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1  | INTRODUC TION

Heart failure is characterized by the functional loss of ventricular 
contractility. It occurs following hypertrophy and ventricle deteri-
oration resulting from cardiomyocyte apoptosis.1 An early compo-
nent of cardiomyocyte apoptosis in heart failure is the dysregulation 
of mitochondrial fission and fusion.2-7 The relative rates of fusion 
and fission are normally tightly controlled, but during apoptosis, 
there is a dysregulation of key regulatory proteins like MFF, MFN1, 
MFN2, OPA1 and Drp1.8 Much work has focused on characterizing 

the regulatory pathways governing mitochondrial fission and fusion 
in terms of how they become dysregulated in heart failure and in 
terms of identifying molecular targets for potentially blocking this 
dysregulation.

MicroRNAs have gained significant attention as modulators 
of mitochondrial fission and fusion. MicroRNAs are endogenous, 
single-stranded, short RNA sequences (~22 nucleotides) that regu-
late target gene expression by binding to the 3' untranslated regions 
(UTRs) of target mRNAs.9 The microRNAs miRNA-499, miRNA-140 
and miRNA-30c have been shown to modulate mitochondrial fission 
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Abstract
MicroRNA-122 (miR-122) is one of several microRNAs elevated in heart failure pa-
tients. To investigate the potential role and mechanism of miR-122 in heart failure, 
we constructed a transgenic mouse overexpressing miR-122 in the heart. This mouse 
exhibited cardiac dysfunction (as assessed by transthoracic echocardiography), mor-
phological abnormalities of the heart and cardiomyocyte apoptosis characteristic of 
heart failure. Mechanistically, we identified the Hand2 transcription factor as a di-
rect target of miR-122 using a dual-luciferase reporter assay. In Tg-miR-122 mice and 
H9C2 cells with miR-122 mimics, we detected apoptosis and increased expression of 
dynamin-related protein-1 (Drp1). This effect was blocked with prior knockdown of 
Hand2 in vitro. Our work suggests that miR-122 causes cardiomyocyte apoptosis by 
inhibiting Hand2 and consequently increasing Drp1-mediated mitochondrial fission. 
Such a mechanism likely contributes to heart failure and so modulating this pathway 
could be therapeutically valuable against heart failure.
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and affect cardiomyocyte apoptosis.10-13 For example, miR-499 
inhibits cardiomyocyte apoptosis and reduces myocardial infarc-
tion size by inhibiting mitochondrial fission mediated by the Drp1-
mediated apoptotic pathway.14

MicroRNA-122 (miR-122) is also a particularly interesting mi-
croRNA that is conserved among vertebrates. Elevated levels of 
miR-122 are associated with heart failure,15-18 we well as acute myo-
cardial infarction 19,20 and acute coronary syndrome.21 We recently 
found that miR-122 is up-regulated in the Pax-8 gene knock-out 
mouse, which develops left ventricle enlargement and apoptosis 
22 (similar to heart failure). On a cellular level, this early exoso-
mal miRNA is associated with oxidative stress and mitochondria-
dependent apoptosis.23 However, it remains unknown whether 
miR-122 also affects cardiac function via this apoptosis. Its mech-
anism of action also remains unknown, although sequence analy-
sis suggests that miR-122 interacts with the Hand2 transcription 
factor. Other miRNAs associated with heart failure also regulate 
Hand2.24 The Hand2 transcription factor normally plays an essen-
tial role in cardiac morphogenesis,22,25,26 with disruption or loss of 
Hand2 causing impaired cardiac development, apoptosis of cardio-
myocytes and cardiac hypertrophy.26-29 Further, mutations in the 
gene are prevalent in patients with congenital heart disease.30 We 
propose that Hand2 functions as an upstream regulator of mito-
chondrial fission.

The present study investigated whether miR-122 induces cardiac 
dysfunction and morphological abnormalities (in addition to apop-
tosis), and whether its mechanism of action involves Hand2 and the 
Drp1-mediated apoptotic pathway (apoptosis via excessive mito-
chondrial fission). We addressed the first question by overexpress-
ing miR-122 in a transgenic mouse model, primary cardiomyocytes 
and a cardiomyocyte cell line and then determining whether there 
were negative effects on heart function, heart and heart tissue mor-
phology, and the presence of cellular apoptosis. We addressed the 
mechanistic question by assessing whether Hand2 mRNA or protein 
expression was reduced by miR-122 overexpression in the mouse 
and in H9C2 cells. We further determined whether miR-122 binds 
Hand2 directly using a dual-luciferase reporter assay. Finally, we de-
termined whether Drp1 mRNA or protein expression was increased 
in these models (suggesting involvement of the Drp1 apoptotic path-
way), and whether any miR-122 induced changes in Drp1 expression 
could be blocked by inhibiting Hand 2 (suggesting that Hand2 medi-
ates the effect of mIR-122 on Drp1).

