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Abstract: MicroRNAs (miRNAs) are noncoding single-stranded RNAs of ~22 nucleotides suppressing a wide range of
gene expression by direct degradation or translational inhibition of their target mRNAs. Acute myocardial infarction
(AMI), a common cardiovascular disease mainly induced by coronary artery occlusion, can lead to the development
of heart failure. Several recent findings have indicated that miRNAs might play vital roles in AMI, and some miRNAs
have even been proposed as potential candidates for intervening AMI. However, the pathophysiological functions of
miRNAs implicated in Ml are still largely unidentified. Here, we show that miR-1231 is overexpressed both in human
hearts after Ml insults and in rat hearts with experimental Ml compared with their healthy counterparts. Next, by
using predictive strategy and gene expression array, cacna2d?2 is identified as the target of miR-1231. In human
and rat ischemic hearts, cacna2d2 expression is indeed suppressed by miR-1231. In addition, the inhibition of miR-
1231 in vivo ameliorates arrhythmias in rat M| hearts; conversely, the forced overexpression of miR-1231 promotes
arrhythmias. Furthermore, cacna2d2 knockdown alone induced arrhythmias in ischemic hearts, despite knockdown
of miR-1231. Thus, these results indicate that miR-1231 exacerbates arrhythmia by inhibiting cacna2d2 in ischemic
heart, which shed light on the important arrhythmogenic function of miR-1231 in Ml and suggest it may serve as a

potential antiarrhythmic target.
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Introduction

MicroRNAs (miRNAs) are small noncoding sin-
gle-stranded RNAs of ~22 nucleotides consti-
tuting a novel class of regulators that partici-
pate in controlling a wide range of gene expres-
sion patterns [1]. Mechanically, through physi-
cally binding to the specific sites of 3-untrans-
lated region (3’-UTR) in their mRNA targets, the
mature miRNAs post-transcriptionally downreg-
ulate target expression via direct degradation
or translational inhibition [2]. Among their well-
recognized functional versatilities, several miR-
NAs have been shown involved in important
processes contributing to the pathophysiologi-
cal consequences of acute myocardial infarc-
tion (AMI) [3]. AMI, one common cardiovascular
disease, has long been one of the leading
causes of morbidity and mortality for humans
in developed countries, therefore, it's urgent to

develop new therapeutic approaches [4]. Ml is
mainly caused by coronary artery occlusion, fol-
lowed by the deficiency of blood flow supplies to
the myocardium region of heart, which results
in the death of cardiac myocytes, impaired con-
tractility, loss of pump function and susceptibil-
ity to abnormal ventricular heart rhythm
(arrhythmias), eventually the development of
chronic heart failure [5].

Ample studies support critical roles of miRNAs
in MI, such as: 1) either promote or inhibit the
cell death of cardiomyocytes [6, 7]; 2) regulate
postischaemic angiogenesis [8]; 3) control car-
diac regeneration [9]; 4) direct reprogramming
of cardiofibroblasts into cardiomyocytes [10].
Based on these findings, several miRNAs have
been proposed as potential candidates for
developing therapeutic approaches to MI.
However, questions still remain, such as which
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miRNAs are implicated in Ml and their specific
roles in Ml are still largely uncharacterized [3].
More recently, miR-1231 in whole blood and
serum sample was found increased and signifi-
cantly correlated with the severity of non-isch-
emic systolic heart failure as illustrated by left
ventricular ejection fraction [11], which points
to a connection between miR-1231 and cardio-
vascular disease.

In this study, we aimed to examine whether
miR-1231 might have pathophysiological func-
tions in MI. Firstly, we noticed that miR-1231
was abnormally overexpressed in both human
MI hearts and rat experimental M| hearts com-
pared with their healthy counterparts; in addi-
tion, we also found miR-1231 was predomi-
nantly expressed in cardiac myocytes not in
cardiac fibroblasts. Next, combine predictive
strategy and gene expression array, we identi-
fied CACNA2D2, one calcium channel gene, as
the target of miR-1231. Further results showed
that cacna2d2 expression was indeed sup-
pressed by miR-1231 in ischemic hearts of
human and rat. Moreover, in vivo inhibition of
miR-1231 ameliorated arrhythmias in rat Ml
hearts; conversely, forced overexpression of
miR-1231 promoted arrhythmias. At last, cac-
na2d2 knockdown induced arrhythmias in isch-
emic hearts, regardless of the level of miR-
1231. Thus, we propose here that miR-1231
exacerbates arrhythmia by inhibiting cacna2d2
in ischemic hearts.

