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ABSTRACT 

 

Simultaneous suppression of multiple programmed 

cell death pathways by microRNA-105  

in cardiac ischemic injury 

Shin, Sunhye 

 

Department of Integrated OMICS for Biomedical Science  

The Graduate School, Yonsei University 

 

(Directed by Professor Gyoon Hee Han) 

 

Recent studies have shown that several upstream signaling elements of 

apoptosis and necroptosis are closely associated with acute injury in the heart. In 

our study, we observed that miR-105 was notably dysregulated in rat hearts with 

myocardial infarction (MI). Thus, the purpose of this study was to test the 

hypothesis that miR-105 participates in the regulation of RIP3/p-MLKL- and 

BNIP3-dependent necroptosis/apoptosis in H9c2 cells and MI rat hearts. Our 
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results show that the RIP3/p-MLKL necroptotic pathway and BNIP3-dependent 

apoptosis signaling are enhanced in H9c2 cells under hypoxic conditions, 

whereas compared with these pathways in the controls, those in miR-105-treated 

H9c2 cells are suppressed. Mechanistically, we identified miR-105 as the miRNA 

directly suppressing the expression of RIP3 and BNIP3, two important mediators 

involved in cell necroptosis and apoptosis. Furthermore, MI rat hearts injected 

with miR-105 had decreased infarct sizes, indicating that miR-105 is among three 

miRNAs that function simultaneously to suppress necroptotic/apoptotic cell 

death pathways and to inhibit MI-induced cardiomyocyte cell death at multiple 

levels. Taken together, miR-105 may constitute a new therapeutic agent for the 

treatment of ischemic heart disease. 

 

 

 

 

---------------------------------------------------------------------------------------- 

Key words: Apoptosis, ischemic heart, microRNA-105, necroptosis 
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Simultaneous suppression of multiple programmed 

cell death pathways by microRNA-105 in cardiac 

ischemic injury 

 

Shin, Sunhye 

 

Department of Integrated OMICS for Biomedical Science  

The Graduate School, Yonsei University  

 

(Directed by Professor Gyoon Hee Han) 

 

 

I. INTRODUCTION 

Heart disease, including heart failure, myocardial infarction (MI) and 

ischemia reperfusion (I/R), is one of the causes of mortality and morbidity 

worldwide 1-4.  Numerous studies have demonstrated that MI and I/R injuries 

lead to various types of cardiomyocyte cell death (necrosis, apoptosis and 
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autophagy) 5, 6. For many years, apoptosis was considered the only form of 

regulated cell death, according to studies investigating myocyte cell death; 

apoptosis is a well-established programmed form of cell death that can be 

initiated by a mitochondrial-mediated intrinsic pathway and death receptor-

mediated extrinsic pathway 5, 7. However, necrosis has been described as an 

‘unregulated’ or ‘accidental’ form of cell death. Many studies have focused on 

blocking apoptosis because it was considered the only form of regulated cell 

death. However, recent advances have demonstrated that both apoptosis and 

necrosis can be regulated in various types of cell death 8-11.  Necroptosis is 

another regulated cell death mechanism that exists in various diseases, including 

MI, I/R injury, heart failure, and inflammation 11, 12, and it is regulated by the 

necrosome, which consists of receptor-interacting protein kinase 3 (RIP3) and 

mixed lineage kinase-like (MLKL) 9. Mechanistically, the initiation of 

necroptosis is triggered by death ligands, such as tumor necrosis factor (TNF)-α, 

TNF-related apoptosis inducing ligand (TRAIL), and pathogen-associated 

molecular patterns (PAMPs) 10. 

In particular, RIP3 is a key molecule that protects the ischemic heart and 

improves cardiac function after ischemia- and oxidative stress-induced 

myocardial necroptosis 13. Several studies have shown that RIP3 is involved in 
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reactive oxygen species (ROS) production by mitochondria under high glucose-

induced injury and inflammation in H9c2 cardiac cells 14, 15. Moreover, 

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) is a well-

known pro-apoptotic protein under hypoxic and ischemic conditions. BNIP3 

promotes the apoptosis, necrosis and autophagy of cardiomyocytes in disease 

states 16-18. Cardiomyocyte cell death due to high BNIP3 expression leads to 

mitochondrial permeability transition pore (MPTP) opening, mitochondrial 

swelling, and outer mitochondrial membrane (OMM) rupture by the release of 

cytochrome c 16. The disruption of BNIP3 inhibits apoptosis, is crucial for 

ischemic cardiomyocytes, and is important for cardiac cell survival 16-20. We also 

reported that downregulating BNIP3 is an effective means to prevent cardiac cell 

death 21. Nevertheless, inhibition of necroptosis or apoptosis remains limited as a 

therapeutic treatment in heart disease. However, recent studies have suggested a 

new strategy that combines targets of both necroptosis and apoptosis 22, 23. 

