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a b s t r a c t

Necrosis is programmed and is one of the main forms of cell death in the pathological process in cardiac
diseases. MicroRNAs (miRNAs) have emerged as key gene regulators in many diseases. However, how
miRNAs contribute to programmed necrosis is poorly defined. Here we report that miR-2861 and ade-
nine nucleotide translocase 1 (ANT1) constitute an axis that regulates necrotic cell death in the heart. Our
results show that ANT1 inhibits H2O2-induced cardiomyocytes necrosis. ANT1 also antagonizes myo-
cardial necrosis in a mouse ischemia/reperfusion (I/R) model. We further demonstrate that miR-2861
directly binds to the coding sequence of ANT1 and suppresses the expression of ANT1 mRNA and protein.
MiR-2861 induces necrotic cell death. In contrast, knockdown of miR-2861 attenuates H2O2-induced
necrosis in cardiomyocytes. Also, miR-2861 knockdown protects heart from I/R injury and necrotic cell
death in vivo. MiR-2861 regulates necrosis and myocardial infarction through targeting ANT1. Collec-
tively, these data identify miR-2861 and ANT1 as two novel regulators of cardiomyocyte necrosis and
myocardial infarction, and suggest potential therapeutic targets in treatment of cardiac diseases.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Heart failure is a lethal disease with a worse life expectancy
than many other diseases. Many studies revealed that cardio-
myocyte death played an important role in heart failure [1,2].
Hitherto, necrosis is responsible for cardiomyocyte death during
myocardial infarction and heart failure [3,4]. Studying the me-
chanism of necrosis in cardiomyocyte would be of great im-
portance for tackling heart diseases.

Adenine nucleotide translocator 1 (ANT1), also called ADP/ATP
translocase 1, is a multi-pass membrane protein that locates in the
mitochondrion inner membrane [5]. The mouse Ant1 genes are
very similar in sequence to its human homologs [6]. ANT1 facil-
itates the exchange of cytosolic ADP and mitochondrial ATP across
the mitochondrial inner membrane [7]. ANT proteins form chan-
nels that exchange ATP and ADP and control the levels of ATP in
the cytoplasm [8]. ANT plays an essential role in cellular energy
metabolism and provide a continuous supply of ADP to
.

mitochondria [9,10]. Although ANT1 is specifically expressed in
heart tissues, the function mechanism of ANT1 in the progression
of cardiomyocyte necrosis remains unknown [11].

MiRNAs are small non-coding RNA molecules, about 21–25
nucleotides in length [12,13]. Growing evidences have demon-
strated that miRNAs play a significant role in the regulation of
various biological functions [14–17]. MiRNAs also participate in the
regulation of cardiovascular diseases [18–20]. In particular, miR-
NAs are involved in the pathogenesis of cardiac diseases such as
myocardial infarction and heart failure, and manipulation of
miRNAs can be developed to therapeutic approaches [18,21,22].
However, whether and how miRNAs participate in the signal
pathway that regulates necrosis in the heart remains unknown.

Our present work aims at finding out molecules and signaling
pathway that are able to regulate cardiomyocyte necrosis. Our
report for the first time reveals that ANT1 inhibits cardiomyocyte
necrosis and myocardial infarction. MiR-2861 is found to partici-
pate in the regulation of cardiomyocyte necrosis by targeting
ANT1. MiR-2861 regulates ANT1 levels by binding to the coding
region of ANT1 and triggering ANT1 mRNA degradation. Our re-
sults reveal a novel programmed necrosis regulating model which
is composed of miR-2861 and ANT1.

www.sciencedirect.com/science/journal/08915849
www.elsevier.com/locate/freeradbiomed
http://dx.doi.org/10.1016/j.freeradbiomed.2015.11.031
http://dx.doi.org/10.1016/j.freeradbiomed.2015.11.031
http://dx.doi.org/10.1016/j.freeradbiomed.2015.11.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.11.031&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.11.031&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.freeradbiomed.2015.11.031&domain=pdf
mailto:wangk696@163.com
mailto:peifengliqd@163.com
http://dx.doi.org/10.1016/j.freeradbiomed.2015.11.031


K. Wang et al. / Free Radical Biology and Medicine 91 (2016) 58–67 59
2. Methods

2.1. Cardiomyocytes culture and treatment

Cardiomyocytes were isolated from 1 to 2 days old mice as we
described [23]. Cells were treated with 150 mM or 700 mM H2O2 for
cell death assay.

