. Overexpression of miR-34c-5p reduced ATG4B content and
decreased autophagic flux, thereby leading to hypertrophic re-
sponses. In contrast, inhibition of miR-34c-5p could attenuate the
detrimental effects of ISO by restoring ATG4B level. ATG4B
overexpression suppressed the pro-hypertrophic effect of miR-
34c-5p, while silencing ATG4B could counteract the anti-
hypertrophic effect of miR-34c-5p inhibitor. These findings pro-
vide new insights into the pathophysiological functions of miR-
34c-5p, and suggest that modulation of miR-34c-5p may be a
potential strategy for the treatment of cardiac hypertrophy.
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