MicroRNAs (miRNA), endogenous, 22-nucleotide-long, small non-coding 

RNAs, control gene expression by targeting mRNAs 24. Moreover, miRNAs 

regulate the expression of multiple genes by binding to target transcripts through 

imperfect sequence complementarity. The capacity of miRNAs to target multiple 

genes makes them useful therapeutic tools that can be more potent than agents 
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that act on a single gene. miRNAs are known to play important roles in 

pathological conditions involving multiple cell death pathways, including MI and 

heart failure. Recent studies have found that miRNAs regulate apoptosis, 

autophagy, and necroptosis by targeting key regulators under pathophysiological 

conditions 25. Furthermore, synergistic interactions of miRNAs can increase the 

efficacy of therapeutics while reducing their side effects and slowing the 

development of drug resistance 26. 

In this report, we identified miR-105, a new miRNA that targets RIP3 and 

BNIP3. Moreover, we demonstrate that miR-105 activation may potentially offer 

a therapeutic approach to prevent myocardial cell death by inhibiting apoptosis 

and necroptosis in MI.  
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II. MATERIALS AND METHODS 

1. Materials 

H9c2 cells were obtained from the Seoul Korean Cell Line Bank (Seoul, 

Korea). Dulbecco’s modified Eagle’s medium (DMEM) and penicillin-

streptomycin were obtained from Thermo Fisher Scientific (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Fetal bovine serum (FBS) was 

obtained from Atlas Biologicals (Atlas Biologicals, Colorado, USA) for H9c2 

cell culture. Primary antibodies were used for immunoblot assays: RIP3 (sc-

374639, Santa Cruz Biotechnology, Texas, USA), MLKL (sc-293201, Santa Cruz 

Biotechnology), p-MLKL (ab196436, Abcam, Cambridge, UK), BNIP3 

(ab10433, Abcam), BAX (ab32503, Abcam), caspase 3 (AB3623, Millipore, 

Massachusetts, USA), BAK (#12105S, Cell Signaling Technology, 

Massachusetts, USA), TNF-R1 (sc-8436, Santa Cruz Biotechnology) and TLR 4 

(NB100-56566, Novus Biologicals, Colorado, USA). Horseradish peroxidase 

(HRP)-conjugated anti-mouse IgG, anti-goat IgG, and anti-rabbit IgG were 

obtained from Santa Cruz Biotechnology. 

 

2. Animal experiments and histological analysis 

All experimental procedures for animal studies were approved by the 
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Committee for the Care and Use of Laboratory Animals of Catholic Kwandong 

University College of Medicine (CKU01-2017- 002) and performed in 

accordance with the Committee's Guidelines and Regulations for Animal Care. 

Seven-week-old male Sprague-Dawley rats (220 ± 30 g) were used for the MI 

model and were anesthetized via intraperitoneal injection of Zoletil (30 mg/kg) 

and xylazine (10 mg/kg). Rats were ventilated via the trachea using a ventilator 

(Harvard Apparatus, Holliston, MA, USA) and then were subjected to a median 

sternotomy. MI was induced by a tightened ligation of the left anterior descending 

coronary artery using a 7-0 Prolene suture (Covidien, Dublin, Ireland) for 1 h, 24 

h, or 48 h. To obtain cardiac tissue, we perfused hearts with PBS and fixed them 

with 4% formaldehyde. After paraffin embedding, sections were cut at a thickness 

of 3 mm. For analysis of target protein expression patterns in rat hearts under 

pathological conditions, tissue slides were blocked with blocking solution [2% 

normal horse serum, 1% bovine serum albumin (BSA), 0.1% Triton X-100 and 

0.05% Tween 20 in PBS] for 20 min and then incubated with a mixture of two 

primary antibodies in dilution buffer (1% BSA in PBS) overnight at 4 °C. Slides 

were rinsed in PBS and incubated in a mixture of two fluorescence-conjugated 

secondary antibodies in the dark for 1 h. The expression of target protein was 

observed by virtual microscopy (BX51/dot slide; Olympus, Tokyo, Japan). 
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3. Infarction size analysis and cell death assays of heart tissues 

To measure myocardial infarct size, hearts were perfused with 1% 2,3,5-

triphenyltetrazolium chloride (TTC) (Sigma, St Louis, MO) for 1 h at 37 °C and 

incubated in 4% formaldehyde overnight at 4 °C. The heart sections were 

photographed with a digital camera. The area stained by TTC was identified as 

viable myocardium (deep red). The infarcted area was identified as the area not 

stained by TTC (yellow-white). The infarcted area was measured directly by 

planimetry of normal and infarcted left ventricular myocardia using ImageJ 

software. In infarcted hearts, apoptotic and necrotic cells were determined using 

PI and TUNEL staining. All PI-positive cells indicated necrotic cell death, and 

TUNEL only positive cells indicated apoptotic cell death. In brief, sections of 

heart tissue were incubated with PI without permeabilization, and then TUNEL 

staining was performed per the manufacturer’s instructions. The nuclei were 

stained with DAPI and examined using virtual microscopy (BX51/dot slide; 

Olympus, Tokyo, Japan). 

