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Abstract

Cyclins/retinoblastoma protein (pRb) pathway participates in cardiomyocyte hypertrophy. MicroRNAs (miRNAs), the endogenous small non-
coding RNAs, were recognized to play significant roles in cardiac hypertrophy. But, it remains unknown whether cyclin/Rb pathway is modu-
lated by miRNAs during cardiac hypertrophy. This study investigates the potential role of microRNA-16 (miR-16) in modulating cyclin/Rb
pathway during cardiomyocyte hypertrophy. An animal model of hypertrophy was established in a rat with abdominal aortic constriction
(AAC), and in a mouse with transverse aortic constriction (TAC) and in a mouse with subcutaneous injection of phenylephrine (PE) respec-
tively. In addition, a cell model of hypertrophy was also achieved based on PE-promoted neonatal rat ventricular cardiomyocyte and based
on Ang-II-induced neonatal mouse ventricular cardiomyocyte respectively. We demonstrated that miR-16 expression was markedly
decreased in hypertrophic myocardium and hypertrophic cardiomyocytes in rats and mice. Overexpression of miR-16 suppressed rat cardiac
hypertrophy and hypertrophic phenotype of cultured cardiomyocytes, and inhibition of miR-16 induced a hypertrophic phenotype in cardio-
myocytes. Expressions of cyclins D1, D2 and E1, and the phosphorylated pRb were increased in hypertrophic myocardium and hypertrophic
cardiomyocytes, but could be reversed by enforced expression of miR-16. Cyclins D1, D2 and E1, not pRb, were further validated to be mod-
ulated post-transcriptionally by miR-16. In addition, the signal transducer and activator of transcription-3 and c-Myc were activated during
myocardial hypertrophy, and inhibitions of them prevented miR-16 attenuation. Therefore, attenuation of miR-16 provoke cardiomyocyte
hypertrophy via derepressing the cyclins D1, D2 and E1, and activating cyclin/Rb pathway, revealing that miR-16 might be a target to man-
age cardiac hypertrophy.
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Introduction

Cardiac hypertrophy can be a compensatory adaptation in response
to a number of stimuli including mechanical stimulus, hormones,
cytokines, growth factors or pressure overload, but pathological

cardiac hypertrophy may lead to cardiomyopathy and heart failure
[1]. Different signal pathways are involved in physiological hyper-
trophy or pathological hypertrophy by different stimuli [2]. Accumu-
lating studies reveal that pathological hypertrophy can be resulted
from activations of the following signal pathways, including
b-adrenergic receptor-cAMP-PKA, GPCR-Gaq/PLC-PKCa, Ca2+/cal-
modulin-dependent kinase II and small G proteins-MAPK signalling
cascade [3]. Recent evidence indicate that Cyclin D (CCND) and
cyclin D kinases (CDKs) are up-regulated by hypertrophic stimuli,
and cyclin/Rb pathway participates in cardiac hypertrophy [4–10].
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However, the mechanism underlying modulation of cell cycle
regulatory proteins and activation of cyclin/Rb pathway is not well
understood.

MicroRNAs (miRs) are endogenous 20–23-nucleotide non-coding
RNAs that negatively regulate gene expression at the post-transcrip-
tional level by degrading or deadenylating the target mRNAs or by
inhibiting their translation [11]. miRs have been reported to play
important roles in pathological cardiac hypertrophy [12–19]. How-
ever, it remains largely unknown whether miRs participate in cardiac
hypertrophy through modulating cyclins and cyclin/Rb signal
pathway.

In this study, it has been suggested that microRNA-16 (miR-
16) modulates the cell cycle regulatory proteins and cyclin/Rb
pathway during cardiomyocyte hypertrophy. Our data have shown
that miR-16 is down-regulated in hypertrophic myocardium and
cardiomyocytes. As expected, overexpression of miR-16 can ame-
liorate the hypertrophic phenotype in vitro and in vivo through
targeting the expression of CCND1, CCND2 and CCNE1. We have
also demonstrated that the pathway involving STAT3/c-Myc activa-
tion mediates down-regulation of miR-16 in hypertrophic
cardiomyocytes.

Materials and methods

Vector and reagents

DNA template for miR-16 precursor was amplified from rat genomic

DNA using PCR technique. Recombinant adenovirus vector expressing

miR-16 was generated by cloning miR-16 DNA template into pAdTrack-
CMV (Stratagene, La Jolla, CA, USA), which was further recombined

with pAdEasy-I (Stratagene) for the construction of recombinant miR-16

adenovirus in human embryonic kidney 293 cells. Neonatal rat ventricular
cells (NRVCs) were maintained in DMEM supplemented with 10% foetal

bovine serum (FBS). PE, fluorescein isothiocyanate (FITC)-phalloidin,

Hoechst 33258, 10058-F4 and cryptotanshinone were purchased from

Sigma-Aldrich (St. Louis., MO, USA). miR-16 mimic and inhibitor, siRNAs
for CCND1, CCND2, CCNE1 and the cell-lightTM EU detection kit were pro-

vided by RiboBio (Guangzhou, China).