Materials and methods
Clinical samples

Five heart tissue samples of border zones of
anonymous patients diagnosed with myocardi-
al infarction were obtained by biopsy after cath-
eterization treatment in Sir Run Run Shaw
Hospital. In addition, eight control heart tissue
samples of left ventricular endocardium of
healthy anonymous individuals were obtained
from Myogen. All the human clinical heart sam-
ples in this study were investigated under the
protocols approved by the Ethnic Committee for
Human Sample Application of Sir Run Run
Shaw Hospital.

Model of rat myocardial infarction and animal
care

Experimental myocardial infarction was estab-
lished through permanent occlusion of the left
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coronary artery (LCA) in 9-12 week old adult
male Wistar rats. The surgical procedures were
performed as previously reported [12]. Briefly,
rats were randomly divided into myocardial
infarction group and sham operation group who
received the same procedures but without LCA
occlusion. All the rats were anesthetized with
2.4% isoflurane and placed in a supine position
and carefully catheterized with a stump needle.
A nearly 1.5 cm cut was made along the left
side of sternum, then the thorax was opened
and heart was exposed from pleural cavity. The
LCA was ligated via using a 6-0 prolene suture
under the visualization of a microscope. Finally,
the chest was closed. All the surgical proce-
dures were conducted under sterile condition.
7 or 14 days after operation, hearts were har-
vested. Eventually, the ischemia zone, border
zone and non-ischemic zone were identified by
visual inspection under a dissecting micro-
scope and separately dissected for experi-
ments. All the animal protocols and procedures
were approved by the Institutional Animal Care
and Ethics Committee of the University of Sir
Run Run Shaw Hospital, Zhejiang University of
Medicine.

Cardiomyocytes and cardiofibroblasts in vitro
culture

Cardiomyocytes and cardiofibroblasts were iso-
lated and cultured normally as described in ref
5and 13-14 [5, 13, 14]. For hypoxic incubation,
briefly, cells were cultured with low oxygen lev-
els in a hypoxic chamber continuously main-
tained at 10 mmHg (1 mmHg=133 Pa).

Northern blotting analysis and real-time gPCR

Total RNA were isolated from human and rat
samples or from cultured myocytes or fibro-
blasts by using TRIzol reagent (Sigma-Aldrich).
The amount of total RNA in each sample was
preliminary quantified by Nanodrop (Thermo
Scientific) and then equal loading was con-
firmed by staining with ethidium bromide in
Northern gels. Measurement of miRNAs by
Northern blot were displayed as described in
ref 15 in detail [7]. The probes were generated
using PCR and labeled with a random oligonu-
cleotide priming kit (Roche Life Science). For
miRNA level detection. RT-PCR was carried out
using Tagman MicroRNA reverse Transcriptase
kit (Thermo Scientific) according to the manu-
facturer’s instructions. The expressions of
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genes of interests were measured by real-time
gPCR through using Tagman probes purchased
from Applied Biosystems. The expression level
of miR-1231 and [B-Actin was assessed as
described previously [15]. All value were nor-
malized to B-Actin detected via human or rat
specific probe.

Western blotting

The protein samples were extracted from
human or rat tissues or in vitro cultured cells in
accordance with the protocols as depicted in
ref 17 [16]. The protein concentration was
determined by Pierce BCA Protein Assay Kit
(Pierce). Nearly 50 ng protein in each sample
was fractionated by SDS-PAGE with 10% poly-
acrylamide gels and subsequently transferred
to PVDF membrane (Millipore) at constant 350
mA current for 2 hours. Then, PVDF membrane
was block in 5% BSA for 1 hour at room tem-
perature. After that, PVDF membrane was incu-
bated overnight at 4°C with primary antibodies
forB-Actin (Santa Cruz, SC-47778) and cac-
na2d2 (Novus Biologicals, NBP1-81501). The
band signal was detected using the chemilumi-
nescent substrate reagent (Thermo Scientific).
The intensity of Western blotting bands was
quantified using ImagelJ software and all value
were normalized to endogenous B-Actin.