 

4. Cell culture and induction of hypoxia 

The rat cardiomyocyte-derived H9c2 cell line (American Type Culture 

Collection) was cultured in high glucose-DMEM (Gibco, Waltham, 
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Massachusetts, USA) containing 10% FBS (Atlas Biologicals, Colorado, USA) 

and 1% antibiotics (Gibco). To induce necroptosis and apoptosis, cells were 

incubated in a hypoxic chamber (Thermo Fisher Scientific, Massachusetts, USA) 

maintaining 1% O2, 5% CO2, and 94% N2. 

 

5. Cell viability assay 

For analysis of cell viability, cells plated or transfected with miRNAs were 

exposed to hypoxic conditions for 12 h. Then, cell counting kit-8 reagent (CCK-

8, Dogen, Seoul, Korea) was added to each well to a final concentration of 0.5 

mg/mL, and the cells were incubated for 2 h. The absorbance at 450 nm was 

measured using a microplate reader (Thermo Fisher Scientific). 

 

6. Transfection of miRNA and anti-miRNA 

Transfection of miRNA (Genolution Pharmaceuticals, Seoul, Korea) 

was performed using the TransIT-X2 system (Mirus Bio LLC, Madison, 

WI, USA) for 12 h. The miRNA-105 sequence is 5’-

CAAGUGCUCAGAUGU CUGUGGU-3’. H9c2 cells were transfected 

with a final concentration of 10 nM miRNA according to the 

manufacturer’s instructions. Anti-miRNA-105 (10 nM) was used to inhibit 
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the expression of endogenous miRNA-105. After transfection of miRNA 

or anti-miRNA, the media were changed for stabilization, and then 

hypoxia was induced. 

 

7. Real-time RT-PCR 

Total RNA from cultured cells and heart tissues was extracted using TRIzol 

reagent (Life Technologies, Frederick, MD, USA), and cDNA was synthesized 

using an RT premix kit (Bioneer Corporation, Daejeon, Korea). The level of each 

gene transcript was quantitatively determined by qPCR using StepOnePlus real-

time PCR (Applied Biosystems, Foster City, CA, USA) with the SYBR Green 

Dye system (SYBR Premix Ex Taq[(Tli RNase H Plus, ROX plus], Takara Bio 

Inc., Foster City, CA, USA). The transcript level of each gene was normalized to 

GAPDH transcript levels. The level of miRNA transcripts was quantitatively 

determined using reverse transcription (Taqman®  MicroRNA Reverse 

Transcriptase Kit, Applied Biosystems, Waltham, Massachusetts, USA) in 

combination with Taqman miRNA assays, assays for quantification of miRNAs 

(miR-105, miR-224, miR-291a) and U6 control transcripts, according to the 

manufacturer's instructions. The threshold cycle (Ct) value of miRNAs and U6 

expression was automatically defined, located in the linear amplification phase 
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of the PCR, and normalized to the control U6 (ΔCt value). The relative difference 

in expression level of miRNAs in the sorted cells (ΔΔCt) was calculated and 

presented as the fold induction (2–ΔΔCt). 

 

8. Immunoblot analysis 

Cells were lysed with RIPA buffer (Thermo Fisher Scientific) containing 1% 

phosphatase inhibitor and 1% protease inhibitor. Protein concentrations were 

determined using the BCA Protein Assay kit (Thermo Fisher Scientific), and 10 

μg of protein was diluted in sample buffer (50 mM pH 6.8 Tris, 2% SDS, 10% 

glycerol, 0.1% bromophenol blue, and 5% β-mercaptoethanol) and heated for 5 

min at 99 °C. Next, proteins were separated by SDS-polyacrylamide gel 

electrophoresis (PAGE) and transferred to a polyvinylidene difluoride (PVDF; 

Millipore) membrane. The membrane was blocked for 1 h with 5% skim milk in 

TBS (Tris-buffered saline)-T buffer (containing 10 mM Tris-HCl, 150 mM NaCl, 

0.1% Tween 20) and incubated overnight at 4 °C with a primary antibody. 