Animal studies

Male Sprague–Dawley (SD) rats (180–240 g), and male C57BL6 mice

(20–25 g) were purchased from Laboratory Animal Center of Sun Yat-sen
University. All animals were housed under pathogen-free conditions and

kept on standard mouse chow with free access to tap water. This study

conformed to the Guide for the Care and Use of Laboratory Animals pub-

lished by the US National Institutes of Health (8th Edition, National
Research Council, 2011). The present programme was also approved by

the research ethics committee of Guangdong General Hospital (the

approval number: No. GDREC2010093A).

According to the methods described previously, we established a
rat model of pressure-overload hypertrophy induced by abdominal

aortic constriction (AAC) [20], a mouse model of pressure-overload

hypertrophy induced by transverse aortic constriction (TAC) [21] and

a mouse model of hypertrophy by subcutaneous injection of phenyl-
ephrine (PE) [22]. Briefly, rats were anaesthetized with pentobarbital

sodium at a dose of 35 mg/kg bodyweight intraperitoneally. The ade-

quacy of anaesthesia was confirmed by the absence of reflex

response to foot squeeze. Body temperature was maintained during
surgery at 37 � 0.5°C. At the end of the experiments, rats were

killed with an overdose of sodium pentobarbital (220 mg/kg) intraperi-

toneal injection and hearts were collected for further detections. Con-
sistently, rats were given the same anaesthesia and euthanasia as

above in an in vivo study of overexpression of miR-16. Similarly,

mice were anaesthetized intraperitoneally using sodium pentobarbital

(50 mg/kg) before the TAC surgery, and mice were killed with
an overdose of sodium pentobarbital (200 mg/kg) intraperitoneal

injection.

FITC-phalloidin staining and EU-Apollo staining

Cultured rat cardiomyocytes were washed in PBS, fixed for 10 min. in

3.7% formaldehyde, and permeabilized for 10 min. in 0.1% Triton X-
100. Monolayers were then washed in blocking solution and incubated

for 40 min. with FITC-phalloidin (10 lg/ml, Sigma-Aldrich) at 37°C.
Monolayers were then washed again, post-fixed with 3.7% formalde-

hyde, and mounted. Based on the biosynthetic incorporation of the uri-
dine analogue 5-ethynyluridine (EU) into newly transcribed RNA, the

cellular transcription of NRVCs was analysed using a cell-lightTM EU

detection kit (RiboBio) according to the manufacturer’s instructions.

Confocal micrographs were obtained using a Leica SP5 confocal
microscopy (Leica, Mannheim, Germany). Cell size (total area) was

quantified using MiVnt imaging software (Weiyu, Zhuhai, China), and

fluorescence intensity analysis was performed with the LAS AF-TCS
SP5 imaging software.

Culture of primary cardiomyocytes and treatment

Neonatal rat ventricular cells and neonatal mouse ventricular cells

(NMVCs) were separately isolated from the hearts of 1–3-day-old new-

born SD rats and C57BL6 mice as described previously [23]. The new-

born rats and mice were killed by cervical dislocation. Isolated NRVCs
or NMVCs were plated onto 12-well plates and maintained for 48 hrs

in DMEM/F-12 supplemented with 10% FBS (Gibco, New York, NY,

USA). NRVCs were incubated with 2 9 10�5 M PE for 24 hrs and
NMVCs were incubated with 10�8 M angiontensin II (Ang-II) for

48 hrs to induce the hypertrophic phenotype, respectively. As indi-

cated, NRVCs were transduced with Adeno-empty or Adeno-miR-16

adenovirus (MOI 4). Total RNA and protein were extracted at 24 hrs
after transduction.

Quantitative mRNA and miRNA measurements

Quantitative real-time PCR (qRT-PCR) was performed as previously

described [24]. Methods for mRNA expression detection were as fol-

lows: Briefly, first-strand cDNAs were synthesized using a mixture of
oligo (dT)15 and random primers with superscript reverse transcriptase

(Invitrogen, Carlsbad, CA, USA). The absorption values of the SYBR

Green I fluorescence in each tube were detected at the end of each

thermal cycle. The housekeeping gene GAPDH was used as an internal
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control. Mature miR-16 level was detected using Bulge-Loop miRNA

qRT-PCR kit (Ribobio). To normalize RNA content, the U6 snRNA was
used as the internal control. PCR primers used in this study, as well as

the size of fragments amplified, are shown in Table S2. Analyses were

performed with a vii A7 Quantitative PCR System (Applied Biosystems,

Carlsbad, CA, USA). Each sample was amplified in duplicate, and nor-
malized versus the endogenous control. Results were calculated using

the 2�ΔΔCt method [25].

