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Overexpression of microRNA-26b attenuates  
angiotensin II-induced cardiac hypertrophy  
through inhibition of autophagic responses
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Abstract: Although microRNA-26b (miR-26b) has been previously identified as a regulator of cardiac hypertrophy, 
the specific mechanism remains elusive. Cardiac hypertrophy was induced by thoracic aortic constriction (TAC) in 
mice. Four weeks after surgery, the cardiac hypertrophy mice model was successfully established. In addition, a 
cell model of hypertrophy was also established based on angiotensin II (AngII)-induced neonatal mouse ventricular 
cardiomyocytes. We observed that miR-26b was markedly down-regulated in hypertrophic myocardium tissues and 
hypertrophic cultured cardiomyocytes, whereas administration of miR-26b mimics suppressed hypertrophic pheno-
type of cultured cardiomyocytes. Additionally, it was shown that overexpression of miR-26b attenuated autophagic 
responses in hypertrophic cardiomyocytes, which was confirmed by reducing Beclin-1 expression and the light chain 
3(LC3)-II/LC3-I ratio. Taken together, our study provides substantial evidence that upregulation of miR-26b expres-
sion might be a potential effective therapeutic strategy to attenuate cardiac hypertrophy.
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Introduction

Cardiac hypertrophy, broadly defined as an in- 
crease in heart mass, is an adaptive response 
to a wide array of intrinsic and extrinsic stimuli, 
which is featured by enlarged cardiomyocyte 
size, highly organized sarcomeres, increased 
protein synthesis and re-activation of fetal ge- 
nes [1]. Although cardiac hypertrophy is initi- 
ally compensatory to diverse stimuli, prolonged 
cardiac hypertrophy eventually leads to arrhy- 
thmias, heart failure and sudden death [2, 3]. 
Currently, it remains one of the prominent 
causes of morbidity and mortality around the 
world [4]. Therefore, it is of critical importance 
to develop more efficient novel therapeutic 
strategies for patients with cardiac hyper- 
trophy.

MicroRNAs (miRNAs) are endogenous small 
noncoding RNAs with 19-24 nucleotides in 
length, which post-transcriptionally modulate 
gene expression by base pairing to 3’ untrans-
lated region of targeted mRNAs [5]. Indeed, a 

large fraction (approximately 60%) of the ge- 
nome is modulated by miRNAs [6]. It is widely 
considered that miRNAs serve critical roles in 
diverse cellular processes, including cell pro- 
liferation, differentiation, apoptosis and devel-
opment [7], and their dysregulated expression 
is associated with multiple human cardiovas- 
cular diseases, including cardiac hypertrophy 
[8, 9]. The regulatory roles of miRNAs in cardiac 
hypertrophy have triggered tremendous inter-
est in further exploring their potential as novel 
therapeutic targets.

The sequences of miR-26a and miR-26b are 
similar, and their binding sites are identically 
conserved. Although the down-regulation of 
miR-26a have been well documented in both 
hypertrophy rat models and cultured cardiomy-
ocytes [10]; however, to date, there is no report 
clearly disclosing the regulatory role of miR-26b 
in cardiac hypertrophy and its biological signifi-
cance. Herein, we sought to test the hypothesis 
that miR-26b might be implicated in the etiolo-
gy of cardiac hypertrophy, and to determine  
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the underlying molecular behavior of miR-26b 
in cardiac hypertrophy.

Materials and methods

Animal experiments

In vivo pressure overload-induced cardiac hy- 
pertrophy was achieved by thoracic aortic con-
striction (TAC) as previously described [11]. 
Sixteen eight-week-old C57BL/6J male mice, 
obtained from Shanghai Laboratory Animal 
Center Co. Ltd., were subjected to TAC opera-
tion or sham operation (n=8 per group). All  
animals were anesthetized and placed on a 
heating pad during operation. For TAC, after 
thoracotomy, the transverse aorta between  
the right innominate and left common carotid 
arteries was dissected and constricted with a 
6-0 nylon suture by ligating the aorta against a 
27-gauge needle, which was later removed. 
Mice subjected to a sham operation were con-
sidered as controls. All animal experimental 
protocols were carried out in accordance with 
the relevant guidelines and regulations and 
with the approval of the Animal Care and Use 
Committee of Sichuan Provincial People’s Hos- 
pital.