2  | METHODS

2.1 | Tg-miR-122 transgenic mice

We created H11-CAG-LSL-miR-122-PolyA knock-in mice using the 
CRISPR/Cas9 system. We co-injected Cas9 mRNA, small guiding 
RNA (5'-CTGAGCCAACAGTGGTAGTA-3'), and donor RNA into zy-
gotes. The single guide RNA directed Cas9 endonuclease cleavage 
at the H11 locus to create a double-strand break, and the repair of 

this break resulted in the insertion of CAG-LSL-Mir122-PolyA at the 
H11 locus. We bred the resulting pups with α-MHC Cre± mice to 
produce heart-specific knock-in mice. We ultimately obtained six 
genotypes of mice, miR-122fl/fl/Cre+, miR-122fl/fl/Cre−, miR-122fl/+/
Cre+, miR-122fl/+/Cre−, miR-122+/+/Cre+ and miR-122+/+/Cre− mice, of 
which miR-122fl/fl/Cre+ and miR-122+/+/Cre− were used for the fur-
ther experimental studies at eight weeks.

2.2 | Transthoracic echocardiography

We performed two-dimensional M-mode echocardiography using 
a Vevo 770 high-resolution in vivo imaging system with a 30-MHz 
transducer on isoflurane-anesthetized mice. The left ventricular 
(LV) end-diastolic internal diameter (LVIDd), LV end-systolic inter-
nal diameter (LVIDs), LV posterior wall thickness at the end of dias-
tole (LVPWd) and LV anterior wall thickness at the end of diastole 
(LVPWs) were measured using M-mode recordings. Left ventricular 
fractional shortening (FS) was calculated as FS percentage equals 
(LVIDd-LVIDs)/LVIDd ×100%.

2.3 | Morphological analysis

We treated mouse heart tissue with the paraffin embedding 
method, fixing with 4% paraformaldehyde before dehydration and 
embedding. The paraffin sections were stained with haematoxylin-
eosin (HE), and myocardial fragmentation area was measured with 
ImageJ software (Media Cybernetics INC.). The percentage of 
myocardial fragmentation was calculated as myocardial fragmen-
tation area/total area ×100% in each field for at least three random 
fields.

2.4 | Cell culture and transfection

We isolated primary cardiomyocytes from the hearts of neonatal 
C57/B6 mice and purchased H9C2 cells from the Cell Resource 
Center of the Shanghai Institute of Life Sciences, Chinese Academy 
of Sciences. We cultured both cell types in 90% Dulbecco's modi-
fied Eagle's medium (DMEM) (Gibco) with 10% foetal bovine serum 
(FBS) (Gibco) and 1% streptomycin (Thermo Fisher Scientific). Cells 
were maintained in an incubator with 95% air and 5% CO2 at 37°C. 
We transfected H9C2 cells with either NC-miR-122, miR-122 mim-
ics, NC-OE, Hand2-OE, si-NC or si-Hand2, followed by incubation 
for another 24 hours.

2.5 | Protein analysis

Total protein was collected in RIPA buffer (Beyotime). Protein 
(25-50 μg) was separated by electrophoresis on a 10% SDS poly-
acrylamide gel and then transferred to a nitrocellulose membrane. 
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Membranes were then incubated at 4°C overnight with anti-
Hand2 (#ab56590, Abcam), anti-Drp1 (#8570, CST), anti-Bcl-2 
(#3498-T, CST) or β-actin (#4970, CST) primary antibodies, which 
were diluted to 1:1000 in TBST buffer. The membranes were then 
incubated with secondary antibodies (#A0208, Beyotime) for 
1h. Images were scanned with a MicroChemi 4.2 (DNR) system. 
Western blot bands were quantified by measuring band intensity 
using ImageJ.

2.6 | RNA analysis

Total RNA was prepared using the miRNA extraction kit 
(Tiangen). miR-122 levels were measured through qRT-PCR 
with the miRCute Enhanced Fluorescence Quantitative Assay 
Kit (Tiangen). U6 was employed as the loading control (forward: 
5'-GCTTCGGCAGCACATATACTAA-3' and reverse: 5'-AACGC​
TTCACGAATTTGCGT-3'). cDNAs were synthesized using a cDNA 
synthesis kit (Takara) for the quantitative RT-PCR assay. The primers 
used were as follows: Hand2: 5'-CGCAGGACTCAGAGCATCAA-3' 
and 5'-TCACCAGCCTCGATCCCTTA-3'; Drp1:5'-CAGAATGAGAGG​
TCTCCGGG-3' and 5'-CTGCTTTGCTCGTGTAGTCTG-3'; Bcl2:5'-
GTCGCTACCGTCGTGACTTC-3' and 5'-CAGACATGCACCTACCC​
AGC-3'; GAPDH: 5'-TGTGTCCGTCGTGGATCTGA-3' and 5'-CCTGCTT​
CACCACCTTCTTGA-3'.

2.7 | Dual-luciferase reporter assay

The wild-type 3'-untranslated region (UTR) of Hand2 was amplified 
by PCR using genomic DNA of 293T cells, which contained the bind-
ing site of miR-122. The corresponding mutant 3'-UTR was produced 
by altering the seed region of the binding site of miR-122. Then, the 
wild-type and mutant 3 '-UTR were respectively cloned into the 
psiCHECK-2 luciferase vector. The miR-122 mimic or miR-122-NC 
and luciferase plasmid containing wild-type or mutant 3'-UTR were 
co-transfected into 293T cells. Luciferase activity was measured 
48 hours after transfection using the dual-luciferase reporter assay 
system (Promega).