A
a
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Fig. 1miR-16 is down-regulated in hypertrophic myocardium. (A) Establishment of a rat model of AAC-induced hypertrophy. (a) Representative

echocardiographs showing that the LVAWd, LVAWs, LVPWd and LVPWs were increased in the hearts of rats in the AAC group. The detailed data

were presented in Table S1. (b) The ratio of LV weight to tibial length. (c) ANP and b-MHC mRNA expressions were assessed by qRT-PCR assay

(n = 6–8). (d) ANP and b-MHC protein expressions were assessed by Western blotting assay (n = 6–8). (e) Mature miR-16 expression was deter-
mined by qRT-PCR assay (n = 6–8). (B) The ratio of heart weight to bodyweight, and mature miR-16 expression in the myocardium of a mouse

model of PE-induced cardiac hypertrophy by qRT-PCR (n = 6–8). The C57BL/6 mice were given subcutaneous injections of PE at 20 mg/kg/day for

3 days. The mice were then maintained for another 7 days, followed by cervical dislocation and removal of the hearts for subsequent analyses.
(C) The ratio of heart weight to bodyweight, and mature miR-16 expression in the myocardium of a mouse model of TAC-induced cardiac hypertro-

phy as detected by qRT-PCR (n = 6–8). Data are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001 versus the Sham control or the

Saline control, #P < 0.05, ##P < 0.01 versus the AAC-1 w group, respectively.
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Protein analysis

Protein extracts were obtained from cells or tissues, as described [24].
The protein extract (40 lg) prepared from mouse myocardium was sep-

arated using 12% SDS-PAGE, transferred onto a polyvinylidene fluoride

membrane, and probed with antibodies for ANP (1:500, cat. no.

ab189921; Abcam (Cambridge, UK)), b-MHC (1:1000, cat. no. ab50967;
Abcam), CCND1 (1:1000, cat. no. sc-246; Santa Cruz), CCND2 (1:1000,

cat. no. sc-593; Santa Cruz (Santa Cruz, CA, USA)), CCNE1 (1:1000,

cat. no. sc-481; Santa Cruz), p-pRb (1:1000, cat. no. sc-16671; Santa

Cruz), pRb (1:1000, cat. no. sc-50; Santa Cruz), Stat3 (1:1000, cat. no.
ab119352; Abcam), p-Stat3 (1:1000, cat. no. ab76315; Abcam), c-Myc

(1:1000, cat. no. ab32072; Abcam), p-c-Myc (1:1000, cat. no. ab51156;

Abcam) overnight at 4°C. Membranes were then washed extensively
with TBS/T and incubated with a horseradish peroxidase-conjugated

secondary antibody (1:5000, cat. no. sc-2370, sc-2371; Santa Cruz) for

1 hr at room temperature. Proteins were visualized using the ECL Plus

detection system (GE Healthcare, Waukesha, WI, USA). As an internal
control, membranes were also immunoblotted with an anti-GAPDH anti-

body (1: 2000, cat. no. sc-367715; Santa Cruz).

Dual luciferase assay for CCND1, CCND2 and
CCNE1 targets identification

As our previous report [26], the double-stranded DNA fragments con-

taining the potential miR-16 binding site sequences of CCND1, CCND2

and CCNE1 genes were prepared. Then, the DNA fragments were

introduced into the pGl3-promoter vector (Promega, Madison, WI, USA)
to construct pGl3-target gene (TG)-binding site(bs) plasmid, respec-

tively. Using a site-directed mutagenesis kit (TransGen, Beijing, China),

the GCUGCU in the binding site for miR-16 in pGl3-TG-bs was replaced

with GAAAAU to construct pGl3-TG-bs-MUT. The constructions of
recombinant plasmids were identified by DNA sequencing.

Human embryonic kidney 293 cells (3 9 105 cells per well) were

plated in 12-well plates 24 hrs before transfection of plasmid DNA.

Cells were cotransfected with 200 ng of pGl3-TG-bs or pGl3-TG-bs-
MUT, 50 nM mir-16 mimic, and 20 ng of pRL-TK as an internal control

(Promega). Activities of firefly luciferase (FL) and renal luciferase (RL)

were measured 24 hrs after transfection, and the relative ratio of the
FL/RL was used to determine miR-16-mediated knockdown of target

genes.