Primary antibody was diluted in TBS-T buffer containing 5% BSA (AMRESCO, 

Solon, Ohio, USA) and 0.02% sodium azide (Sigma-Aldrich). After five washes, 

the membrane was incubated for 1 h with horseradish peroxidase (HRP)-

conjugated anti-mouse IgG, anti-goat IgG, or anti-rabbit IgG (1:2000, Santa Cruz 
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Biotechnology) in blocking buffer and then washed five times. The membranes 

were visualized using an enhanced chemiluminescence system (ECL, Western 

Blotting Detection kit, GE Healthcare), and the band intensities were quantified 

using ImageJ software. 

 

9. Multicolor immunofluorescence staining 

For analysis of target protein expression patterns in rat hearts under 

physiological conditions, perfused hearts were fixed with 4% formaldehyde and 

embedded in paraffin. Three-micron-thick sections were mounted on gelatin-

coated glass slides. After deparaffinization and washing with PBS, sections were 

incubated in blocking solution containing 2% normal horse serum, 1% BSA, 0.1% 

Triton X-100, and 0.05% Tween 20 in PBS. Slides were incubated with a mixture 

of two primary antibodies (RIP3 and p-MLKL) at the appropriate dilutions in 

PBS containing 1% BSA for 24 h at 4 °C, and FITC-conjugated goat anti-rabbit 

IgG and rhodamine-conjugated goat anti-mouse were used as secondary 

antibodies (1:500). The nuclei were stained with DAPI and examined using 

virtual microscopy (BX51/dot slide; Olympus, Tokyo, Japan). 
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10. Annexin V / PI flow cytometric analysis 

Apoptotic or necrotic H9c2 cells were detected using Annexin V and PI 

staining (BD Biosciences, Franklin Lakes, New Jersey, USA). Annexin V and PI 

staining were performed according to the manufacturer’s instructions. After 

staining for 15 min, cells were analyzed by flow cytometry (BD ACCURI C6 

cytometer, BD Biosciences). Annexin V-/PI+ cells indicated cells undergoing 

necrotic cell death. Annexin V+/PI- cells indicated cells undergoing early stages 

of apoptosis. Double-positive cells indicated necrotic cell death and late stages of 

apoptosis. 

 

11. Statistical analysis 

All quantified data are the averages of at least triplicate samples. The error 

bars are the S.D. of the mean. Statistical significance was determined by Student’s 

t test, and values of P˂0.05 were considered significant. 
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III. RESULTS 

1. Apoptosis and necroptosis of rat hearts following myocardial 

ischemia and infarction 

First, we investigated the types of cell death distributed in the heart after MI 

(Figure 1). TTC staining revealed that the hearts of healthy rats showed a uniform 

staining pattern, while MI-induced rats exhibited TTC-negative areas in the 

infarcted areas of the heart (Figure 1A). We used TUNEL and PI staining to 

examine the apoptosis and necroptosis levels in the heart following MI (Figure 

1B).   

Compared with normal hearts, MI hearts showed higher levels of apoptosis 

and necroptosis. Western blot analysis showed that the levels of indicators of 

apoptosis (caspase 3, caspase 8, BNIP3) and necroptosis (RIP3, p-MLKL) were 

significantly increased in hearts after MI (Figure 2A). Moreover, the levels of 

apoptosis and necroptosis markers significantly increased; the highest level of 

BNIP3 was indicated at 48 h, while the highest level of RIP3 was observed at 24 

h after MI (Figure 2B).  
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Figure 1. Apoptotic/necroptotic effects in normal and MI rat hearts 

(A) TTC staining showing infarct areas in transverse sections. (B) Representative 

immunofluorescence images of staining with TUNEL (apoptotic cells), PI 

(necroptotic cells), and DAPI. Scale bar = 20 μm. 
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Figure 2. Differentiation of apoptosis/necroptosis markers in normal and MI 

of rat heart. 

(A) Western blot bands showing apoptosis and necroptosis markers. (B) Band 

intensity of RIP3 and BNIP3, which are important markers of apoptosis and 

necroptosis. Values given were normalized to the band intensity of GAPDH as 

an internal control. (*p<0.05, **p<0.01) 
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These data confirmed that apoptosis and necroptosis occurred in the heart 

after MI. Microscopic analysis of MI rat hearts showed that apoptosis (BNIP3 

and caspase 3) and necroptosis (RIP3 and p-MLKL) markers were found at higher 

levels in the infarcted areas of MI rat hearts (Figure 3A and 3B). 
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Figure 3. Representative immunofluorescence images of apoptosis and 

necroptosis marker staining in normal and MI rat hearts. 

 (A) Higher expression of BNIP3 and caspase 3 (CASP3) indicating apoptotic 

cells in MI tissues. (B) Higher expression of RIP3 and p-MLKL showing 

necroptotic cells in MI tissues. Scale bar = 20 μm. 
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2. Cell viability and key signaling molecule expression levels under 

apoptotic/necroptotic conditions 

To determine cell viability after hypoxia treatment, H9c2 cell viability was 

determined after varying times of hypoxia treatment conditions (Figure 4A). 