2.8 | TUNEL staining assay

We placed tissue sections on coverslips, washed them twice 
in paraxylene and rinsed them with a graded series of ethanol. 
Then, we incubated them in 21%-37% proteinase K solution for 
15-30 minutes. We then washed them in phosphate-buffered sa-
line (PBS) and incubated them for 60  minutes at 37℃ in a dark 
humidified environment with or without 50µL of TUNEL reaction 
mixture. We added DAPI after sections were fully converted with 
POD. We then washed the sections in PBS again and immediately 
visualized and quantified TUNEL-positive cells using a fluores-
cence microscope.

2.9 | Measurement of mitochondrial 
membrane potential

We measured mitochondrial membrane potential (MMP) using the 
JC-1 Kit (Beyotime) following the manufacturer's protocol. We col-
lected the H9C2 cells, washed them with PBS and then resuspended 
them in DMEM. We added 0.5 mL JC-1 staining solution and incu-
bated the cells at 37℃ for 20  minutes. We then precipitated and 
washed the cells twice with JC-1 buffer before resuspending the 
cells in JC-1 staining buffer. We assessed the colour of the JC-1 dye 
using flow cytometry, with red and green fluorescence indicating 
high and low MMP, respectively.

2.10 | Annexin V-FITC/PI double staining assay

We determined the proportion of apoptotic cells using the Annexin 
V-FITC Apoptosis Kit (Beyotime) according to the manufacturer's 
protocol. After transfecting cells for 36  hours, we cultured them 
in DMEM for 12  hours. We then harvested and washed the cells 
with PBS buffer and resuspended them in the kit's staining buffer. 
We added 5µL of Annexin V-FITC and 10 µL of propidium iodide (PI) 
to the cells at room temperature for 5  minutes. We analysed the 
mixture of cells using FACScan flow cytometry (BD Biosciences) to 
quantify the proportion of apoptotic (Annexin V+ and PI-) cells.

2.11 | Immunofluorescence staining

We rinsed the cells three times using 1×PBS, fixed them with 4% 
paraformaldehyde for 20  minutes at room temperature and then 
permeabilized them with 0.1% Triton X-100 in PBS for 20 minutes. 
Blocking was performed with 5% BSA for 30 minutes at room tem-
perature, and cells were incubated with DRP1 (CST) at 4°C overnight. 
The next day, we incubated the cells with Alexa Fluor donkey-anti-
rabbit IgG secondary antibody (Thermo Fisher) for 2 hours at 4°C 
in the dark. We then counterstained with DAPI to visualize nuclei. 
Finally, we visualized fluorescence using an LSM 880 model confocal 
microscope (Carl Zeiss).

3  | RESULTS

3.1 | Cardiac-specific overexpression of miR-122 
induces cardiac dysfunction consistent with heart 
failure in transgenic mice

Since past studies showed increased miR-122 expression in heart dis-
ease, we set out to study the role of miR-122 in the heart by creat-
ing a transgenic mouse with cardiac overexpression of miR-122. Our 
Tg-miR-122 mice (miR-122fl/fl/Cre+) indeed had increased expression 
of miR-122 compared with the non-transgenic (NTG) control mice 
(miR-122+/+/Cre-) (Figure  1A). We also measured the expression of 



     |  5329SHI et al.

miR-122 in C57/B6 mouse hearts and found no difference between 
WT and NTG mice (Figure 1A). We characterized cardiac function in 
Tg-miR-122 and NTG mice using echocardiography (Figure 1B). We 
found that Tg-miR-122 mice had a statistically significant reduction in 
left ventricular fractional shortening (from 63% to 26%; P < 0.05) and 
a statistically significant increase in LVIDd (from 2.6mm to 3.4mm; 
P < 0.05) and LVIDs (from 1.0mm to 2.5mm; P < 0.05). LVPWd did 
not differ between Tg-miR-122 and NTG mice. Morphologically, Tg-
miR-122 mice had visibly larger hearts and enlarged cardiac chambers 
(via HE staining) (Figure 1C) compared with NTG mice. Further, Tg-
miR-122 had greater heart/bodyweight ratios compared with NTG 
mice (Figure 1C). As shown in Figure 1D, the myocardial morphology 
of Tg-miR-122 mice was altered, with evidence of myocardial rupture. 
Taken together, these data demonstrate that cardiac overexpression 
of miR-122 impairs cardiac function and induces functional deficits 
consistent with heart failure in vivo.

3.2 | miR-122 overexpression induces apoptosis 
in vitro and in vivo

Next, we investigated the effect of miR-122 overexpression on apop-
tosis. We found that the hearts of Tg-miR-122 mice had significantly 

more apoptotic myocardial cells than NTG mice as indicated by the 
proportion of TUNEL-positive cells (Figure  2A). Further, we found 
that the protein and mRNA expression of anti-apoptotic factor 
Bcl-2 was decreased in Tg-miR-122 mice (Figure 2B,C). H9C2 cells 
transfected with miR-122 mimics also had more apoptotic cells com-
pared to control cultures (Figure 2D). However, we found that miR-
122 mimic caused a green-ward shift in JC-1 immunofluorescence 
(Figure 2E), suggesting a reduction of mitochondrial membrane po-
tential (such dysfunction is an early sign of apoptosis). These results 
demonstrate that miR-122 overexpression causes the apoptosis of 
cardiomyocytes, which could potentially explain the impaired car-
diac function in Tg-miR-122 mice.