2.2. Cell death assays

Cell death was measured by Alexa Fluors 488 annexin V/Dead
Cell Apoptosis Kit. All PI positive cells (PIþ) were indicated as
necrotic cells, while Annexin V positive/PI negative cells (Annexin
Vþ/PI�) were considered as apoptotic cells. Necrotic cell death
was assessed by lactate dehydrogenase (LDH) activity according to
the manufacturer’s instruction.

2.3. Cell transfection with miR-2861 mimics or antagomirs

The miR-2861 mimics were synthesized by GenePharma Co.Ltd.
MiR-2861 mimic sequence was 5′-GGGGCCUGGCGGCGGGCGG-3′.
Mimic control sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′.
Chemically modified antisense oligonucleotides (antagomirs) were
used to inhibit endogenous miR-2861 expression. The antagomir
sequence was 5′-CCGCCCGCCGCCAGGCCCC-3′. The antagomir control
sequence was 5′-CAGUACUUUUGUGUAGUACAA-3′. All the bases
were 2′-O-methyl-modified (GenePharma Co. Ltd). Cells were
transfected with miRNA mimics (50 nM) or antagomirs (50 nM)
using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer's instructions.

2.4. Target protector preparation and transfection

Target protector was designed and named as others and we
described [24], In brief, ANT1-TPmiR-2861 sequence is 5′-
GGGGTCTGGCAGCATCCCCTTGGCA-3′, TPcontrol sequence is 5′-
TGACAAATGAGACTCTCTCCTCTCC-3′. They were synthesized by
Gene Tools, and transfected into the cells using the Endo-Porter kit
(Gene Tools) according to the kit’s instructions.

2.5. Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

Stem-loop qRT-PCR for mature miR-2861 was performed as
described [25] on a CFX96 Real-Time PCR Detection System (Bio-
Rad). Total RNA was extracted using Trizol reagent. After DNAse I
(Takara, Japan) treatment, RNA was reverse transcribed with re-
verse transcriptase (ReverTra Ace, Toyobo). The levels of miR-2861
analyzed by qRT-PCR were normalized to that of U6. U6 primers
were forward: 5′-GCTTCGGCAGCACATATACTAA-3′; reverse: 5′-
AACGCTTCACGAATTTGCGT-3′. qRT-PCR for ANT1 were performed
as we described [23]. The sequences of ANT1 primers were for-
ward: 5′-GCAGTACAAAGGCATCATTGAT-3′; reverse: 5′- AAGGC-
GAAGTTCAGGGCTTGA-3′. The results were standardized to control
values of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
GAPDH forward primer: 5′-TGTGTCCGTCGTGGATCTGA-3′; reverse:
5′-CCTGCTTCACCACCTTCTTGA-3′. The specificity of the PCR am-
plification was confirmed by agarose gel electrophoresis.

2.6. Immunoblot

Immunoblot was performed as we described [26]. Briefly, the cells
were lysed for 1 h at 4 °C in a lysis buffer (20 mmol/L Tris pH 7.5,
2 mmol/L EDTA, 3 mmol/L EGTA, 2 mmol/L dithiothreitol (DTT),
250 mmol/L sucrose, 0.1 mmol/L phenylmethylsulfonyl fluoride, 1%
Triton X-100) containing a protease inhibitor cocktail. The samples
were subjected to 12% SDS-PAGE and transferred to nitrocellulose
membranes. Equal protein loading was controlled by Ponceau Red
staining of membranes. Blots were probed using the primary anti-
bodies. The anti-ANT1 and anti-Actin were from Abcam. After four
times washing with PBS, the horseradish peroxidase-conjugated
secondary antibodies were added. Antigen–antibody complexes were
visualized by enhanced chemiluminescence.

2.7. Measurement of ATP and mitochondrial complex activities

ATP levels were measured using a luciferase-based ATP de-
termination kit (Molecular Probes). In brief, cardiomyocytes were
washed with PBS, and then covered with lysis buffer. Samples
were centrifuged and the supernatant was retrieved for use in the
ATP assay according to the manufacturer’s instructions. Luciferase
activity was measured by using a luminometer. Complex II and IV
enzyme activities of isolated mitochondria were detected using
Microplate assay kits (Mitosciences) according to the manu-
facturer’s instructions.