Echocardiography and histological analysis

Four weeks after TAC, transthoracic echocar-
diographic analysis was performed to evaluate 
the heart function of mice using a 30-MHz 
probe interfaced with a Vevo-770 high-frequen-
cy ultrasound system (VisualSonics® Vevo770®, 
VisualSonics Inc., Toronto, Canada). All assess-
ments were averaged for at least three sepa-
rate cardiac cycles. Then these mice were eu- 
thanized, and their hearts were surgically 
removed to determine the heart weight (HW) 
and left ventricular weight (LVW). Then the 
heart to body weight ratio (HW/BW) and left 
ventricle weight to body weight ratio (LVW/BW) 
were obtained. For histological analysis, the 
ventricles were excised, fixed with 4% formal- 
dehyde, dehydrated and then embedded in  
paraffin wax, sectioned at 4-6 μm thickness 
and stained with hematoxylin and eosin (H&E). 
The cross-sectional area (CSA) of cardiomyo-
cytes was determined using Image Pro-Plus 
version 6.0 image analysis software (Media 
Cybernetics Inc., Rockville, MD, USA).

Cardiomyocytes culture and transfection

Cardiomyocytes were isolated from the hearts 
of 1-day-old newborn C57BL6 mice and were 

digested by trypsin and collagenase type II. 
Cells were cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco, Carlsbad, CA, 
USA) with 10% FBS (Gibco). Furthermore, car-
diomyocytes were treated with 1 μmol/L AngII 
(Sigma, Saint Louis, MO, USA) for inducing hy- 
pertrophy. After 12 h, miR-26b mimics (miR-
26b) and miR-26b mimics control (miR-NC) 
were respectively transfected into cardiomyo-
cytes using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA). At 48-h post-transfection, 
quantitative RT-PCR was performed to evalua- 
te the transfection efficacy.

Quantitative RT-PCR

Total RNA was extracted and isolated from  
cardiac tissues and cultured cardiomyocytes 
using TRIzol Reagent (Invitrogen). Purity and 
integrity of the RNA samples were analyzed by 
an Agilent 2100 Bioanalyzer (Agilent Tech- 
nologies, Palo Alto, CA, USA). The RNA was  
than reverse-transcribed to complementary 
DNA (cDNA) using the TaqMan MicroRNA Re- 
verse Transcription kit (Takara, Japan). Qu- 
antitative RT-PCR was performed with MiRNA 
Q-PCR Detection Kit (GeneCopoeia, Rockville, 
MD, USA) on an Applied Biosystems 7300 
Sequence Detection System (Applied Bio- 
systems, Foster City, CA, USA). The levels  
of the universal small nuclear RNA U6 we- 
re used to normalize the expression levels.  
The miR-26b stem-loop RT primer used  
was: 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATT- 
CGCACTGGATACGACACCTAT-3’; miR-26b 5’-TTC- 
AAGTAATTCAGG-3’ (sense), and 5’-GTGCAG- 
GGTCCGAGGT-3’ (antisense); while that of U6 
stem-loop RT primer was: 5’-AACGCTTCACG- 
AATTTGCGT-3’; U6 5’-CTCGCTTCGGCAGCA- 
CA-3’ (sense), and U6 5’-AACGCTTCACGA- 
ATTTGCGT-3’ (antisense). Data are presented 
as a relative amount using the calculation of 
2-ΔΔCt [12]. Experiments were performed in 
triplicate.

Western blotting

Protein was extracted from cardiac tissues  
and cultured cardiomyocytes using RIPA buf- 
fer (Beyotime, Shanghai, China) supplement- 
ed with protease inhibitors. Equal amounts of 
protein samples (40 µg) were separated by 
10% SDS-PAGE and transferred onto PVDF 
membranes (Millipore Corporation, Billerica, 
MA, USA). The membrane was subsequently 
blocked with 10% skim milk in TBST solution for 
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Figure 1. MiR-26b is down-regulated in the heart tissues of TAC mice. A: The ratio of heart weight to body weight 
(HW/BW) and the ratio of left ventricle weight to body weight (LVW/BW) were measured. B: The echocardiographic 
parameters of left ventricles were measured. C: The cross-sectional area (CSA) of cardiomyocytes in the HE-stained 
LV sections was measured. D: Protein levels of ANP and β-MHC in the myocardial tissues were detected by Western 
blot analysis. E: MiR-26b levels in the myocardial tissues were detected by quantitative RT-PCR. F: The correlation 
of miR-26b levels and CSA of cardiomyocytes was analyzed. Data are presented as mean ± SD. *P<0.05 was con-
sidered to be statistically significant.