3.3 | miR-122 overexpression regulates 
mitochondrial fission protein Drp1

A growing body of evidence suggests that certain microRNAs 
cause apoptosis by abnormally regulating mitochondrial fission,13-

16 and so we investigated whether miR-122 induces cardiomyo-
cyte apoptosis by regulating mitochondrial fission protein Drp1. 
We quantified Drp1 protein expression in Tg-miR-122 and NTG 
mice via Western blot. Drp1 protein expression was significantly 

F I G U R E  1   Cardiac overexpression of miR-122 induced functional deficits consistent with heart failure. (A) Relative expression of miR-
122 in the hearts of Tg-miR-122 mice, NTG and wild-type mice. (B) Representative M-mode images of Tg-miR-122 mice and NTG mice. We 
quantified the ratio of left ventricular fractional shortening (FS), left ventricular internal diameters at diastole (LVIDd) and systole (LVIDs), 
and left ventricular wall thickness at diastole (LVPWd) and systole (LVPWs). (C) Haematoxylin/eosin (HE) staining of heart tissue. Scale bar: 
2.5mm. Ratios of heart weight to bodyweight (HW/BW) in Tg-miR-122 and NTG mice. (D) Representative images of haematoxylin/eosin-
stained heart tissues from Tg-miR-122 and NTG mice. Scale bar: 50 μm. N = 5 samples per group. *P < 0.05, ***P < 0.005 for all panels vs 
NTG mice. An unpaired t test was used to assess significance. Data are means ± SEM
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greater in Tg-miR-122 mice compared with NTG mice (Figure 3A). 
Moreover, we found that Drp1 protein and mRNA levels were el-
evated in H9C2 cells transfected with miR-122 mimics compared 
with control culture (Figure 3B,C). The difference in protein lev-
els was also evident via immunofluorescence and histochemical 
staining (Figure  3D,E). These results strongly suggest that miR-
122 overexpression induces apoptosis by regulating mitochon-
drial fission.

3.4 | Hand2 is a direct target of miR-122

To explore the mechanisms by which miR-122 regulates apoptosis, 
we identified potential miR-122 targets using the bioinformatics pro-
gram TargetScan. We found that Hand2 had conserved binding sites 
for miR-122 (Figure 4A). Hence, we hypothesized that Hand2 might 
also be a downstream target of miR-122 that controls apoptosis. We 
found that the protein and mRNA expression of Hand2 significantly 
decreased in Tg-miR-122 mice (Figure 4B,C). We confirmed this by 
also investigating whether miR-122 could influence the expression 
of Hand2 in H9C2 cells (Figure 4D). We found that miR-122 mim-
ics reduced protein expression of Hand2 in H9C2 cells compared 
with control transfection (Figure 4E). Next, we investigated whether 

Hand2 was a direct target of miR-122 by measuring the effect of 
miR-122 on the translation of Hand2 using a double luciferin reporter 
gene. miR-122 mimics reduced the luciferase activity of the reporter 
gene of Hand2, whereas these reductions disappeared when the se-
quences of the 3'-UTR binding site were mutated (Figure 4F). These 
results demonstrate that Hand2 is a direct target of miR-122; such 
an interaction could potentially mediate the effect of miR-122 on 
cardiomyocyte apoptosis.

3.5 | Hand2 regulates Drp1 and apoptosis

We have independently demonstrated that overexpression of 
miR-122 inhibits the expression of Hand2 and also triggers Drp1-
mediated mitochondria-dependent apoptosis. We will now investi-
gate whether Hand2 mediates apoptosis via Drp1 by reducing Hand2 
expression with siHand2 transfection or overexpressing Hand2 with 
Hand2-OE plasmids in H9C2 cells (Figure 5A). We found that apop-
tosis increased significantly after Hand2 silencing, though it was un-
affected by Hand2 overexpression (Figure 5B,C). Further, Western 
blotting and qRT-PCR revealed that Drp1 protein and mRNA levels 
respectively were increased with siHand2 transfection. In contrast, 
overexpression of Hand2 decreased Drp1 protein expression but 

F I G U R E  2   Overexpression of miR-122 
induced apoptosis of cardiomyocytes. 
(A) Left, representative cardiac sections 
from NTG and Tg-miR-122 mice. Green, 
TUNEL-positive myocyte-nuclei, blue, 
DAPI-stained nuclei. Scale bar: 50 μm; 
right, quantitative analysis of apoptosis. 
(B) Protein expression of Bcl-2 in the 
heart of NTG and Tg-miR-122 mice. 
Top, examples of Western blot bands; 
bottom, quantitative analysis. (C) mRNA 
expression of Bcl-2. (D) Apoptosis in 
H9C2 cells. Left, representative images 
of Annexin V-FITC/PI staining FACS 
assay. Cells in the lower right quadrant 
represent early apoptosis and those in 
the upper right quadrant represent late 
apoptosis; right, quantitative analysis of 
cellular apoptosis. (E) Effect of miR-122 
on mitochondrial membrane potential 
in H9C2 cells. Left, H9C2 cells were 
gated by flow cytometry with JC-1. Red 
fluorescence indicates higher membrane 
potential; right, quantitative analysis of 
green/red ratio. N = 5 samples per group. 
*P < 0.05, **P < 0.01, ****P < 0.001 for 
all panels vs NTG mice or miR-NC. An 
unpaired t test was used to determine 
statistical significance. Data are 
means ± SEM



     |  5331SHI et al.

did not have an effect on mRNA levels (Figure 5D,E). The above re-
sults indicate that Hand2 could affect apoptosis by regulating Drp1 
expression.