Small interference RNA (siRNA)

We delivered siRNAs targeting cacna2d2 or
control in vivo via using the Ambion® In Vivo
siRNA System (Thermo Scientific) into rat ven-
tricular myocytes before LCA occlusion acc-
ording to the manufacturer’'s protocol. The
sequence of siRNA targeting cacna2d2 used in
this study were: 5-GACCAACGUUCUGAUCU-
GC(dTdT)-3’ (Genebank accession # NM_1755-
92.2). The scrambled siRNA targeting lucifer-
ase was used as the negative control siRNA.

Oligonucleotides sequences

The sequences of anti-miR-1231 and anti-
mutated of which cholesterol-linked oligonucle-
otides were complementary to the sequence of
miR-1231 or containing a four-base mismatch
mutation. Each residue nucleoside is modified
with a 2’-OMe.S is a phosphorothioateinter
nucleoside bond and oligonucleotides were
linked with one cholesterol through a hydroxy-
proline linker. In detail, the sequence of anti-
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mMiR-1231 in human: AsAsGGGAAGACCAAGGC-
UUGCsUsGsUsCs-cholesterol; the sequence of
anti-mutated-miR-1231 in human: AsCsUGGC-
CGACCAAGGCUUGCsUsGsUsCs-cholesterol.
The sequence of anti-miR-1231 in rat: AsGs-
AAGGGCAGGGCCGGACAUsCsUsCsUs-chole-
sterol; the sequence of anti-mutated-miR-1231
in rat: AsGsAGGAGCGGGGCGGGACAUsCsUsCs-
Us-cholesterol.

Cardiac arrhythmia assessment

Rat arrhythmia events were measured using
standard lead Il ECG and then categorized
according to the Curtis and Walker arrhythmia
scoring system [17]. For example, in briefly, 0=
no arrhythmia; 1=VT with<10 s duration; 2=VT
with 11-30 s duration; 3=VT with 31-90 s dura-
tion; 4=VT with 91-180 s duration, or reversible
VF with<10 s duration; 5=VT with>180 s dura-
tion, or reversible VF with>10 s duration; 6=
irreversible VF. Both the incident rate of VT and
VF were calculated as percentage of rats suf-
fering arrhythmias in the total number of sub-
jects studied as previously described [18].

Transfection and luciferase assay

A 1531-bp size genomic fragment with regions
coding for miR-1231 was amplified by PCR and
then ligated into pCMV6 vector. Genomic frag-
ment of human or rat 3-UTR containing miR-
1231 binding sites were amplified by PCR and
ligated into the firefly luciferase reporter vector
(PMIR-REPORTTM; Ambion). The sequence of
hsa-miR-1231: CGUCGACAGGCGGGUCUGUG;
hsa-cacnha2d2 3’UTR: AGAGGAACCCCCACCAG-
ACAU; rno-miR-1231: AGAGAGGACGUCGAGAC-
GGGUCU; rno-cacna2d2 3'UTR: UGUGUGUAU-
GGUCCAUGCCCAGU. HEK293 cells were cul-
tured in 24-well plate with the number of 1x10%/
well. Before transfection treatment, cells were
starved overnight in serum-free culture medi-
um, cells were then transfected with lipo-
fectamine 2000 (Invitrogen), according to the
manufacturer’s instructions. Experiments were
performed 24 h after transfection.