Figure 2. MiR-26b is down-regulated in the AngII-induced hypertrophic cardiomyocytes. A: The surface area of AngII-
treated cultured mouse cardiomyocytes was determined. B: Protein levels of ANP and β-MHC in cultured mouse 
cardiomyocytes were detected by Western blot analysis. C: MiR-26b levels in cultured mouse cardiomyocytes were 
detected by quantitative RT-PCR. Data are presented as mean ± SD. *P<0.05 was considered to be statistically 
significant.

2 h and incubated with primary antibodies at 
4°C overnight. After washing, the membrane 
was incubated with corresponding HRP-con- 

jugated secondary antibodies at room temper-
ature for 1 h. The proteins of interest were visu-
alized using ECL (Pierce, Rockford, IL, USA) and 
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than that of the controls (Figure 2A). Moreover, 
as shown in Figure 2B, the protein levels of ANP 
and β-MHC were moderately increased in the 
AngII-treated cardiomyocytes, indicating that 
the hypertrophic cardiomyocytes were suc-
cessfully induced in the present study. Fur- 
thermore, the levels of miR-26b were reduced 
in the hypertrophic cardiomyocytes induced by 
1 μmol/L AngII (Figure 2C).

Overexpression of miR-26b attenuates cardio-
myocyte hypertrophy in vitro

To examine whether miR-26b can regulate car-
diomyocyte hypertrophy, after AngII treatment, 
cardiomyocytes were transfected with miR- 
26b mimics for 48 h to overexpress miR-26b. 
Quantitative RT-PCR was performed to deter-
mine the expression of miR-26b. As shown in 
Figure 3A, transfection with miR-26b mimic-
sup-regulated the levels of miR-26b in the An- 
gII-treated cardiomyocytes. Importantly, over-
expression of miR-26b further reduced the pro-
tein levels of ANP and β-MHC in the AngII-
treated cardiomyocytes (Figure 3B), and re- 
duced the surface area of the when compared 
to that of the cardiomyocytes with AngII treat-
ment only (Figure 3C).

Overexpression of miR-26b inhibits autophagy 
in AngII-induced hypertrophic cardiomyocytes

Basal autophagy is essential to maintaining 
cellular homeostasis in the heart [13]. To inves-
tigate the protective mechanism of miR-26b in 
cardiac hypertrophy, the expression of auto- 
phagy-related proteins, including LC3-II and 
Beclin-1, was examined. Western blot analysis 
suggested that TAC operation caused an ele- 
vation in the LC3-II/LC3-I ratio and Beclin-1 
expression in the mouse heart tissues (Figure 
4A). The autophagic flux was also detected in 
AngII-induced hypertrophic cardiomyocytes. As 
expected, we found a significantly increased 
cardiomyocyte autophagy following AngII treat-
ment, as indicated by the increased LC3-II/
LC3-I ratio and up-regulated Beclin-1, and the- 
se effects were significantly inhibited by ove- 
rexpression of miR-26b (Figure 4B).

Discussion

The critical role of miRNAs in physiological and 
pathological processes has promoted inten- 
sive research into miRNAs as miRNA-based 

quantified using the ImageJ software (NIH, 
Bethesda, USA). Protein expression was nor-
malized to levels of GAPDH expression.

Statistical analysis

The statistical analysis were performed us- 
ing GraphPad Prism 6.0 software (GraphPad 
Software, Inc., La Jolla, Calif, USA), and the 
results are expressed as the mean ± standard 
deviation (SD). Differences between experi-
mental groups were analyzed with the unpaired 
Student’s t-test. A value of P<0.05 was consid-
ered statistically significant.