Statistical analysis

Results are expressed as means � SD. In each experiment, all determi-

nations were performed at least in triplicate. Differences between
experimental groups were analysed with the unpaired Student’s t-test.

P-values lower than 0.05 were accepted as statistically significant.

Results

Down-regulation of miR-16 in hypertrophic
myocardium

Pressure-overload hypertrophy was induced by AAC in rats using 0.3-
mm silver clips, as previously described [20]. Echocardiography was
performed to reveal cardiac structural changes in rats with and with-
out AAC procedure (Fig. 1A-a). The comparisons of all echocardiog-
raphy findings were listed in Table S1. As expected, the systolic LV

A B

C D

Fig. 2miR-16 is down-regulated in hypertrophic cardiomyocytes. (A) Morphologies of PE-treated NRVCs as revealed by FITC-phalloidin staining.

(B) ANP mRNA and miR-16 expressions were assessed by qRT-PCR assay (n = 3). (C) Morphologies of Ang-II-treated NMVCs as revealed by FITC-
phalloidin staining. (D) ANP mRNA and miR-16 expressions were assessed by qRT-PCR assay (n = 3). Data are shown as mean � SD; *P < 0.05,

**P < 0.01 versus the Blank control.
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anterior wall thickness (LVAWs), the LV posterior wall end-diastolic
thickness (LVPWd) and the LV posterior wall end-systolic thickness
(LVPWs) were significantly increased in rats with AAC for 3 w
compared with rats in the sham control group. However, the ejection
fraction % and fractional shortening % were not yet significantly
changed among the groups with AAC-1 w, -2 w and -3 w and the
sham control group. Cardiac hypertrophy was further confirmed by
the ratio of LV weight to tibial length (Fig. 1A-b), the morphology
(Fig. S1A-a) and the transverse slices (Fig. S1A-b) of the hearts of
rats in the AAC-3 w group.

The results of qRT-PCR demonstrated that ANP mRNA was sig-
nificantly up-regulated in myocardium of rats in the AAC-1 w and
AAC-2 w groups, and b-MHC mRNA was significantly up-regulated in
myocardium of rats in the AAC-3 w group (Fig. 1A-c). Consistently,
ANP and b-MHC protein expressions were markedly increased in
myocardium of rats at as early as 1 week after AAC surgery, and
were up-regulated more highly at 2 and 3 weeks after AAC surgery,
respectively (Fig. 1A-d). We next measured miR-16 expression in rat
hypertrophic myocardium using qRT-PCR. Our results revealed that
miR-16 was significantly decreased in myocardium of rats in the
AAC-2 w and AAC-3 w groups compared with the sham group
(Fig. 1A-e). Consistently, results of in situ hybridization revealed that
miR-16 level was significantly reduced in the myocardium of rats
in the AAC-3 w group compared with the sham control group
(Fig. S1A-c).

To further validate down-regulation of miR-16 in hypertrophic
myocardium, we utilized two other mouse models of cardiac hyper-
trophy through subcutaneous injection of PE (Fig. S1B) and TAC sur-
gery (Fig. S1C). As expected, significant down-regulation of miR-16
was also observed in hypertrophic myocardium in mice in both two
mouse models (Fig. 1B and C).

Down-regulation of miR-16 in hypertrophic
cardiomyocytes

To investigate miR-16 expression in hypertrophic cardiomyocytes,
we established a NRVC model of 20 mM PE-induced hypertrophy
and a NMVC model of 10 nM Ang-II-induced hypertrophy. The FITC-
phalloidin staining revealed a hypertrophic phenotype of NRVC and

NMVC (Fig. 2A and C). We measured ANP mRNA and miR-16
expression in the hypertrophic cardiomyocytes using qRT-PCR. Our
results revealed that ANP mRNA was highly up-regulated, and miR-
16 level was significantly reduced in the hypertrophic NRVCs and
NMVCs compared with their control cells, respectively (Fig. 2B
and D).

miR-16 inhibits cardiac hypertrophic phenotype
in vivo and in vitro

After establishing that miR-16 was down-regulated in hypertrophic
myocardium, we investigated the effect of restoring miR-16 expres-
sion on the cardiac hypertrophic phenotype in vivo. To overexpress
miR-16, we first prepared recombinant miR-16 adenovirus and con-
trol adenovirus (Fig. S2). Viral solution (5 9 107 each) was injected
into the LV myocardium of rats in AAC-1 w group at five sites respec-
tively. After 2 weeks, rats with and without miR-16 overexpression
were killed for further investigations (Fig. 3A-a). As expected, high
miR-16 level was confirmed in rat myocardium after 2-week infection
with recombinant miR-16 adenovirus, but not the control virus
(Fig. 3A-b). Our results showed that the ratio of the LV weight to
heart weight and cell size was significantly reduced in the hypertro-
phic myocardium with forced expression of miR-16 (Fig. 3A-c
and A-d).