Cell culture

HEK293 (human embryonic kidney) cell line
was purchased from American Type Culture
Collection (ATCC) and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented
with 10% FBS and 100 g/ml penicillin/strepto-
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Figure 1. miR-1231 is overexpressed in human and rat hearts after MI. A. miR-1231 levels were aberrantly elevated
in RNA samples of hearts from both human with MI and from rats subjected to experimental MI. Real-time PCR
analysis was used to measure miR-1231 levels. In human samples, Ml hearts (n=5) were compared with control
non-ischemic hearts (Ctl, n=8); for rat samples, ctl samples as well as three different sections from Ml hearts in-
duced for 7 days or 14 days were compared (n=8. NIZ, nonischemic zone; BZ, border zone; I1Z, ischemic zone). Data
were presented as mean * s.e.m. and normalized to Ctl. *, P<0.05 compared with Ctl; NS, not significant compared
with Ctl. Unpaired Student’s t-test. B. Northern blot analysis of miR-1231 verified the real-time PCR expression
data. Northern blot analysis of randomly selected two pairs of human control non-ischemic hearts and Ml hearts as
indicated (left panel) and rat ctl and three different regions from Ml hearts at 14 days post-MlI (right panel) showed
a consistent increase in miR-1231 in human and rat heart samples in response to MI. 5S rRNA bands stained with
ethidium bromide were used as a loading control. C. miR-1231 levels were determined by real-time PCR analysis of
RNA samples from neonatal rat cardiac myocytes and fibroblasts cultured under normoxic or hypoxic condition for
48 h. Predominately high expression of miR-1231 in cardiac myocytes compared with fibroblasts was shown, and its
expression was even more upregulated in response to hypoxia condition. Comparable amounts of RNA were used
in each reaction. *, P<0.05 compared with normoxic cardiac myocytes. NS, not significant compared with normoxic
fibroblasts.

mycin in a standard cell culture condition (37°C, then compared the RNA samples among non-
humidified, 5% CO,/95% air composition). ischemic hearts and non-ischemic zone, border

zone and ischemic zone from ischemic myocar-
Data statistical analysis dium isolated from rats with Ml hearts which

were induced by experimental occlusion of left
coronary artery for 7 days and 14 days. As
depicted in Figure 1A, a similar tendency of
increased expression, obviously 2.9-fold and
4.4-fold at 7 days and 14 days post-MI respec-
tively, of miR-1231 in the RNA samples of isch-
emic zone but not in the non-ischemic hearts or
non-ischemic zone was found as well (Figure
1A). To verify these real-time qPCR evidence,
we randomly selected two pairs of human con-
trol non-ischemic hearts and M| hearts and rat
control non-ischemic hearts and three different

Data in each group were expressed as mean +
s.e.m. Data statistical comparison was per-
formed using unpaired Student’s t test between
two groups, unless indicated otherwise. A value
of P<0.05 indicated a statistically significant
difference; NS indicated no significant differ-
ence.

Results

Upregulation of miR-1231 expression after Ml

In an effort to identify whether miR-1231 is zones of Ml hearts at 14 days post-MI, then the
involved in the pathological processes of MI, expression of miR-1231 was measured by
we first compared its expression between MI Northern blot analysis. Consistent with the
heart and healthy heart samples in human indi- results displayed in Figure 1A, the expression
viduals. The results showed that the expression of miR-1231 was indeed highly expressed in Ml
of miR-1231 was upregulated nearly 3.5-fold in hearts of human and ischemic zone of rat
RNA samples from individuals with Ml hearts hearts compared with their control non-isch-
compared with those from healthy control heart emic hearts (Figure 1B). Combining these find-
samples (Figure 1A). To examine whether this ings, we draw the conclusion that miR-1231 is
manifestation of elevated expression of miR- overexpressed in human and rat hearts after
1231 in MI hearts could also be observed in MI, in addition, they also suggests that miR-
animal models with disease similar to MI, we 1231 may play roles in the pathological pro-
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Table 1. Putative target genes for miR-1231

Representative 3P-seq Total 8mer T7mer- Tmer- 6mer Representa- Cumulative weighted  Total con-
Ortholog of target gene . Gene name . . . . . . .
transcript tags +5 sites sites m8sites Alsites sites tive miRNA context++ score text++ score

CACNA2D2 ENSTO0000423994.2 Calcium channel, voltage-depen- 19 3 0 1 2 1 hsa-miR-1231 -0.23 -0.23
dent, alpha 2/delta subunit 2

SCN8A ENSTO0000354534.6 Sodium channel, voltage gated, 44 3 0 2 1 2 hsa-miR-1231 -0.21 -0.21
type VI, alpha subunit

KCNJ9 ENSTO0000368088.3 Potassium inwardly-rectifying 5 3 0 3 0 1 hsa-miR-1231 -0.15 -0.15
channel, subfamily J, member 9

CACNG8 ENSTO0000270458.2 Calcium channel, voltage-depen- 5 3 1 1 1 2 hsa-miR-1231 -0.13 -0.13
dent, gamma subunit 8