Results

MiR-26b is down-regulated in the heart tissues 
of TAC mice and AngII-induced hypertrophic 
cardiomyocytes

We first detected the status of miR-26b ex- 
pression in our TAC mouse models. Four weeks 
after operation, all mice were alive, and we 
found the ratio of heart weight to body weight 
(HW/BW) and the ratio of left ventricle weight  
to body weight (LVW/BW) were noticeably 
increased in the TAC group (Figure 1A). The 
echocardiography assessment indicated that, 
compared with the sham group, the LVAWd  
and LVPWd were increased in the TAC group, 
whereas the EF and FS were remarkably de- 
creased (Figure 1B). Besides, analysis of HE- 
stained LV sections demonstrated that the 
cross-sectional area (CSA) of cardiomyocytes 
following TAC operation was evidently augment-
ed compared with the sham group (Figure 1C). 
The protein levels of ANP and β-MHC, the gene 
markers of cardiac hypertrophy, were signifi-
cantly elevated in the rat hearts subjected to 
TAC operation (Figure 1D), indicating that the 
cardiac hypertrophy mice model induced by 
pressure-overload was successfully establi- 
shed. Furthermore, we observed that miR-26b 
expression was remarkably decreased in the 
heart tissues of TAC group compared with that 
in the sham group (Figure 1E), and miR-26b 
expression was negatively correlated with the 
CSA of cardiomyocytes in the TAC group (Figure 
1F).

In vitro cultured cardiomyocytes were treated 
with AngII for 12 h to induce hypertrophic phe-
notype. The surface area of cardiomyocytes 
treated with AngII was significantly increased 
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Figure 3. Overexpression of miR-26b attenuates cardiomyocyte hypertrophy in vitro. A: MiR-26b levels in cultured 
mouse cardiomyocytes after transfection were detected by quantitative RT-PCR. B: Protein levels of ANP and β-MHC 
in cultured mouse cardiomyocytes after transfection were detected by Western blotting analysis. C: The surface area 
of cultured mouse cardiomyocytes was determined after transfection with miR-26b mimics. Data are presented as 
mean ± SD. *P<0.05 was considered to be statistically significant.

therapeutic strategies for the treatment of car-
diovascular diseases. In cardiac hypertrophy, 
several aberrantly expressed miRNAs have 
been identified. For example, miR-218 expres-
sion is reduced in response to myocardial hy- 
pertrophy induced by TAC and in cardiomyo-
cytes treated with isoprenaline [14], and miR-
297 promotes cardiomyocyte hypertrophy by 
inhibiting the expression of sigma-1 receptor 
[15]. Nevertheless, more miRNAs in the pro-
gression of cardiac hypertrophy still require  
further exploration. Here we demonstrated that 

miR-26b has a key role in cardiac hypertrophy 
through regulating autophagic responses.

Although miR-26b in the heart has been found 
to inhibit the development of hypertrophy in the 
previous studies [16, 17], the expression pat-
tern and functions of miR-26b in cardiac hyper-
trophy remain to be further elucidated. In this 
study, we established a mouse model of cardi-
ac hypertrophy using TAC method and found 
that miR-26b is down-regulated in the myocar-
dial tissues of TAC mice. This antihypertrophic 
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Figure 4. Overexpression of miR-26b in-
hibits autophagy in AngII-induced hyper-
trophic cardiomyocytes. A: Protein levels of 
LC3-II/LC3-I and Beclin-1 in mouse myo-
cardial tissues were detected by western 
blotting analysis. B: Protein levels of LC3-
II/LC3-I and Beclin-1 in cultured mouse 
cardiomyocytes were detected by Western 
blotting analysis. Data are presented as 
mean ± SD. *P<0.05 was considered to 
be statistically significant.
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effect of miR-26b was further investigated in 
vitro. As a critical growth factor, AngII is certain 
to induce cardiac hypertrophy [18], and we 
found that miR-26b is also down-regulated  
in AngII-induced hypertrophic cardiomyocytes.  
As expected, miR-26b overexpression through 
transfection of miR-26b mimics could reverse 
the enlarged surface area of cultured cardio-
myocytes induced by AngII.