Next, we investigated the effect of forced expression of miR-16 on
the PE-induced hypertrophic phenotype in NRVCs. Quantification of
miR-16 showed that miR-16 expression was restored in NRVCs in
response to infection with recombinant miR-16 adenovirus (Fig. 3B).
Importantly, viral expression of miR-16 inhibited ANP mRNA and pro-
tein expressions in NRVCs induced by PE treatment (Fig. 3C). Cell
sizes and the levels of newly transcribed RNA in NRVCs were
increased in response to treatment with PE, which were significantly
inhibited by miR-16 overexpression (Fig. 3D and E). To further con-
firm the effects of miR-16 on the hypertrophic phenotype in NRVCs,
we transfected cells with 100 nM synthesized miR-16 inhibitor using
oligofectamine reagent (Invitrogen). Interestingly, in contrast to the
positive control with PE treatment, blockage of miR-16 function
resulted in significant increase in ANP and b-MHC expressions at
both mRNA and protein levels (Fig. 3F and G).

Fig. 3miR-16 inhibits cardiac hypertrophic phenotype in vivo and in vitro. (A) Adenovirus-mediated overexpression of miR-16 inhibited AAC-induced

cardiac hypertrophy in rats (n = 6–8). (a) Schematic outline of AAC surgery and study time-points. (b) miR-16 expression in rat myocardium received

virus injection was determined by qRT-PCR assay. (c) The ratios of heart weight to bodyweight and LV weight to heart weight. (d) Cell size of cardiomyo-
cytes in rat myocardium received virus injection. miR-16 was overexpressed in the left ventricle, contributing to decreased LV mass. *P < 0.05 versus

the vector control. (B) miR-16 expression in NRVCs was determined by qRT-PCR assay (n = 3). (C) ANP mRNA and protein expressions were assessed

by assessed by qRT-PCR and Western blotting assay respectively. Restoration of miR-16 resulted in attenuation of PE-induced ANP up-regulation in

NRVCs. (D) Cell size assessment of NRVCs by FITC-phalloidin staining assay. (a) Blank, (b) PE treatment, (c) Infection of the adenovirus vector control
followed with PE incubation, (d) Infection of the adenovirus expressing miR-16 followed with PE incubation. The scale bar was 50 lm. (E) Assessment

of newly transcribed RNA in NRVCs by EU-Apollo staining assay. NRVCs were treated differently in group (a), (b), (c) and (d), consistent with the corre-

sponding groups in the above D. The scale bar was 50 lm. (F) ANP and b-MHC mRNA expressions in NRVCs were determined by qRT-PCR assay

(n = 3). miR-16 inhibitor could increase ANP and b-MHC mRNA expressions in NRVCs. NC indicated negative control inhibitor. (G) ANP and b-MHC
protein expressions were assessed by Western blotting assay. ANP protein expression was shown increased in miR-16 inhibitor-modified NRVCs. NC

indicated the negative control inhibitor. Data are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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miR-16 targets CCND1, CCND2 and CCNE1,
contributing to its repressing effect on cardiac
hypertrophy

By analysing the databases Tarbase (www.diana.imis.athena-
innovation.gr), Mirdb (www.mirdb.org) and TargetScan-Vert (www.

targetscan.org), we found that the target sites for miR-16 have been
observed on the following genes: CCND1, CCND2 and CCNE1. The
matching positions for miR-16 within 30UTR of the targeted mRNAs
are shown in Figure 4A. The dual luciferase assay demonstrated that
miR-16 significantly reduced the luciferase activities through binding
the following sites, including 1787–1793 of CCND1 30UTR, 1864–1870
of CCND1 30UTR, 640–646 of CCND2 30UTR, 1709–1715 of CCND2

A

C a
b

c

a
b

D

B
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Fig. 4miR-16 negatively modulates the expression of CCND1, CCND2 and CCNE1. (A) Predicted miR-16 seed matches to potential target gene

mRNAs. Results of in silico analysis suggesting the presence of miR-16 target sites on the genes of CCND1, CCND2 and CCNE1. The seed sequence
of miR-16 is AGCAGCA, and the complementary nucleotide sequences are shown in bold words. (B) Verification of CCND1, CCND2 and CCNE1 as

targets of miR-16 by the dual luciferase reporter system. Data on luciferase reporter activities show the interaction between miR-16 and 30UTRs of

target genes. MUT, indicates the mutated miR-16 binding site sequence GAAAAU instead of GCUGCU. Data are shown as mean � SD; *P < 0.05,