4  | DISCUSSION

We found that overexpression of miR-122 in vivo indeed induces 
functional deficits and morphological abnormalities resembling 
those in heart failure. We also found that overexpression of miR-122 
leads to apoptosis of cardiac cells both in vivo and in vitro. Together, 
these findings suggest that miR-122 plays a causal role in cardiac 
dysfunction through the induction of cardiomyocyte apoptosis. 
Mechanistically, we found that overexpressing of miR-122 increases 
expression of the Drp1 mitochondrial fission protein, suggesting 
that apoptosis (and cardiac dysfunction) occurs via Drp1-mediated 
up-regulation of mitochondrial fission. We further found that miR-
122 directly interacts with the miR-122 transcription factor and that 
Hand2 mediates the effect of miR-122 on Drp1. Together, this sug-
gests that miR-122 triggers apoptosis by inhibiting Hand2, which in 
turn causes an increase in the expression of Drp1, and ultimately, 
this results in too much mitochondrial fission and apoptosis. Thus, 

modulation of miR-122 and Hand2 could potentially be therapeuti-
cally useful against heart failure or other diseases where miR-122 
plays a causal role.

It is well established that miR-122 levels are elevated in heart 
failure,15-18 but its specific role in cardiac function has not been char-
acterized. While miR-122 was previously known as a pro-apoptotic 
factor in cardiomyocytes, we show here for the first time in vivo that 
miR-122 causes cardiac dysfunction, morphological changes and 
apoptosis in rodents that strongly resemble the human heart failure 
phenotype. Thus, it is likely that miR-122 is also a causal factor in the 
pathophysiology of human heart disease.

Further, the mechanism of the miR-122 in apoptosis was 
not well understood. Here for the first time, we suggest a likely 
mechanism for miR-122 in the form of increasing expression 
of the Drp1 mitochondrial fission protein. It is well known that 
cardiomyocyte damage (eg via hypoxia and reoxygenation) stim-
ulates the up-regulation of Drp1 and its translocation from cyto-
plasm to mitochondria31–33 to increase mitochondrial fission. This 
causes apoptosis34,35 that is prevented by inhibiting Drp1.7 Our 
work here suggests that miR-122 could be an upstream trigger 
of this Drp1 effect, with miR-122 expression causing an increase 
in Drp1 expression. This mechanism is consistent with work on 

F I G U R E  3   Overexpression of miR-
122 increased protein expression of 
Drp1. (A) Protein expression of Drp1 
in the hearts of NTG and Tg-miR-122 
mice. Top, Western blot example bands; 
bottom, quantitative analysis. (B) 
Protein expression of Drp1 in H9C2 cells 
transfected with miR-122 mimics or miR-
NC. Top, examples of Western blot bands; 
bottom, densitometric analysis of protein 
level. (C) mRNA expression of Drp1 in 
H9C2 cells. (D) Representative images of 
H9C2 cells observed with a laser confocal 
microscope and cell sections treated 
with immunofluorescent staining. Scale 
bar: 50 μm. (E) Quantitative analysis of 
fluorescence. N = 5 samples per group. 
*P < 0.05, **P < 0.01, ***P < 0.005 for all 
panels vs NTG or miR-NC. An unpaired 
t test was used to determine statistical 
significance. Data are means ± SEM
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other microRNAs like miR-49914 and miR-23a,36 where such miR-
NAs trigger apoptosis of cardiomyocytes by up-regulating Drp1-
meditated mitochondrial fission.

Our work goes a step further by identifying Hand2 as a me-
diator of this effect. We demonstrated that the Hand2 tran-
scription factor is indeed a direct target gene of miR-122, as we 
previously suggested.22 Although the Hand 2 transcription fac-
tor is a widely known regulator of cardiac development,37 stud-
ies have also shown that Hand2 plays a role in heart disease in 
postnatal mice.38 Our work here is the first to implicate Hand2 
in rodent phenotypes resembling heart failure. Importantly, we 
found that Hand2 mediates the effect on Drp1. This pathway may 
be regulated upstream by calcineurin. This comes from evidence 
that protein expression of Hand2 is increased in transgenic mice 
expressing a mutant activated form of calcineurin24 and Drp1 
is known to be regulated by the calcineurin catalytic subunit 
(CnA).39–41 Increased calcineurin signalling also results in mito-
chondrial dysfunction and heart failure.42 Further investigation is 
needed to elucidate the roles of each protein in the maintenance 
of mitochondrial homeostasis.