There was a significant decrease in cell viability after 6 h, 12 h, 24 h, and 48 h of 

hypoxia treatment compared to that of the 0 h control sample under normoxic 

conditions (no hypoxic stimulation). Microscopic analysis of H9c2 cells 

compared to normoxic cells revealed decreased numbers and different 

morphology under hypoxic conditions (Figure 4B). 

We differentiated between two types of cell death (apoptosis and necroptosis) 

at the cell level by flow cytometry analysis with Annexin V/propidium iodide (PI) 

staining (Figure 5). Double negative cells indicate the live cell population, 

Annexin V-positive/PI-negative events are apoptotic cells (16.1%), double 

positive events show dead cells (64.8%), and PI-positive/Annexin V-negative 

events are necroptotic cells (12.5%) after 12 h of hypoxia. 
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Figure 4. The effect of hypoxic stimulation on H9c2 cells. 

(A) Cell viability against hypoxic stimulation. (B) Morphological changes 

according to length of hypoxia. H9c2 cells were treated with no hypoxia under 

growth conditions of 37 °C in a 5% CO2 incubator or 6 h – 24 h hypoxia under 

growth conditions of 37 °C, continuously gassed with <1% O2, 5% CO2, and 94% 

N2. Data are normalized to the 0 h control. Data are presented as the mean value 

± STD of three separate experiments. 
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Figure 5. Flow cytometry analysis of apoptosis/necroptosis of H9c2 

cells under hypoxic stimulation using Annexin V/PI. 
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To investigate the mRNA expression levels of RIP3 and BNIP3 under 

hypoxic conditions, H9c2 cells were exposed to varying lengths of hypoxia (0-

24 h). Consistent with the MI heart results, the highest RIP3 mRNA level was 

detected after 12 h of hypoxia, whereas the mRNA levels of BNIP3 increased 

with the duration of hypoxia (Figure 6). 

We further investigated the relative changes of protein indicators of 

apoptosis (BNIP3, BAK, BAX, caspase 3) and necroptosis (RIP3, p-MLKL) 

under hypoxia (Figure 7A and B). Consistent with the mRNA expression levels, 

the results of the western blot showed that apoptosis and necroptosis significantly 

increased after hypoxia and reached a maximum at 24 h and 12 h of hypoxia. 

Collectively, the results demonstrated that hypoxia induced apoptosis and 

necroptosis in H9c2 cells in vitro. Moreover, we examined whether cardiac Toll-

like receptor 4 (TLR4) and tumor necrosis factor receptor 1 (TNFR1) are 

involved in hypoxia-treated H9c2 cells. The expression levels of the two 

receptors were increased after hypoxic treatment; the highest level of receptors 

was detected after 12 h of hypoxia in H9c2 cells.  
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Figure 6. Alteration of RIP3 and BNIP3 expression levels in response to 

hypoxic stimulation in H9c2 cells.  

Data are normalized to the 0 h control. Data are presented as the mean value ± 

STD of three separate experiments. (*p<0.05, **p<0.01)
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Figure 7. Differentiation of apoptosis/necroptosis markers and death 

receptors in response to hypoxic stimulation.  

(A) Western blot bands showing apoptosis and necroptosis markers. (B) Band 

intensity of apoptosis and necroptosis markers. Values given were normalized to 

the band intensity of β-actin as an internal control. (*p<0.05, **p<0.01) 
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BNIP3/CASP3 and RIP3/p-MLKL are widely used indicators to mark the 

cell death pathways of apoptosis and necroptosis, respectively. By 

immunohistochemical analysis, BNIP3/CASP3- and RIP3/p-MLKL-positive 

cells significantly increased after 12 h of hypoxia in H9c2 cells (Figure 8A and 

B). Many more cardiomyocytes undergoing apoptotic/necroptotic cell death 

appeared in hypoxia-treated cells than those in H9c2 cells in normoxic conditions. 
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Figure 8. Representative immunocytochemistry images of 

apoptosis/necroptosis markers in response to hypoxic stimulation of H9c2 

cells. 

(A) Higher expression of BNIP3 and caspase 3 (CASP3) showing apoptotic cells 

in hypoxia-treated H9c2 cells. (B) Higher expression of RIP3 and p-MLKL 

showing necroptotic cells in hypoxia-treated H9c2 cells. Scale bar = 20 μm. 
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3. Identification of a specific miRNA targeting RIP3/BNIP3 

Candidate miRNAs (miR-105, miR-224, miR-291a) controlling the multiple 

programmed cell death pathways were predicted and selected by their aggregate 

PCT scores, as assessed using miRNA target prediction databases (miRwalk, 

miRanda, TargetScan) (Figure 9).  