KCNAL ENSTO0000382545.3 Potassium voltage-gated channel, 5 2 1 1 0 0 hsa-miR-1231 -0.11 -0.11
shaker-related subfamily, member
1 (episodic ataxia with myokymia)

KCNJ15 ENST00000328656.4 Potassium inwardly-rectifying 5 1 0 1 0 4 hsa-miR-1231 -0.31 -0.31
channel, subfamily J, member 15

KCNE2 ENST00000290310.3 Potassium voltage-gated channel, 7 1 0 1 0 0 hsa-miR-1231 -0.3 -0.3
Isk-related family, member 2

CACNG5 ENSTO0000533854.1 Calcium channel, voltage-depen- 5 1 1 0 0 0 hsa-miR-1231 -0.3 -0.3
dent, gamma subunit 5

SCNN1G ENSTO0000300061.2 Sodium channel, non-voltage- 5 1 1 0 0 0 hsa-miR-1231 -0.29 -0.29
gated 1, gamma subunit

KCNC4 ENSTO0000369787.3  Potassium voltage-gated channel, 138 1 1 0 0 2 hsa-miR-1231 -0.17 -0.17
Shaw-related subfamily, member 4

KCNK9 ENSTO0000520439.1 Potassium channel, subfamily K, 5 1 0 1 0 1 hsa-miR-1231 -0.15 -0.18
member 9

SCN3A ENSTO0000360093.3 Sodium channel, voltage-gated, 5 1 0 0 1 0 hsa-miR-1231 -0.14 -0.14
type lll, alpha subunit

CACNA2D1 ENSTO0000356860.3 Calcium channel, voltage-depen- 418 1 0 0 1 0 hsa-miR-1231 -0.14 -0.14
dent, alpha 2/delta subunit 1

KCND1 ENSTO0000376477.1 Potassium voltage-gated channel, 149 1 0 1 0 0 hsa-miR-1231 -0.12 -0.12

Shal-related subfamily, member 1

A list of potential ion channel target genes for miR-1231 was predicted using TargetScan7.1 and miRanda software. The in silico putative targets included 14 mRNAs encoding ion channel regulators participating in the regulation of different
ions’ transportation, such as calcium, sodium and potassium. The genes were listed according to the number of total binding sites.
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Figure 2. miR-1231 suppresses cacna2d2 expression by targeting its mRNA. (A) The mRNA level of cacna2d2 was
significantly decreased in both human and rat ischemic heart samples. Real-time PCR analysis of the expression
of predicted 14 ion channel target genes in ischemic hearts compared with the healthy control heart samples in
both human and rats as depicted in Figure 1. In human samples, the randomly selected three pairs of human con-
trol non-ischemic hearts and Ml hearts were compared, and in rat samples, three randomly chosen pairs of NIZ,
BZ, IZ and Ctl samples from rats at 14 days post-M| were compared as well. Results of Ml or IZ relative to Ctl were
shown (*, P<0.05 compared with Ctl group, n=3). (B) Schematic illustration of sequence complimentarity between
miR-1231 and the 3’-UTRs of cacna2d2 mRNAs in human (hsa) and rat (rno), provided with computational and
bioinformatics-based approach using TargetScan [2]. Watson-Crick complementarity was presented in bold text and
linked with its paired nucleotide. (C) 3’-UTR of human or rat cacna2d2 was target for human or rat miR-1231 in
HEK293 cells, respectively. HEK293 Cells were transiently transfected with luciferase reporters linked to the 3’-UTR
sequences of human or rat CACNA2D2 gene as indicated. The luciferase reporter activity was measured after 1 day
co-expression. Human or rat miR-1231 repressed luciferase reporter gene activity, however, mutatedmiR-1231 was
unable to decrease luciferase activity. Mean + SD; n=8; *P<0.05; NS, not significant compared with Ctl). Unpaired
Student’s t-test. (D, E) The mRNA and protein expression of cacha2d2 were downregulated by miR-1231 in cultured
myocytes. The protein (D) and mRNA (E) levels of cacna2d2 were determined by Western blotting and qRT-PCR in
cultured neonatal rat cardiac myocytes, which were transfected with miR-1231 alone or in combination with anti-
miR-1231or anti-mutated. Left, B-Actin was used as a loading control and representative results of Western blotting
bands were shown; Right, mRNA levels in four groups relative to Ctl were shown (*, P<0.05; NS, not significant
compared with Ctl group, n=3).