A limitation of our study was that while we identified the link be-
tween miR-122 and a rodent phenotype resembling heart failure, we 
have not yet gone a step further to investigate whether the down-
regulation of miR-122 has a protective effect. Second, although 
we identified Hand2 as a direct target of miR-122, we have yet to 

determine how Hand2 regulates Drp1 function. Further investiga-
tion will be required to fully understand the Hand2/Drp1 pathway.

Although the impact of miR-122 overexpression on cardiomyo-
cyte apoptosis is clear, future studies should assess right ventricular 
function (in addition to left ventricular function) to provide a more 
comprehensive picture of cardiac dysfunction. Future studies should 
also aim to address the remaining questions about this mechanism 
and how it affects mitochondrial dynamics. Given that our findings 
suggest cardiomyocyte apoptosis (as a result of miR-122 overex-
pression) occurs through the Drp1-mediated pathway, future stud-
ies should investigate the mechanisms by which Drp1 is activated. 
One known trigger of Drp1-mediated mitochondrial fission is high 
levels of reactive oxygen species (ROS), while low levels of ROS have 
been found to promote mitochondrial fusion.43 High levels of ROS 
are present in heart failure44 and are thought to contribute to the 
pathogenesis of heart disease.45 Therefore, future studies should 
also investigate how levels of ROS affect this pathway. Finally, fu-
ture studies of this pathway could employ wheat germ agglutinin 
(WGA) staining to quantify fibrotic damage in cardiomyocytes, and 
additional insights might be gained by evaluating the presence of hy-
pertrophy at the cellular level (eg in H9C2 cells) in addition to the 
tissue level.

In summary, we found that the miR-122 induces functional defi-
cits and morphological abnormalities resembling heart failure in mice 
and that it induces cardiomyocyte apoptosis. Our work suggests that 

F I G U R E  4   miR-122 directly targets Hand2 to decrease Hand2 expression. (A) Putative binding sites for miR-122 in the 3’-UTR of Hand2 
identified via bioinformatics program TargetScan. (B) Effect of miR-122 on the protein expression of Hand2 in mice. Top, examples of 
Western blot bands; bottom, quantitative analysis. (C) mRNA expression of Hand2 in mice. (D) Expression of miR-122 in H9C2 cells infected 
with miR-NC or miR-122 mimics. (E) Effect of miR-122 mimics on the expression of Hand2 in H9C2 cells. Top, examples of Western blot 
bands; bottom, quantitation analysis. (F) Normalized luciferase ratios in 293T cells that were infected with miR-NC or miR-122 mimics, 
followed by transfection with plasmid constructs containing wild-type (wt), mutation (mut) of the 3’-UTR of Hand2. N = 5 samples per group. 
*P < 0.05, **P < 0.01, ****P < 0.0001 for all panels vs NTG or miR-NC. An unpaired t test was used to determine statistical significance. Data 
are means ± SEM
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this occurs via a Hand2/Drp1 mitochondrial fission pathway and thus 
provides an understanding of how miR-122 affects cardiac function. 
Such a mechanism likely contributes to heart failure. Future work 
should investigate whether modulating this pathway is therapeuti-
cally valuable against heart failure.

ACKNOWLEDG EMENTS
This study is supported by grants from the Medical Science 
and Technology Project of the Department of Health, Zhejiang 
Province (WKJ-ZJ-1420) and the Zhejiang Province Nature Science 
Foundation (LZ16H020003 and LQ18H020007). We would like to 
acknowledge Helen Han for editing support on this manuscript.

CONFLIC TS OF INTERE S T
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTIONS
Yajuan Shi: Data curation (equal); Resources (equal); Writing-
original draft (equal). Zhi Zhang: Data curation (equal); Writing-
original draft (equal). Qiqi Yin: Data curation (equal); Writing-review 
& editing (equal). Chen Fu: Formal analysis (equal); Validation 
(equal). Andrew Barszczyk: Methodology (equal); Writing-review 
& editing (equal). Xiaofu Zhang: Methodology (equal); Software 
(equal). Jiabing Wang: Data curation (equal); Software (equal). 
Deye Yang: Project administration (equal); Supervision (equal); 
Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Deye Yang   https://orcid.org/0000-0002-4797-3999 

R E FE R E N C E S
	 1.	 Van Empel VPM, Bertrand ATA, Hofstra L, et al. Myocyte apoptosis 

in heart failure. Cardiovasc Res. 2005;1:21-29.
	 2.	 Youle RJ, Van Der Bliek AM. Mitochondrial fission, fusion, and 

stress. Science. 2012;337:1062-1065.
	 3.	 Marzetti E, Csiszar A, Dutta D, et al. Role of mitochondrial dysfunc-

tion and altered autophagy in cardiovascular aging and disease: 
From mechanisms to therapeutics. Am J Physiol Hear Circ Physiol. 
2013;305:H459-H476.

	 4.	 Chen Y, Liu Y, Dorn GW. Mitochondrial fusion is essential for organ-
elle function and cardiac homeostasis. Circ Res. 2011;109:1327-1331.

	 5.	 Martinou JC, Youle RJ. Mitochondria in apoptosis: Bcl-2 Family 
members and mitochondrial dynamics. Dev Cell. 2011;21:92-101.