2.8. ANT1 expression constructs

ANT1 adenoviral constructs were prepared using the Adeno-
X™ Expression System (Clontech, Mountain View, CA, USA) ac-
cording to the manufacturer’s instructions. In brief, ANT1 was
synthesized by PCR using mouse cDNA as the template. The for-
ward primer was 5′-ATGGGGGATCAGGCTTTGAGCTTT-3′; the re-
verse primer was 5′-TTACACATATTTTTTGATCTC-3′. The PCR frag-
ment was finally cloned into the Adeno-X vector. All constructs
were amplified in HEK293 cells. Adenoviral infection of cardio-
myocytes was performed as we described [27].

2.9. RNA interference (RNAi)

The mouse ANT1 RNAi target sequence is 5′- GCA-
GATCTTCCTGGGAGGC-3′. A nonrelated, scrambled RNAi without
any other match in the mouse genomic sequence was used as a
control (5′- GCTCGAGACTGGCAGTCGT-3′). The adenoviruses har-
boring these RNAi constructs were generated using the pSi-
lencer™ adeno 1.0-CMV System (Ambion, Grand Island, NY, USA)
according to the Kit’s instructions. Adenoviruses were amplified in
HEK-293 cells.

2.10. Preparations of the luciferase construct of ANT1 CDS and luci-
ferase activity assay

ANT1 CDS was amplified by PCR. The forward primer was 5′-
ATGGGGGATCAGGCTTTGAGCTTT-3′; the reverse primer was 5′-
TTACACATATTTTTTGATCTC-3′. The constructs were sequence ver-
ified. CDS were subcloned into the pGL3 vector (Promega) im-
mediately downstream of the stop codon of the luciferase gene.
The introduction of mutations in the putative miR-2861 binding
site was performed with the QuikChange II XL Site-Directed Mu-
tagenesis Kit (Stratagene) using the wild type vector as a template.
The construct was sequenced to check that only the desired mu-
tations had been introduced. Luciferase activity assay was per-
formed using the Dual-Luciferase Reporter Assay System (Prome-
ga) according to the manufacturer’s instructions.

2.11. Animal experiment

Male adult C57BL/6 mice (10–12 weeks old) were obtained
from Institute of Laboratory Animal Science of Chinese Academy of
Medical Sciences (Beijing, China). For delivery of miR-2861 an-
tagomirs, the mice received on three consecutive days, in-
travenous injections of miR-2861 antagomirs, or its control at a
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dose of 35 mg/kg body weight in a small volume (0.2 ml) per in-
jection. For intracoronary delivery of adenoviruses, the mice were
anesthetized and ventilated with a HX-300S animal ventilator. The
chest was entered through a small left anterior thoracotomy, the
pericardial sac was then removed, and 2�1011 moi adenoviruses
of ANT1 were injected with a catheter from the apex of the left
ventricle into the aortic root while the aorta and pulmonary ar-
teries were cross-clamped. The clamp was maintained for 20 s
when the heart pumped against a closed system. After removal of
air and blood, the chest was then closed and the mice were re-
turned back to cage for recovery. Five days after the injection of
adenoviruses, the mice were subjected to I/R surgery. For ANT1
target protectors delivery, the target protectors were delivered to
the mice by i.v. injection once daily for 3 consecutive days at
25 mg/kg and the mice were then subjected to I/R surgery.

For I/R injury model, mice were subjected to 60 min ischemia,
then 24 h or 1 week reperfusion as described [28]. Sham-operated
group experienced the same procedure except the snare was left
untied. Evans blue dye was treated as described [28], the areas of
infarction (INF), area at risk (AAR), and nonischemic left ventricle
(LV) were assessed with computer-assisted planimetry (NIH Image
1.57) by an observer blinded to the sample identity. The ratio of
INF/LV were calculated as described [28]. All experiments were
performed according to the protocols approved by the QingDao
University Animal Care Committee.

2.12. Echocardiographic assessment

Transthoracic echocardiographic analysis was performed on
mice after the sham or I/R surgery as we described [24]. Echo-
cardiographic parameters were measured. Fractional shortening
(FS) of left ventricular diameter was calculated as [(LVIDd–LVIDs)/
LVIDd]�100. After in vivo evaluation of cardiac function the mice
were euthanized and the hearts were harvested, weighted and
used for histological examination.