H9c2 cells transfected with miR-105 and 291a showed significant decreases 

in both RIP3 and BNIP3 protein expression levels compared to the control, while 

miR-224 showed no effects after 12 h of hypoxic conditions (Figure 10).  

In correlation with the decreased RIP3 and BNIP3 protein expression levels, 

the highest cell viability was observed after 12 h of hypoxia in H9c2 cells 

transfected with miR-105 (Figure 11).  
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Figure 9. Identification of specific miRNAs targeting RIP3 and BNIP3. 

Candidate miRNAs were found using three databases (TargetScan, miRwalk, 

miRanda). 
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Figure 10. Anti-apoptotic/necroptotic effects of candidate miRNAs on RIP3 

and BNIP3 expression levels upon hypoxic stimulation of H9c2 cells. 

β-actin was used as an internal control to normalize the expression of the target 

genes. 
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Figure 11. Enhancing cell viability with candidate miRNA transfection upon 

hypoxic stimulation of H9c2 cells. 

Data are presented as the mean value ± STD of three separate experiments. 

(*p<0.05, **p<0.01) 
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4. MicroRNA-105 suppresses necroptosis/apoptosis in hypoxia-

treated H9c2 cells 

To examine the role of miR-105 in the regulation of apoptosis and 

necroptosis, cell cytotoxicity was examined in hypoxia-treated H9c2 cells; miR-

105 treatment suppressed BNIP3/RIP3 in the cells (Figure 12). As depicted in 

Figure 13, miR-105 downregulated apoptosis indicators, such as BNIP3, and 

necroptosis markers, such as RIP3.  
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Figure 12. miR-105 suppresses apoptosis and necroptosis against hypoxic 

stimulation of H9c2 cells. 

(A) Representative western blot bands showing apoptosis and necroptosis 

markers. (B) Band intensity of apoptosis and necroptosis markers. Values given 

were normalized to the band intensity of β-actin as an internal control. (*p<0.05, 

**p<0.01) 
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Figure 13. Representative immunocytochemistry images of miR-105 

suppression effects on apoptosis and necroptosis upon hypoxic stimulation 

of H9c2 cells. 

(A) Higher expression of BNIP3 and caspase 3 (CASP3) showing apoptotic cells 

in hypoxia-stimulated H9c2 cells, whereas expression was downregulated by 

miR-105. (B) Higher expression of RIP3 and p-MLKL showing necroptotic cells 

in hypoxia-stimulated H9c2 cells, whereas expression was downregulated by 

miR-105. Scale bar = 20 μm. 
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Next, to determine whether transfection affects cell viability, we examined 

two types of cell death (apoptosis and necroptosis) by flow cytometry analysis 

with Annexin V/PI staining under hypoxic conditions (Figure 14). Annexin V-

positive/PI-negative events indicate apoptotic cells (16.4%), double positive 

events show dead cells (35.4%) and PI-positive/Annexin V-negative events 

indicate necroptotic cells (12.1%) after 12 h of hypoxia. As expected, miR-105-

transfected H9c2 cells had enhanced cell viability against hypoxia-induced 

apoptosis/necroptosis. The number of apoptotic and necroptotic cells was 

markedly decreased in the presence of miR-105. Moreover, in accordance with 

our in vitro experiments under hypoxic conditions, we confirmed that miR-105 

was significantly downregulated in MI rat hearts. 

 

 

 

 

 

 

 

 



 36 

 

 

 

Figure 14. Anti-necroptotic/apoptotic effects of miR-105 under hypoxic 

conditions in H9c2 cells by flow cytometry analysis using Annexin V/PI.  
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5. Anti-necroptosis/apoptosis functions of miR-105 in hypoxia-

treated H9c2 cells 

To evaluate the relative contributions of necroptosis/apoptosis to hypoxia-

induced cell death, we used a CCK assay, which measures both apoptotic and 

necroptotic cell death, in the presence or absence of the pan-caspase inhibitor 

zVAD, the RIP3 inhibitor GSK'872, and anti-miR-105 (Figure 15A). Hypoxia-

induced cell death could not be blocked by zVAD or GSK'872 alone, suggesting 

that under the conditions used, hypoxia-induced cardiomyocyte death is mediated 

by both cell death pathways. Notably, miR-105-transfected cells exhibited the 

highest cell survival efficiency as in the zVAD/GSK'872 combined treatment. 

Moreover, cleaved caspase 3 and RIP3 expression decreased more in miR-105-

transfected cells compared with that in the combined zVAD/GSK'872 treatment 

(Figure 15B). We next determined the functional role of miR-105 with anti-miR-

105 against hypoxic stimulation in H9c2 cells (Figure 15C).  
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Figure 15. Anti-necroptotic/apoptotic functions of miR-105 in hypoxia-

stimulated H9c2 cells. 