	 6.	 Papanicolaou KN, Khairallah RJ, Ngoh GA, et al. Mitofusin-2 maintains 
mitochondrial structure and contributes to stress-induced permeabil-
ity transition in cardiac myocytes. Mol Cell Biol. 2011;31:1309-1328.

	 7.	 Xu XH, Xu J, Xue L, et al. VEGF attenuates development from car-
diac hypertrophy to heart failure after aortic stenosis through mi-
tochondrial mediated apoptosis and cardiomyocyte proliferation. J 
Cardiothorac Surg. 2011;6:54.

	 8.	 Frank S, Gaume B, Bergmann-Leitner ES, et al. The role of dynamin-
related protein 1, a mediator of mitochondrial fission, in apoptosis. 
Dev Cell. 2001;4:515-525.

F I G U R E  5   Hand2 silencing increases Drp1 expression and apoptosis demonstrated with H9C2 cells transfected with NC-OE, Hand2-
OE, si-NC or si-Hand2. (A) Verification of transfection effect with Western blot. (B) Representative images of Annexin V-FITC/PI staining 
FACS assay for apoptosis. Cells in the lower right quadrant represent early apoptosis and those in the upper right quadrant late apoptosis. 
(C) Quantitative analysis of apoptosis. (D) Representative expression of Hand2 mRNA in all groups. (E) Effect of Hand2 on the expression of 
Drp1 in H9C2 cells. Top, examples of Western blot bands; bottom, quantitation analysis. N = 5 samples per group. **P < 0.01, ***P < 0.005 
for all panels vs NC-OE or si-NC. An unpaired t test was used to determine statistical significance. Data are means ± SEM

https://orcid.org/0000-0002-4797-3999
https://orcid.org/0000-0002-4797-3999


5334  |     SHI et al.

	 9.	 Catalucci D, Gallo P, Condorelli G. MicroRNAs in cardiovascular bi-
ology and heart disease. Circ Cardiovasc Genet. 2009;2:402-408.

	10.	 Chua SK, Wang BW, Lien LM, et al. Mechanical stretch inhibits 
MicroRNA499 via p53 to regulate calcineurin-A expression in rat 
cardiomyocytes. PLoS One. 2016;11:e0158257.

	11.	 Li J, Li Y, Jiao J, et al. Mitofusin 1 is negatively regulated by MicroRNA 
140 in cardiomyocyte apoptosis. Mol Cell Biol. 2014;34:1788-1799.

	12.	 Wijnen WJ, Van Der Made I, Van Den Oever S, et al. Cardiomyocyte-
specific miRNA-30c over-expression causes dilated cardiomyopa-
thy. PLoS One. 2014;9:e96290.

	13.	 Duisters RF, Tijsen AJ, Schroen B, et al. MiR-133 and miR-30 Regulate 
connective tissue growth factor: Implications for a role of micrornas 
in myocardial matrix remodeling. Circ Res. 2009;104:170-178.

	14.	 Wang JX, Jiao JQ, Li Q, et al. MiR-499 regulates mitochondrial dy-
namics by targeting calcineurin and dynamin-related protein-1. Nat 
Med. 2011;17:71-78.

	15.	 Romaine SPR, Tomaszewski M, Condorelli G, et al. MicroRNAs 
in cardiovascular disease: An introduction for clinicians. Heart. 
2015;12:921-928.

	16.	 Cakmak HA, Coskunpinar E, Ikitimur B, et al. The prognostic value 
of circulating microRNAs in heart failure: Preliminary results from a 
genome-wide expression study. J Cardiovasc Med. 2015;16:431-437.

	17.	 Vogel B, Keller A, Frese KS, et al. Multivariate miRNA signatures 
as biomarkers for non-ischaemic systolic heart failure. Eur Heart J. 
2013;34:2812-2822.

	18.	 Liu Y, Song JW, Lin JY, et al. Roles of microRNA-122 in cardiovascular 
fibrosis and related diseases. Cardiovasc Toxicol. 2020;20:463-473.

	19.	 Wang Y, Chang W, Zhang Y, et al. Circulating miR-22-5p and miR-
122-5p are promising novel biomarkers for diagnosis of acute myo-
cardial infarction. J Cell Physiol. 2019;234:4778-4786.

	20.	 Yao XL, Lu XL, Yan CY, et al. Circulating miR-122-5p as a potential 
novel biomarker for diagnosis of acute myocardial infarction. Int J 
Clin Exp Pathol. 2015;8:16014-16019.

	21.	 Li X, Yang Y, Wang L, et al. Plasma miR-122 and miR-3149 poten-
tially novel biomarkers for acute coronary syndrome. PLoS One. 
2015;10:e0125430.

	22.	 Huang X, Huang F, Yang D, et al. Expression of microRNA-122 
contributes to apoptosis in H9C2 myocytes. J Cell Mol Med. 
2012;16:2637-2646.

	23.	 Wang Y, Jin P, Liu J, et al. Exosomal microRNA-122 mediates 
obesity-related cardiomyopathy through suppressing mitochon-
drial ADP-ribosylation factor-like 2. Clin Sci. 2019;133:1871-1881.