**P < 0.01, ***P < 0.001 versus pGl3-promoter vector control (n = 3). (C, a) CCND1, CCND2 and CCNE1 mRNA expressions in rat myocardium
of AAC model of cardiac hypertrophy were assessed by qRT-PCR assay (n = 6–8). Levels of CCND1, CCND2 and CCNE1 protein expressions (b)
and phosphorylated pRb (c) in rat myocardium of AAC model of cardiac hypertrophy were assessed by Western blotting assay (n = 6–8). (D, a)
CCND1, CCND2 and CCNE1 mRNA expressions in rat myocardium received virus injection were assessed by qRT-PCR assay (n = 6–8). (b) Levels
of CCND1, CCND2 and CCNE1 protein expressions and phosphorylated pRb in rat myocardium received virus injection were assessed by Western

blotting assay (n = 6–8). (E, a) CCND1, CCND2 and CCNE1 mRNA expressions in PE-treated NRVCs were assessed by qRT-PCR assay (n = 3).

(b) CCND1, CCND2 and CCNE1 protein expressions and phosphorylated pRb in PE-treated NRVCs were assessed by Western blotting assay (n = 3).

(F, a) CCND1, CCND2 and CCNE1 mRNA expressions in miR-16-overexpressing NRVCs were assessed by qRT-PCR assay (n = 3). (b) Levels of
CCND1, CCND2 and CCNE1 protein and phosphorylated pRb in miR-16-overexpressing NRVCs were assessed by Western blot assay (n = 3).

(G) ANP mRNA expression was assessed by qRT-PCR assay in NRVCs modified with miR-16 mimic, CCND1 siRNA, CCND2 siRNA, and CCNE1

siRNA respectively (n = 3). (H) Cell size was assessed by FITC-phalloidin staining assay in NRVCs modified with miR-16 mimic, CCND1 siRNA,

CCND2 siRNA, and CCNE1 siRNA respectively (n = 3). The negative control mimic (NC) were transfected into NRVCs (a), meanwhile, NC (b),
miR-16 mimic (c), CCND1 siRNA (d), CCND2 siRNA (e) and CCNE1 siRNA (f) were also transfected in NRVCs followed with PE incubation,

respectively. The scale bar was 50 lm. Data are shown as mean � SD; *P < 0.05, **P < 0.01, ***P < 0.001.
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30UTR, 239–245 of CCNE1 30UTR and 478–485 of CCNE1 30UTR
(Fig. 4B).

Next, we detected the expressions of CCND1, CCND2 and CCNE1
in myocardium of rats with AAC. As expected, our results of qRT-PCR
and Western blotting assay revealed that the expressions of CCND1,
CCND2 and CCNE1 were significantly up-regulated in myocardium of
rats in AAC-2 w and AAC-3 w groups (Fig. 4C-a and C-b). Consis-
tently, the level of phosphorylated pRb was also increased in the
hypertrophic myocardium (Fig. 4C-c). In addition, we determined
expressions of CCND1, CCND2, CCNE1 and pRb in rat hypertrophic
myocardium after 2-week infection with recombinant miR-16
adenovirus. Compared with the control vector, adenovirus-mediated
overexpression of miR-16 markedly decreased the levels of CCND1,
CCND2, CCNE1 proteins and phosphorylated pRb, with no effect on
mRNA expressions of CCND1, CCND2 and CCNE1(Fig. 4D-a and D-b).

In parallel to a rat model of AAC-induced hypertrophy, expres-
sions of CCND1, CCND2 and CCNE1 at both mRNA and protein levels
were significantly up-regulated in PE-treated NRVCs, with increased
level of phosphorylated pRb (Fig. 4E-a and E-b) and increased cell
population of S phase (Fig. S3A). We next determined whether the

expressions of CCND1, CCND2 and CCNE1 genes were down-regu-
lated by miR-16 overexpression. Hence, NRVCs were infected without
(empty vector) and with recombinant miR-16-encoding adenovirus
for 24 hrs. Our data showed that the expressions of CCND1, CCND2,
CCNE1 proteins and phosphorylated pRb were significantly reduced
(Fig. 4F-b) and the cell population of S phase was also decreased
(Fig. S3B) in NRVCs following overexpression of miR-16, but mRNA
levels of CCND1, CCND2 and CCNE1 remained unchanged (Fig. 4F-a).
Collectively, miR-16 reduces the expression of CCND1, CCND2 and
CCNE1 in NRVCs at the post-transcriptional level.