2.13. Statistical analysis

Data are expressed as the mean7SEM of at least three in-
dependent experiments. The differences among experimental
groups were evaluated by one-way ANOVA analysis of variance. A
value of po0.05 was considered significant.
3. Results

3.1. H2O2 and I/R induce a decrease in the levels of ANT1 expression

We tested the effect of H2O2 on cardiomyocyte death and ob-
served that treatment with 150 mM H2O2 only triggered apoptosis,
while the concentration of 700 mM H2O2 preferentially caused ne-
crosis ( Fig. 1A and B). We detected the expression of ANT1 in car-
diomyoyctes treated with 700 mM H2O2. Noticeably, ANT1 mRNA
levels (Fig. 1C) and protein levels (Fig. 1D) were dramatically reduced
in response to H2O2 treatment. To understand the pathophysiological
role of ANT1, we tested whether ANT1 is involved in the pathogen-
esis of myocardial infarction in the animal model. Our results showed
that ANT1 expression levels were also markedly decreased upon
ischemia/reperfusion (I/R) injury (Fig. 1E and F). These data suggest
that ANT1 is involved in H2O2- and I/R-induced necrotic cell death.

3.2. ANT1 inhibits necrotic cell death in cardiomyocytes and in the
heart

Subsequently, we tested whether ANT1 plays a functional role
in cardiomyocyte necrosis and observed that enforced expression
of ANT1 (Supplementary Fig. 1A) attenuated necrotic cell death
induced by H2O2, as assessed by PI exclusion (Fig. 2A and B) and
LDH release assay (Fig. 2C). Thus, these results indicate that ANT1
inhibits H2O2-induced necrotic cell death.

Mouse model of ischemia/reperfusion (I/R) is widely used for
the study of myocardial infarction and I/R has been documented to
induce necrosis in the heart. We further investigated the role of
ANT1 in the pathogenesis of myocardial infarction in the animal
model. Myosin antibody injection technique was used to assess
myocardial necrosis. Our results showed that I/R caused a massive
increase in necrotic myosin-positive cells, whereas the adminis-
tration of ANT1 (Supplementary Fig. 1B) resulted in a decrease in
the myocardial necrosis (Fig. 2D). The administration of ANT1 also
reduced myocardial infarct sizes (Fig. 2E). Echocardiography on
animals revealed that ANT1-administrated mice displayed a de-
crease in left ventricular internal diameter (Fig. 2F) and an ame-
lioration in cardiac function, as indicated by increased fractional
shortening (Fig. 2G). Taken together, our results strongly suggest a
possible contribution of ANT1 in inhibiting necrosis in I/R injured
heart.

3.3. miR-2861 participates in the regulation of ANT1 expression

MiRNA is able to suppress gene expression. To explore the
underlying mechanism by which ANT1 is downregulated upon
H2O2 and I/R treatment, we tested whether miRNA can control
ANT1 expression. We analyzed the 3′-untranslated region (UTR)
sequence of ANT1 and no potential miRNA binding sites were
found. We analyzed the coding sequence (CDS) of ANT1 and ob-
served a region that is complementary to miR-2861 (Fig. 3A). We
then attempted to evaluate if miR-2861 modulated ANT1 expres-
sion. miR-2861 levels were significantly upregulated in response
to 700 mM H2O2 treatment in cardiomyocytes (Fig. 3B). Enforced
expression of miR-2861 (Supplementary Fig. 2A) resulted in an
obvious reduction of ANT1 mRNA and protein levels (Fig. 3C). In
contrast, knockdown of miR-2861 (Supplementary Fig. 2B) re-
sulted in an increase in ANT1 mRNA and protein levels (Fig. 3 D).
Knockdown of miR-2861 also attenuated the decrease in ANT1
mRNA and protein levels upon H2O2 treatment (Fig. 3 E). Thus, it
seems that miR-2861 can specifically regulate ANT1 expression.

To understand whether miR-2861 directly target ANT1 coding
sequence, we cloned ANT1 coding sequence containing miR-2861
binding site downstream of the luciferase reporter gene (ANT1-
CDS-wt). miR-2861 induced a decrease in the luciferase activity
(Fig. 3F). The introduction of mutations (ANT1-CDS-mut) in the
miR-2861 binding site of ANT1 CDS (Supplementary Fig. 3A)
substantially reduced the inhibitory effect of miR-2861 (Fig. 3 F). In
addition, we also cloned ANT1 3′UTR and employed the luciferase
assay to test whether miR-2861 influenced the translation of ANT1.
The luciferase reporter assay revealed that miR-2861 has no effect
on the luciferase activity (Fig. 3G). Taken together, it suggests that
ANT1 is a specific target of miR-2861.