	24.	 Dirkx E, Gladka MM, Philippen LE, et al. Nfat and miR-25 cooperate 
to reactivate the transcription factor Hand2 in heart failure. Nat Cell 
Biol. 2013;15:1282-1293.

	25.	 McFadden DG, Barbosa AC, Richardson JA, et al. The Hand1 
and Hand2 transcription factors regulate expansion of the em-
bryonic cardiac ventricles in a gene dosage-dependent manner. 
Development. 2005;132:189-201.

	26.	 Yamagishi H, Yamagishi C, Nakagawa O, et al. The combinatorial 
activities of Nkx2.5 and dHAND are essential for cardiac ventricle 
formation. Dev Biol. 2001;239:190-203.

	27.	 Srivastava D, Thomas T, Kirby ML, et al. Regulation of cardiac me-
sodermal and neural crest development by the bHLH transcription 
factor, dHAND. Nat Genet. 1997;16:154-160.

	28.	 Morikawa Y, Cserjesi P. Cardiac neural crest expression of hand2 
regulates outflow and second heart field development. Circ Res. 
2008;103:1422-1429.

	29.	 Akazawa H, Komuro I. Roles of cardiac transcription factors in car-
diac hypertrophy. Circ Res. 2003;92:1079-1088.

	30.	 Shen L, Li XF, Shen AD, et al. Transcription factor HAND2 muta-
tions in sporadic chinese patients with congenital heart disease. 
Chin Med J (Engl). 2010;123:1623-1627.

	31.	 Cellier L, Tamareille S, Kalakech H, et al. Remote ischemic condition-
ing influences mitochondrial dynamics. Shock. 2016;45:192-197.

	32.	 Din S, Mason M, Völkers M, et al. Pim-1 preserves mitochondrial 
morphology by inhibiting dynamin-related protein 1 translocation. 
Proc Natl Acad Sci USA. 2013;110:5969-5974.

	33.	 Ikeda Y, Shirakabe A, Maejima Y, et al. Endogenous Drp1 mediates 
mitochondrial autophagy and protects the heart against energy 
stress. Circ Res. 2015;116:264-278.

	34.	 Long B, Wang K, Li N, et al. MiR-761 regulates the mitochondrial 
network by targeting mitochondrial fission factor. Free Radic Biol 
Med. 2013;65:371-379.

	35.	 Wang K, Gan TY, Li N, et al. Circular RNA mediates cardiomyocyte 
death via miRNA-dependent upregulation of MTP18 expression. 
Cell Death Differ. 2017;24:1111-1120.

	36.	 Du J, Hang P, Pan Y, et al. Inhibition of miR-23a attenuates 
doxorubicin-induced mitochondria-dependent cardiomyocyte 
apoptosis by targeting the PGC-1α/Drp1 pathway. Toxicol Appl 
Pharmacol. 2019;369:73-81.

	37.	 Cohen ASA, Simotas C, Webb BD, et al. Haploinsufficiency of the 
basic helix–loop–helix transcription factor HAND2 causes congeni-
tal heart defects. Am J Med Genet. Part A. 2020;182:1263-1267.

	38.	 Yu XJ, Huang YQ, Shan ZX, et al. MicroRNA-92b-3p suppresses 
angiotensin II-induced cardiomyocyte hypertrophy via targeting 
HAND2. Life Sci. 2019;232:116635.

	39.	 Cereghetti GM, Stangherlin A, Martins De Brito O, et al. 
Dephosphorylation by calcineurin regulates translocation of Drp1 
to mitochondria. Proc Natl Acad Sci USA. 2008;105:15803-15808.

	40.	 Cereghetti GM, Costa V, Scorrano L. Inhibition of Drp1-dependent 
mitochondrial fragmentation and apoptosis by a polypeptide antag-
onist of calcineurin. Cell Death Differ. 2010;17:1785-1794.

	41.	 Cribbs JT, Strack S. Reversible phosphorylation of Drp1 by cyclic 
AMP-dependent protein kinase and calcineurin regulates mito-
chondrial fission and cell death. EMBO Rep. 2007;8:939-944.

	42.	 Sayen MR, Gustafsson ÅB, Sussman MA, et al. Calcineurin trans-
genic mice have mitochondrial dysfunction and elevated superox-
ide production. Am J Physiol Cell Physiol. 2003;284:c562-c570.

	43.	 Willems PHGM, Rossignol R, Dieteren CEJ, et al. Redox homeosta-
sis and mitochondrial dynamics. Cell Metab. 2015;22:207-218.

	44.	 Sawyer DB. Oxidative stress in heart failure: What are we missing? 
Am J Med Sci. 2011;342:120-124.

	45.	 Peoples JN, Saraf A, Ghazal N, et al. Mitochondrial dysfunction and 
oxidative stress in heart disease. Exp Mol Med. 2019;51:1-13.

How to cite this article: Shi Y, Zhang Z, Yin Q, et al. Cardiac-
specific overexpression of miR-122 induces mitochondria-
dependent cardiomyocyte apoptosis and promotes heart 
failure by inhibiting Hand2. J Cell Mol Med. 2021;25:5326–
5334. https://doi.org/10.1111/jcmm.16544

https://doi.org/10.1111/jcmm.16544