How does miR-26b lead to antihypertrophy? 
Recent evidence suggests that the cellular au- 
tophagic process is closely related to a variety 
of cardiovascular diseases [19], including car-
diac hypertrophy. Autophagy is an evolutionary 
conserved and dynamic cellular process in 
which cytoplasmic materials are sequestered 
into double-membrane vesicles and delivered 
to the lysosomes where they are degraded and 
recycled [20]. The critical role of autophagy was 
also frequently observed during the process of 
cardiac hypertrophy [21-23]. We found that 
autophagy was remarkably increased in TAC-
treated mouse hearts and AngII-induced hyper-
trophic cardiomyocytes, and these data were 
comparable with those studies done by Huang 
and their colleagues [24]. Besides, overexpres-
sion of miR-26b obviously inhibits autophagy  
in the hypertrophic cardiomyocytes. A recent 
study also found that miR-26b inhibited auto- 
phagy in prostate cells by down-regulation of 
ULK2 expression [25].

In summary, through establishing and study- 
ing animal models and cell lines, we have re- 
vealed that miR-26b was significantly down- 
regulated in hypertrophic myocardium tissues 
and hypertrophic cultured cardiomyocytes. Me- 
chanistic analysis showed that overexpres- 
sion of miR-26b attenuates cardiac hypertro-
phy through inhibition of autophagic respons-
es. These findings provide a better understand-
ing of the molecular mechanisms underlying 
cardiac hypertrophy and identify novel poten-
tial therapeutic targets for cardiac hypertrophy 
in the near future.

Acknowledgements

The work of our research was supported by 
grant from the scientific research task of Si- 
chuan Health Bureau (Grant number: 080372).

Disclosure of conflict of interest

None.

Address correspondence to: Hui Huang, Depart- 
ment of Cardiology, Sichuan Provincial Academy of 
Medical Sciences, Sichuan Provincial People’s Hos- 
pital, Chengdu 610072, China. E-mail: schhuang@ 
126.com

References

[1] Katayama IA, Pereira RC, Dopona EP, Shimizu 
MH, Furukawa LN, Oliveira IB and Heimann JC. 
High-salt intake induces cardiomyocyte hyper-
trophy in rats in response to local angiotensin 
II type 1 receptor activation. J Nutr 2014; 144: 
1571-1578.

[2] Shimizu I and Minamino T. Physiological and 
pathological cardiac hypertrophy. J Mol Cell 
Cardiol 2016; 97: 245-262.

[3] Stevens SM, Reinier K and Chugh SS. In-
creased left ventricular mass as a predictor of 
sudden cardiac death: is it time to put it to the 
test? Circ Arrhythm Electrophysiol 2013; 6: 
212-217.

[4] Watson CJ, Horgan S, Neary R, Glezeva N, Tea 
I, Corrigan N, McDonald K, Ledwidge M and 
Baugh J. Epigenetic therapy for the treatment 
of hypertension-induced cardiac hypertrophy 
and fibrosis. J Cardiovasc Pharmacol Ther 
2016; 21: 127-137.

[5] Bartel DP. MicroRNAs: target recognition and 
regulatory functions. Cell 2009; 136: 215-
233.

[6] Friedman RC, Farh KK, Burge CB and Bartel 
DP. Most mammalian mRNAs are conserved 
targets of microRNAs. Genome Res 2009; 19: 
92-105.

[7] Stefani G and Slack FJ. Small non-coding RNAs 
in animal development. Nat Rev Mol Cell Biol 
2008; 9: 219-230.

[8] De Rosa S, Curcio A, Indolfi C. Emerging role of 
microRNAs in cardiovascular diseases. Circ J 
2014; 78: 567-575.

[9] Da Costa Martins PA, De Windt LJ. MicroRNAs 
in control of cardiac hypertrophy. Cardiovasc 
Res 2012; 93: 563-572.

[10] Liu Y, Wang Z and Xiao W. MicroRNA-26a pro-
tects against cardiac hypertrophy via inhibiting 
GATA4 in rat model and cultured cardiomyo-
cytes. Mol Med Rep 2016; 14: 2860-2866.