3.4. miR-2861 regulates H2O2-induced cardiomyocyte necrosis

Next, we explored the role of miR-2861 in necrotic regulation.
Enforced expression of miR-2861 induced cardiomyocytes ne-
crosis, as assessed by PI exclusion ( Fig. 4A) and LDH release assay
(Fig. 4B). However, knockdown of endogenous miR-2861 attenu-
ates H2O2-induced necrosis in cardiomyocytes (Fig. 4 C and D).
These data suggest that miR-2861 plays a fundamental role in
H2O2-induced cardiomyocyte necrosis.

3.5. miR-2861 regulates necrotic cell death in the heart

We further detected the role of miR-2861 in the pathogenesis of
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myocardial infarction in the animal model. We observed that miR-
2861 levels were elevated in response to I/R injury (Fig. 5A). miR-
2861 antigomir (anta-2861) or antigomir control (anta-NC) were in-
jected into mice to knockdown endogenous miR-2861 expression
level in the heart. The administration of miR-2861 antagomir resulted
in an increase in ANT1 expression (Supplementary Fig. 3B) and a
reduction in the myocardial necrosis (Fig. 5B and C). Myocardial in-
farct size was also attenuated in the anta-2861 group (Fig. 5D) and
the cardiac function was ameliorated by knockdown of miR-2861
(Fig. 5E and F). Thus, miR-2861 may have a significant role in the
regulation of myocardial necrosis.
3.6. miR-2861 regulates necrosis through targeting ANT1

We then explored how miR-2861 exerts its effect on necrotic
program. As miR-2861 suppresses ANT1 expression, we thus tests
whether ANT1 is a downstream mediator of miR-2861. Knock-
down of miR-2861 inhibited the decrease of ANT1 expression and
necrotic cell death induced by H2O2 treatment. However, the in-
hibitory effect of miR-2861 knockdown was attenuated by
knockdown of ANT1 (Fig. 6A and B). To further confirm the re-
lationship between miR-2861 and ANT1 in necrosis program ma-
chinery, we employed the target protector technology in which a
target protector is able to disrupt the specific interaction of miR-
NA–mRNA pairs. To this end, we produced ANT1 target protector
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were transfected with miR-2861 or NC, then transfected with the luciferase constructs of the wild-type ANT1 coding sequence (ANT1-CDS-wt) or a mutated ANT1 coding sequence
(ANT1-CDS-mut). The luciferase activity was analyzed. *po0.05. (G) Luciferase assay. HEK293 cells were transfected with miR-2861 or NC, then transfected with the luciferase
constructs of the ANT1 3′UTR region (ANT1-3′UTR). The luciferase activity was analyzed.
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and observed that ANT1 expression was increased in the presence
of ANT1 target protector upon H2O2 treatment (Fig. 6C). ANT1
target protector also protected cardiomyocytes from H2O2-induced
necrotic cell death (Fig. 6D). In the animal model, the target pro-
tector of ANT1 resulted in the increase of ANT1 mRNA levels
(Supplementary Fig. 4A) and protein levels (Supplementary
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Fig. 4B). And also, ANT1 target protector attenuated I/R-induced
myocardial necrosis (Supplementary Fig. 4C). These data suggest
that miR-2861 and ANT1 are functionally linked in vitro and in vivo.

Mitochondrial dysfunction is one of the major events responsible
for activation of cardiomyocyte cell death pathways during I/R injury.
ANT plays an essential role in cellular energy metabolism and pro-
vides a continuous supply of ADP to mitochondria [9,10]. Thus, we
explored the role of miR-2861 in mitochondrial function. Given the
central role of mitochondria in generating ATP via the electron-
transport chain (ETC), we first tested whether miR-2861 altered basal
ATP levels. The results showed that miR-2861 knockdown markedly
increased ATP levels upon H2O2 treatment (Supplementary Fig. 5A).
We further determined if miR-2861 knockdown protected mi-
tochondrial respiratory enzyme activities in cardiomyocytes sub-
jected to H2O2. As indicated in Supplementary Fig. 5B, miR-2861
knockdown inhibited H2O2-induced decrease in complex II activity.
Analysis of cardiomyocyte respiratory complex IV activity also shows
a similar trend of miR-2861 knockdown mediated protection against
H2O2 inhibition (Supplementary Fig. 5C). These data suggest that
miR-2861 targets ANT1, and mediates mitochondrial functional ac-
tivities in the cascades of necrotic program.
4. Discussion