Furthermore, we transfected NRVCs with miR-16 mimic, siRNA
for CCND1, CCND2 or CCNE1, respectively, followed by examining
ANP mRNA expression and morphologies of NRVCs. Our results
showed that ANP mRNA was down-regulated consistently in PE-trea-
ted NRVCs in response to transfection with miR-16 mimic, CCND1
siRNA, CCND2 siRNA and CCNE1 siRNA respectively (Fig. 4G). FITC-
phalloidin staining results demonstrated that cell size changes of PE-
treated NRVCs were also significantly reversed after transfection with
miR-16 mimic, or siRNA for CCND1, CCND2 or CCNE1, respectively
(Fig. 4H). These results suggest that either miR-16 overexpression or

A

B

C

Fig. 5 The STAT3/c-Myc pathway mediates

miR-16 down-regulation during cardiac

hypertrophy. (A) Activation of STAT3 and

c-Myc in myocardial hypertrophy in rats
receiving AAC treatment for 2 weeks

(n = 5–7). (B) Activation of STAT3 and c-

Myc in PE-treated NRVCs (n = 3). (C)
miR-16 and ANP mRNA expressions were
assessed by qRT-PCR assay in PE-treated

NRVCs without and with the presence of

STAT3 inhibitor cryptotanshinone (10 lM)

and c-Myc inhibitor 10058-F4 (30 lM),
respectively (n = 3). Data are shown as

mean � SD; *P < 0.05, **P < 0.01,

***P < 0.001.
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knockdown of CCND1, CCND2 or CCNE1 can similarly inhibit PE-
induced hypertrophic phenotype of NRVCs. Taken together, these
data indicate that miR-16 down-regulation resulted in an increase in
CCND1, CCND2 and CCNE1, and activation of cyclin/Rb pathway in
hypertrophic myocardium.

miR-16 is down-regulated through the STAT3/
c-Myc pathway

Previous study revealed that STAT3/c-Myc pathway mediated proges-
tin-induced suppression of miR-16 expression in mammary tumour
cells [27]. Therefore, we investigated whether miR-16 down-regula-
tion in cardiac hypertrophy was also mediated through activation of
the STAT3/c-Myc pathway. We first detected activation of STAT3/c-
Myc pathway in both myocardium of rats with AAC and NRVCs trea-
ted with PE. Western blot results showed that phosphorylation levels
of STAT3 and c-Myc were significantly increased in myocardium of
rats with AAC and in PE-treated NRVCs compared with their controls,
respectively (Fig. 5A and B), suggesting activation of the STAT3/c-
Myc pathway during cardiac hypertrophy. Next, we pre-treated
NRVCs in the presence of PE with 10058-F4 (c-Myc inhibitor) or with
cryptotanshinone (STAT3 inhibitor) for 0.5 hr, followed by analysis
with qRT-PCR assay. Our results demonstrated that treatment with
either 10058-F4 or cryptotanshinone prevented the down-regulation
of miR-16 induced by treatment with PE (Fig. 5C). Consistently, the
up-regulation of ANP mRNA expression in PE-treated NRVCs was

also inhibited by treatment with 10058-F4 or cryptotanshinone
(Fig. 5C). Collectively, miR-16 down-regulation in hypertrophic
cardiomyocytes results from activation of the STAT3/c-Myc pathway.

Discussion

In this study, we have, for the first time, shown that miR-16 was down-
regulated in hypertrophic cardiomyocytes in vivo and in vitro, which
was accompanied by up-regulation of CCND1, CCND2, CCNE1 and acti-
vation of cyclin/Rb pathway. Overexpression of miR-16 down-regulated
CCND1, CCND2 and CCNE1 at the post-transcriptional level. We have
provided further evidence to support that miR-16 inhibited cardiac
hypertrophy through targeting CCND1, CCND2, CCNE1 and cyclin/Rb
pathway. Our results have also suggested a role of the STAT3/c-Myc
pathway in miR-16 down-regulation during cardiac hypertrophy.

It is reported that CCND-CDK4/6 phosphorylated pRb during
hypertrophy and expression of an unphosphorylatable pRb mutant
could impair hypertrophic growth in cardiomyocytes [9]. CCND1-Rb
and CCND2-Rb pathways were demonstrated to be crucial in cardio-
myocyte hypertrophy [7, 28]. pRb and the E2F family of transcription
factors were also shown to play important roles in the development
of cardiac hypertrophy [7, 9]. Once inactivated by phosphorylation,
pRb will no longer repress the activation of E2F which is necessary
for hypertrophic growth in cardiomyocytes [9, 29].