[11] Zhang YJ, Zhang XL, Li MH, Iqbal J, Bourantas 
CV, Li JJ, Su XY, Muramatsu T, Tian NL and 
Chen SL. The ginsenoside Rg1 prevents trans-
verse aortic constriction-induced left ventricu-
lar hypertrophy and cardiac dysfunction by in-
hibiting fibrosis and enhancing angiogenesis. J 
Cardiovasc Pharmacol 2013; 62: 50-57.

[12] Livak KJ and Schmittgen TD. Analysis of rela-
tive gene expression data using real-time 

mailto:schhuang@126.com
mailto:schhuang@126.com


miR-26b prevents cardiac hypertrophy

9417 Int J Clin Exp Pathol 2017;10(9):9409-9417

quantitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods 2001; 25: 402-408.

[13] Terman A and Brunk UT. Autophagy in cardiac 
myocyte homeostasis, aging, and pathology. 
Cardiovasc Res 2005; 68: 355-365.

[14] Liu JJ, Zhao CM, Li ZG, Wang YM, Miao W, Wu 
XJ, Wang WJ, Liu C, Wang D, Wang K, Li L and 
Peng LY. miR-218 involvement in cardiomyo-
cyte hypertrophy is likely through targeting 
REST. Int J Mol Sci 2016; 17.

[15] Bao Q, Zhao M, Chen L, Wang Y, Wu S, Wu W 
and Liu X. MicroRNA-297 promotes cardiomyo-
cyte hypertrophy via targeting sigma-1 recep-
tor. Life Sci 2017; 175: 1-10.

[16] Han M, Yang Z, Sayed D, He M, Gao S, Lin L, 
Yoon S and Abdellatif M. GATA4 expression is 
primarily regulated via a miR-26b-dependent 
post-transcriptional mechanism during cardiac 
hypertrophy. Cardiovasc Res 2012; 93: 645-
654.

[17] Sowa N, Horie T, Kuwabara Y, Baba O, Wata-
nabe S, Nishi H, Kinoshita M, Takanabe-Mori 
R, Wada H, Shimatsu A, Hasegawa K, Kimura T 
and Ono K. MicroRNA 26b encoded by the in-
tron of small CTD phosphatase (SCP) 1 has an 
antagonistic effect on its host gene. J Cell Bio-
chem 2012; 113: 3455-3465.

[18] Schultz Jel J, Witt SA, Glascock BJ, Nieman ML, 
Reiser PJ, Nix SL, Kimball TR, Doetschman T. 
TGF-beta1 mediates the hypertrophic cardio-
myocyte growth induced by angiotensin II. J 
Clin Invest 2002; 109: 787-796.

[19] Nemchenko A, Chiong M, Turer A, Lavandero S 
and Hill JA. Autophagy as a therapeutic target 
in cardiovascular disease. J Mol Cell Cardiol 
2011; 51: 584-593.

[20] Magraoui FE, Reidick C, Meyer HE and Platta 
HW. Autophagy-related deubiquitinating en-
zymes involved in health and disease. Cells 
2015; 4: 596-621.

[21] Goswami SK and Das DK. Autophagy in the 
myocardium: dying for survival? Exp Clin Car-
diol 2006; 11: 183-188.

[22] Gottlieb RA and Mentzer RM. Autophagy during 
cardiac stress: joys and frustrations of autoph-
agy. Annu Rev Physiol 2010; 72: 45-59.

[23] Zhu H, Tannous P, Johnstone JL, Kong Y, Shel-
ton JM, Richardson JA, Le V, Levine B, Rother-
mel BA and Hill JA. Cardiac autophagy is a mal-
adaptive response to hemodynamic stress. J 
Clin Invest 2007; 117: 1782-1793.

[24] Huang J, Sun W, Huang H, Ye J, Pan W, Zhong 
Y, Cheng C, You X, Liu B, Xiong L and Liu S. miR-
34a modulates angiotensin II-induced myocar-
dial hypertrophy by direct inhibition of ATG9A 
expression and autophagic activity. PLoS One 
2014; 9: e94382.

[25] John Clotaire DZ, Zhang B, Wei N, Gao R, Zhao 
F, Wang Y, Lei M, Huang W. MiR-26b inhibits 
autophagy by targeting ULK2 in prostate can-
cer cells. Biochem Biophys Res Commun 
2016; 472: 194-200.