In the past, necrosis was considered to be a passive and un-
regulated cell death event which is characterized by cell
membrane rupture and organelle swelling. Recently, studies have
demonstrated that necrosis can be executed by a tightly regulated
signaling and is termed programmed necrosis or necroptosis [29–
31]. Programmed necrosis has been found to participate in the
regulation of physiological and pathological process. It was re-
ported that RIP3 controls programmed necrosis and is necessary
for the inflammatory response against virus infections [32]. In
addition, programmed necrosis is also involved in the tissue da-
mage disease [31]. Particularly, necrosis is also involved in the
pathogenesis of heart disease [33]. Signaling through death re-
ceptor and mitochondrial pathway all can lead to programmed
necrosis in the heart with activation of RIP kinase [31,34]. Con-
sistent with previous studies, data from this study further sup-
ported programmed necrosis could be regulated in the heart. Our
present work demonstrated that miR-2861 regulates programmed
necrosis through targeting ANT1 in the heart. Knockdown of miR-
2861 inhibited cardiomyocyte necrosis and reduced myocardial
infarction. Our study reveals a novel molecular mechanism of
myocardial necrosis and provides the therapeutic targets for
treating myocardial infarction and heart failure.

Several previous studies suggest that ANT1 might have im-
portant functions in the heart which remains an enigma. ANT1
was ubiquitinated in mouse heart [35]. Large scale analysis and
mass spectrometry revealed that lysine succinylation of ANT1 was
involved in mitochondrial metabolism [36]. ANT1 (�/�) mice
have biochemical, histological, metabolic and physiological char-
acteristics of mitochondrial myopathy and cardiomyopathy [37].
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These studies suggest that ANT1 might play an essential role in the
heart. Here, our studies for the first time identified that ANT1
participated in the regulation of H2O2- or I/R-induced myocardial
necrosis. The discovery of ANT1 in necrotic cell death may shed
new light on understanding the complex molecular mechanisms
of cardiac infarction.

Although the function of miRNAs has been widely studied in
cardiomyocytes and animal models of heart failure, the mechan-
ism of miRNAs in cardiomyocytes necrosis remains largely un-
known. Previous study shows that miR-2861 targeting HDAC5 and
regulates osteoblast differentiation in mice [38]. And miR-2861
functions in osteoblast differentiation by a novel Runx2/miR-3960/
miR-2861 regulatory feedback loop [39]. The role of miR-2861 in
the heart remains unidentified. Our data showed that miR-2861
was upregulated in cardiomyocytes exposed to H2O2 and in I/R
heart. The present study firstly demonstrated that miR-2861 par-
ticipated in the regulation of necrosis and myocardial infarction
through targeting ANT1. Knockdown of miR-2861 significantly
attenuated necrosis in the cellular model and reduced the myo-
cardial infarction size in the animal model upon I/R injury. Our
study has provided important evidences about the function of
microRNAs in the programmed necrosis pathway, a step toward
better understanding the miRNA-based therapy for I/R injury and
heart failure. Whether miR-2861 are involved in the regulation of
necrosis in other tissues or cell types such as cancer is an inter-
esting question for future investigation.

Usually, miRNAs translationally inhibit mRNA by binding to the
3′-untranslated regions (3′-UTR). Hitherto, several reports de-
monstrate that miRNAs that bind to the coding region (CDS) of
mRNA have the potential to repress the translation or promote
degradation of the mRNA [40]. For example, miR-148 represses
DNA methyltransferase 3b (Dnmt3b) gene expression through a
region in its coding sequence [41]. miR-183 regulates βTrCP1 levels
and activity by targeting to the coding region of βTrCP1 mRNA and
triggering mRNA degradation [42]. Consistent with these reports,
our results revealed that miR-2861 has specific binding sites on
ANT1 CDS. Our study for the first time suggests that miR-2861
inhibits the function of ANT1 by binding to the CDS rather than the
3′UTR. This result greatly expands the functional network of
miRNA in the heart. Also, our studies provide new insights in
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understanding the cellular and molecular mechanisms that un-
derlie the onset of heart diseases.
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