(A) Effects of cell viability by inhibitor and anti-miR-105. (B) Effect of 

necroptosis/apoptosis inhibitors and miR-105 against hypoxic stimulation in 

H9c2 cells. Verification of the efficacy and specificity of anti-miR-105 in 

silencing miR-105 at the protein level. ± STD of five separate experiments. 

(*p<0.05, **p<0.01) C, control; D, DMSO; R, reagent; Z, Caspase inhibitor; G, 

RIP3 inhibitor; 105, miR-105; anti, anti-miR-105.  
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6. MicroRNA-105 suppresses necroptosis/apoptosis in MI rat hearts 

First, we confirmed the higher expression of miR-105 in MI rat hearts 

compared with that in control hearts (Figure 16). We determined the functional 

role of miR-105 in infarcted hearts and found that miR-105 significantly reduced 

the infarct size in MI (Data not shown). We tried to clarify whether the anti-

necroptosis/apoptosis effects of miR-105 observed in H9c2 cells under hypoxic 

conditions also exist in in vivo in MI rat hearts. In agreement with the in vitro 

results, TUNEL and PI staining analysis showed that cardiomyocyte 

necroptotic/apoptotic cell death induced by MI was markedly reduced in miR-

105-treated rat hearts (Figure 17).  
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Figure 16. miR-105 suppresses apoptosis and necroptosis in MI rat hearts. 

miR-105 expression levels according to MI time. Data are normalized to the 0 h 

control. Data are presented as the mean value ± STD of three separate 

experiments. (*p<0.05, **p<0.01) 
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Figure 17. Regulatory effects of miR-105 on apoptotic and necroptotic action 

in MI rat hearts. 

Representative immunofluorescence images of staining with TUNEL (apoptotic 

cells), PI (necroptotic cells), and DAPI. Scale bar = 20 μm. 
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MI rat heart tissue showed significantly increased cardiomyocyte 

necroptosis/apoptosis, and treatment with miR-105, whether individually, 

drastically decreased this ischemic necroptosis/apoptosis compared with that in 

MI rat hearts. Furthermore, western blot data showed that, compared to control 

MI rat hearts, MI rat hearts transfected with miR-105 showed a significant 

decrease in both RIP3 and BNIP3 protein expression levels (Figure 18). In 

conclusion, miR-105 synergistically inhibits RIP3 and BNIP3 against myocardial 

cell death. 

Based on these in vivo and in vitro data, we conclude that both 

cardiomyocyte necroptosis and apoptosis have important roles in hypoxia-

induced myocardial injury. miR-105 functions to simultaneously suppress 

necroptotic/apoptotic cell death pathways and cooperatively inhibit MI-induced 

cardiomyocyte cell death. 

 

 

 

 

 



 43 

 

 

 

Figure 18. Anti-necroptotic/apoptotic functions of miR-105 in MI rat hearts. 

Representative western blot images of RIP3 and BNIP3 expression levels. 

GAPDH was used as an internal control to normalize the expression of the target 

genes. N, normal; R, reagent; 105; miR-105. 
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IV. DISCUSSION 

In this study, we observed that miR-105, which targets RIP3/BNIP3, was 

notably dysregulated in rat hearts with MI. The purpose of this study was to test 

the hypothesis of whether miR-105 participates in the regulation of RIP3/p-

MLKL- and BNIP3-dependent cell death pathways, necroptosis and apoptosis, in 

H9c2 cells and MI rat hearts. 

miRNAs play important roles in regulating myocardial injuries and cardiac 

functions in the setting of acute MI (AMI) 26-28. Furthermore, miRNAs play 

important roles in pathological conditions involving apoptosis, including AMI 

and heart failure 29. For many years, apoptosis was considered the only form of 

regulated cell death, and studies investigating MI mainly focused on apoptosis 5. 

In recent years, necroptosis has been described as another regulated cell death 

form that exists in various diseases, including MI 30. However, whether all cell 

death mechanisms in MI affect subsequent cardiac remodeling processes remains 

largely unknown. 

A recent study reported that the combination of two miRNAs (miR-21 and 

miR-146a) synergistically decreased apoptosis under ischemic/hypoxic 

conditions in acute MI in mice 26. Among the cell death pathway-regulating 
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miRNAs, both miR-21 and miR-146a have been documented to elicit anti-

apoptotic effects and thereby beneficial effects on ischemic myocardial injury 26. 