cesses of MI, whether it is protective or
harmful.

miR-1231 suppresses cacha2d2 expression
by targeting its mRNA

To discover the physiological functions of miR-
1231, we first characterized its expression pat-
tern in heart tissues to understand where it
may preferably exert functions, therefore we
isolated cardiac myocytes and cardiac fibro-
blasts and culture them in vitro. The results
indicated that miR-29 was expressed predomi-
nantly in cardiac myocytes, furthermore, its
expression in myocytes was even more upregu-
lated to nearly 2-fold under hypoxia culture con-
dition compared with normal condition (Figure
1C). This line of evidence suggests that miR-
1231 is induced in cardiac myocytes when sub-
jected to hypoxia-mediated injure, a similar sce-
nario reminding of blood flow deprivation (isch-
emia) taking place in Ml patients [14].
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In order to define the possible functions of miR-
1231 in the pathological processes of heart M,
we identified putative miR-1231 targets by
computational predictions using TargetScan
software [19]. Among the in silico predicted tar-
gets, the TargetScan (version 7.1) prediction
program displayed an unexpected array of 14
MRNAs encoding ion channel proteins partici-
pating in the regulation of ion transportations,
such as calcium, sodium and potassium, as
possible targets for miR-1231, which aroused
our much interests (Table 1). To confirm which
one is indeed the target gene of miR-1231, we
conducted mRNA gene expression array among
14 mRNAs in human and rat heart samples as
mentioned before. The analysis of the expres-
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Figure 3. miR-1231 suppresses cacna2d2 expression in ischemic hearts. A. The protein levels of cacna2d2 were
reduced in both human and rat ischemic hearts. As depicted in Figure 1A, three pairs of human IZ and Ctl samples
or rat NIZ, BZ, 1Z and Ctl samples were subjected to Western blotting assay to detect cacna2d2 protein expression.
B-Actin was used as a loading control. Top, representative results of Western blotting bands; bottom, quantitation
relative to Ctl as mean = SD (n=3). (*, P<0.05; NS, not significant compared with Ctl group). Unpaired Student’s t-
test. B. The protein level of cacna2d?2 in IZ zone recovered upon in vivo miR-1231 knockdown. Relative protein levels
of cacna2d?2 in rat hearts after in vivo transfer of saline, anti-miR-1231 or anti-mutated were measured by Western
blotting analysis. B-Actin was used as a loading control. Top, representative results of Western blotting bands; bot-
tom, quantitation relative to Ctl as mean + SD (n=3). (*P<0.05; NS, not significant compared with Ctl). Unpaired
Student’s t-test. C. miR-1231 levels in I1Z zone decreased in response to in vivo knockdown. Relative levels of miR-
1231 in rat hearts after in vivo transfer of saline, anti-miR-1231 or anti-mutated were measured by real-time PCR
analysis. All values were normalized to non-ischemic hearts (Ctl, n=4). (*P<0.05; NS, not significant compared with
group receiving no injection (None). Unpaired Student’s t-test. D. The protein level of cacna2d2 in IZ zone decreased
after in vivo enforced expression of miR-1231. Relative protein level of cacna2d?2 in rat hearts after in vivo transfer
of adenovirus control or different amount of adenovirus-miR-1231 as indicated were analyzed by Western blotting.
B-Actin was used as a loading control. Left, representative results of Western blotting bands; right, quantitation
relative to adenovirus Ctl as mean + SD (n=3). (*P<0.05; NS, not significant compared with adenovirus control).
Unpaired Student’s t-test. E. miR-1231 levels in IZ zone increased after in vivo enforced expression. Relative levels
of miR-1231 in rat hearts after in vivo transfer of adenovirus control or different amount of adenovirus-miR-1231
were measured by real-time PCR analysis. All values were normalized to adenovirus control (Ctrl, n=4). *P<0.05
compared with adenovirus control. NS, not significant compared with adenovirus control. Unpaired Student’s t-test.

sion of predicted 14 ion channel target genes
showed that the mRNA level of cacna2d2 was
significantly decreased in ischemic heart sam-
ples compared with the healthy control heart
samples in both human and rats, however with
other candidates unaffected (Figure 2A). In
fact, the 3’-untranslated regions (3’-UTRs) of
cacna2d2 contain seven sequential nucleo-
tides that are totally complementary to the
seven nucleotides starting from the 5" end of
miR-1231 in both human and mouse species
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Figure 2B), together pointing out a post-tran-
scriptional control mechanism by which miR-
1231 regulates cacna2d2 expression.