More specifically, several lines of evidence derived from our
studies support that miR-16 inhibits cardiac hypertrophy through
targeting CCND1, CCND2 and CCNE1. First, miR-16 is highly
expressed in cardiomyocytes [30], and negatively regulates cellular
growth and cell cycle progression [31]. The role of miR-16 was also
previously implicated in cell cycle regulation of cancer cells [32], neu-
ral differentiation [33] and mesenchymal stem cell differentiation
towards myogenic phenotype [34]. In this study, we have shown that
down-regulation of miR-16 was accompanied by up-regulations of
CCND1, CCND2 and CCNE1 in hypertrophic myocardium and cell
models of cardiac hypertrophy. Importantly, knockdown of endoge-
nous miR-16 in cardiomyocytes increased the expression of ANP and
b-MHC. Second, enforced expression of miR-16 through adenovirus
inhibited cardiac growth in rat AAC model. Overexpression of miR-16
or siRNA knockdown of CCND1, CCND2 or CCNE1 inhibited ANP up-
regulation and size increases of cardiomyocytes. All these results
have further indicated that miR-16 post-transcriptionally modulates
CCND1, CCND2 and CCNE1 expressions, which is consistent with
previous reports [32, 34, 35]. Given that growth of cardiac myocytes
results from activation of various signalling pathways and increases
in gene transcription and protein synthesis [36, 37], our results
showing that overexpression of miR-16 reduced the newly tran-
scribed RNA in PE-treated NRVCs further support that miR-16 inhibits
cardiac hypertrophy.

In addition, the roles of cyclins and CDKs have been previously
proposed in cardiac hypertrophy. For example, cyclin D expression
and CDK activity were induced in hypertrophic cardiomyocytes in
vitro [6–8, 10, 38] and in vivo [6, 8, 10]. And inhibiting cyclin/CDK
activity in cardiac myocytes can attenuate hypertrophic growth
[38, 39].

Fig. 6 Schematic diagram of the mechanism whereby miR-16 attenua-
tion contributes to myocardial hypertrophy. Activation of the STAT3/c-

Myc signalling pathway negatively regulates miR-16 expression during

cardiac hypertrophy. In addition, attenuation of miR-16 derepresses the
cyclins D1, D2 and E1 and activates cyclin/Rb pathway to provoke

cardiomyocyte hypertrophy.
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Consistently, this study showed that CCND1 and CCND2 were up-
regulated at both mRNA and protein levels in rat myocardium of AAC
model and PE-stimulated NRVCs. It was previously reported that cy-
clin E was expressed in left ventricles of newborn animals, but unde-
tectable in adult ventricles [8]. However, our results demonstrated
that CCNE1 was highly expressed in both NRVCs and adult rat ventri-
cles, and was also up-regulated at both mRNA and protein levels in
rat hypertrophic myocardium and in PE-stimulated NRVCs, suggest-
ing a novel role for CCNE1 in the development of hypertrophy. There-
fore, this study demonstrates that increased expression of CCND1,
CCND2 and CCNE1 were modulated at both transcriptional level and
post-transcriptional level during cardiac hypertrophy.

Notably, our findings showing that down-regulation of miR-16
results in cardiac hypertrophy through up-regulating the expressions
of CCND1, CCND2 and CCNE1 have raised many other questions. For
example, what triggers down-regulation of miR-16 during hypertro-
phy? We have attempted to address this question. Our results have
suggested a role of the STAT3/c-Myc pathway in miR-16 down-regu-
lation during hypertrophy, as pharmacological inhibition of either
STAT3 or c-Myc prevented the down-regulation of miR-16 and
subsequent hypertrophy. This conclusion has been supported by
previous studies showing that STAT3 activation is involved in the
development of cardiac hypertrophy [40–43]. In addition, a previous
study reported that the STAT3/c-Myc pathway mediated miR-16
suppression by progestin in mammary tumour cells [27], further
supporting our conclusion.

Taken together, our results have revealed that miR-16 was
down-regulated in cardiomyocytes during cardiac hypertrophy, and
overexpression of miR-16 could ameliorate hypertrophic phenotype
in cardiomyocytes. Our data have also revealed that miR-16 inhibits
hypertrophic phenotype in cardiomyocytes through down-regulation
of CCND1, CCND2 and CCNE1 expression and inactivation of cy-
clin/Rb pathway (Fig. 6). Therefore, we conclude that miR-16 might

be a potential target for prevention and treatment of cardiac
hypertrophy.
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