As further evidence, miR-98 overexpression attenuated the upregulation of Fas 

and caspase 3 in H2O2-treated cardiomyocytes at the mRNA and protein levels 

31. Furthermore, MI mice injected with miR-98-agomir had a significant 

reduction in the number of apoptotic cells, serum LDH levels, myocardial caspase 

3 activity, and Fas and caspase 3 expression in heart tissues. However, for the 

first time, our study confirmed that miR-105, which targets RIP3/BNIP3, 

simultaneously dysregulates necroptotic and apoptotic cell death in rat MI hearts 

and H9c2 cells under hypoxic conditions. We identified the signaling pathway 

responsible for the anti-necroptotic/apoptotic effects of miR-105 against 

hypoxia-induced myocardial injury in vivo and in vitro. 

A large amount of evidence has placed RIP3/MLKL and BNIP3/caspase 3 

in a central position in the pathogenesis of ischemia- and oxidative stress-induced 

cardiac injury and heart failure 26, 30-32. For many years, apoptosis was considered 

the only form of regulated cell death, and studies investigating MI mainly focused 

on apoptosis 33, 34. In recent years, necroptosis has been found to be another 

regulated cell death type existing in various diseases including MI 35-37; however, 

few studies have focused on necroptosis in MI 30. However, whether all 
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mechanisms of cell death in MI affect the subsequent cardiac repair process 

remains largely unknown. In this study, we observed that cardiomyocyte cell 

death upon hypoxic treatment was attenuated dramatically when treated with 

GSK'872 (a RIP3 inhibitor) or zVAD (a caspase inhibitor). Moreover, miR-105 

significantly ameliorated cell injury and attenuated cell death as did the combined 

zVAD/GSK'872 treatment against hypoxic conditions in cardiomyocytes. In 

agreement with the in vitro results, we found that miR-105 functions to 

simultaneously suppress BNIP3/RIP3 expression levels, which are the primary 

mediators of necroptotic/apoptotic cell death pathways in MI rat hearts. 
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V. CONCLUSION 

The current study shows that the distribution of apoptosis and necroptosis 

differs in a time-dependent manner after MI or hypoxia stimulation. Moreover, 

miR-105 treatment improves the cell viability of H9c2 cells by inhibiting 

apoptosis and necroptosis, which is associated with the regulation of the interplay 

between them. Thus, our results offer strategies for the treatment of MI and post-

MI cardiac remodeling. 
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ABSTRACT (IN KOREAN) 

 

심근 허혈성 손상에서 miRNA-105에 의한  

세포 사멸 억제 

< 지도교수 한 균 희 > 

 

연세대학교 대학원 융합오믹스 의생명과학과  

신 선 혜 

 

프로그램화 세포사멸인 세포자살 (apoptosis)과 프로그램화 되지 

않은 세포사멸인 세포괴사 (necrosis)는 심근경색에 의해서 

발생되는데, 최근 프로그램화 세포괴사인 necroptosis 도 심근경색에 

의해 발생된다는 것이 밝혀졌다. 본 연구에서는 심근경색에서 

발생하는 apoptosis 와 necroptosis 를 동시에 억제할 수 있는 

microRNA (miRNA)를 찾고자 하였다. 

Receptor-interacting protein kinase 3 (RIP3)는 necroptotis 를 

유발하는 주요인자이며, BCL2/adenovirus E1B 19 kDa protein-

interacting protein 3 (BNIP3)는 미토콘드리아의 장애를 유발하여 세포 

내의 apoptosis 를 조절하는 인자로서 심근경색에 의한 심근세포의 

사멸을 확인하는데 유용하다. 따라서 본 연구에서는 저산소 환경의 

심근세포 (H9c2) 와 심근경색 동물모델에서 RIP3와 BNIP3의 발현을 

조사하였고, 그 결과, 두 인자 모두 시간에 따라 증가하는 것을 
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확인하였다. 이렇게 확립된 in vitro 와 in vivo 모델에서 RIP3와 

BNIP3를 억제할 것으로 예상되는 후보 miRNA 를 각각 처리한 후, 

두 인자의 발현을 조사하였고, 그 결과, miRNA-105를 과발현 시킨 

심근세포가 저산소 환경에서 RIP3와 BNIP3를 억제하는 동시에 

심근세포의 생존율을 증가시킨다는 것을 확인하였다. 또한 심근경색 

동물모델에서 miRNA-105 발현이 감소되어 있었으며, miRNA-105를 

주입한 모델의 경우 심장의 손상부위가 감소하였고 세포의 

apoptosis 와 necroptosis 가 억제되는 것을 확인하였다. miRNA-

105가 심근경색의 apoptosis 와 necroptosis 를 동시에 억제한다는 

것은 본 연구에서 최초로 밝힌 것이며, 이러한 결과는 심근경색 

치료에 있어서 miRNA-105가 새로운 치료법으로 활용 가능함을 

암시하는 것이다. 
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