Previous studies have demonstrated that miR-
NA-binding sites are artificially transferable and
sufficient to confer the functions of miRNA-
mediated gene silencing [18]. Next, we there-
fore inserted a fragment of the cacna2d2
3-UTR sequence belonging to human or rat into
the 3’-UTR downstream of a luciferase reporter

Am J Transl Res 2017;9(4):1822-1833
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Figure 4. miR-1231 promotes cardiac arrhythmias in ischemic hearts. (A, B) Inhibition of miR-1231 ameliorates
ischemic arrhythmias in MI hearts of rats. Incidence of ventricular tachycardia (VT) (A) and ventricular fibrillation (VF)
(B) in Ml declined following miR-1231 knockdown in vivo by using oligonucleotides complementary to the miR-1231
sequence (anti-miR-1231), and injection of saline or a mutant oligonucleotide with base mismatches (anti-mutated)
were used as negative controls. Data are presented as percent incidence (mean + s.e.m.) in rat hearts at 14 days
post-MlI. Three independent experiments were conducted and each group contained 8 rats. *P<0.05 compared with
saline. NS, not significant compared with saline x*test. (C, D) Overexpression of miR-1231 promotes arrhythmias
in ischemic hearts. Ml hearts were induced for 11 days and then subsequent three days of enforced expression of
miR-1231 in vivo by using the local delivery method at doses: O (adenovirus control), 4x108 or 8x108 pfu/rat was
carried out, the incidence of VT (C) and VF (D) in MI hearts of rats was recorded. Data are presented as percent inci-
dence (mean * s.e.m.). Three independent experiments were conducted and each group contained 8 rats. *P<0.05

compared with adenovirus control. NS, not significant compared with adenovirus control x>test.

plasmid and then examined luciferase activity
after cotransfected them with miR-1231 in
human embryonic kidney (HEK293) cells. The
coexpression of miR-1231 with constructed
plasmid containing human or rat cacna2d2
3’-UTR sequence into HEK293 cells reduced
about 5-fold or 4-fold luciferase activity than
that of the transfection of control plasmid
alone, whereas the mutantcounterpart of miR-
1231 did not downregulate luciferase activity
(Figure 2C), which strongly proves that the
MRNA of cacna2d2 is a direct target of miR-
1231 in both human and rat.

To further verify that cacna2d2 is one target
gene post-transcriptionally repressed by miR-
1231, we determined the effects of miR-1231
on both the expression level of transcripts and
protein product of CACNA2D2 gene in cultured
neonatal rat cardiac myocytes by real-time
gPCR and Western blotting analysis. The
sequence of miR-1231 was transfected alone
or combined with anti-miR-1231 or anti-mutat-
ed sequence of nucleotides to interfere its
expression in myocytes. The results confirmed
that both the mRNA and protein expression of
cacna2d2 were indeed downregulated by miR-
1231, moreover, anti-miR-1231 reversed the
inhibiting effects of miR-1231 on cacna2d2,
whereas anti-mutated did not show rescue
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effect (Figure 2D, 2E), these evidence further
support the notion that cacna2d2 expression is
repressed by miR-1231 via targeting its mRNA.

miR-1231 suppresses cacna2d2 expression in
ischemic hearts

Based on the situation that CACNA2D2, as one
target gene of miR-1231, was screened out
firstly using human and rat heart samples as
described as before, which extends our under-
standing that the repressing effects of miR-
1231 on cacna2d2 expression could also exist
in vivo in the context of heart tissues suffering
MI. In an attempt to testify whether or not cac-
na2d2 is repressed by miR-1231 in ischemic
hearts, in the first place, we compared the pro-
tein level of cacna2d2 between healthy control
hearts and ischemic hearts in both human and
rat samples we used in before experiments.
Indeed, the protein levels of cacna2d2 were
reduced in both human and rat ischemic hearts
compared with their healthy control samples
(Figure 3A), in accordance with the results of
comparisons in CACNA2D2 gene transcripts we
have seen in Figure 2A.

Since miR-1231 is overexpressed in ischemic
hearts, which is accompanied by the downregu-
lation of cacna2d2, and more importantly, we
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Figure 5. Silence of cacna2d2 induces arrhythmias in ischemic hearts. (A, B) Knockdown of cacna2d2 by siRNA
induces arrhythmias in ischemic hearts of rats. Both the incidence of VT (A) and VF (B) in ischemic hearts increased
following siRNA-mediated cacna2d?2 silencing in the presence or absence of anti-miR-1231 treatment. Scrambled
siRNA was used as a negative control (siCtrl). Data are presented as percent incidence (mean + s.e.m.) in rat hearts
at 14 days post-MI. Three independent experiments were conducted and each group contained 8 rats. *P<0.05;
NS, not significant compared with control group without siRNA administration x>test. (C) The protein level of cac-
na2d2 in IZ zone was dramatically downregulated upon siRNA targeting. The protein level of cacha2d2 was mea-
sured by Western blotting analysis. B-Actin was used as a loading control and representative results of Western blot-
ting bands were shown. (D) The level of miR-1231 was effectively reduced when anti-miR-1231 was utilized. Values
were normalized to ischemic hearts receiving no treatment of anti-miR-1231. *, P<0.05. Unpaired Student’s t-test.

have proved that miR-1231 is able to suppress
cacna2d2 expression through post-transcrip-
tional mechanism of targeting its mRNA, there-
fore, we ask whether the downregulation of
cacha2d2 in ischemic hearts is directly caused
by miR-1231 overexpression. To address this
issue, we examined the effects of interfering
miR-1231 on cacna2d2. A designed specific
anti-miR-1231 sequence, which contains sin-
gle-stranded RNA oligonucleotides comple-
mentary to miR-1231 and is chemically modi-
fied for the improvement of stability and cell
delivery efficiency [20], was delivered into the
infarcted myocardium of rats by in vivo gene
transfer to inhibit miR-1231, and one anti-
mutated sequence with a four-base mismatch
was also transferred as negative control. The
results revealed that the protein level of cac-
na2d2 in IZ zone almost totally recovered upon
in vivo miR-1231 knockdown, as controls, the
transfer of saline or anti-mutated did not show
antagonizing effects (Figure 3B, 3C), demon-
strating that cacna2d2 is downregulated in
ischemic hearts directly by miR-1231. To fur-
ther strengthen this conclusion, we applied
enforced overexpression strategy to investigate
whether cacna2d2 could be more reduced in
response to artificial overexpression of miR-
1231 in ischemic hearts. Adenovirus-mediated
miR-1231 gene was transferred with different
dosages in vivo into the infarcted myocardium
of rats to render it overexpressed locally.
Opposite to the recovery expression of cac-
na2d2 by miR-1231 knockdown, the enforce-
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ment of miR-1231 expression reduced cac-
na2d2 expression to a lower level, even though
miR-1231 had already elevated in ischemic
hearts (Figure 3D, 3E). The collection of these
results together strongly prove that cacna2d2
expression was suppressed in response to miR-
1231 overexpression occurring in ischemic
hearts.

miR-1231 promotes detrimental arrhythmias
in ischemic hearts

cacna2d2 (voltage-dependent calcium channel
subunit alpha2delta-2) is the protein product
encoded by the voltage-dependent calcium ch-
annel a2d auxiliary subunit gene (CACNA2D2),
which is supposed to be responsible for regu-
lating calcium transportation and signal res-
ponses in cardiomyocytes [21]. Some studies
have reported that some voltage-gated calcium
channel mutations or deficiencies are related
to sudden arrhythmogenic death and heart fail-
ure, moreover, the abnormalities in calcium
current density, protein and transcripts expres-
sion have also been connected with a trial fibril-
lation occurrence [22-25], which was well-docu-
mented by the study that KCNJ2 (which encodes
the K* channel subunit Kir2.1) and GJA1 (which
encodes connexin 43) possess arrhythmogenic
potential [18]. Given the above evidence that
cacna2d2 expression was suppressed by miR-
1231, in order to understand the pathophysio-
logical functions of miR-1231 overexpressed in
ischemic hearts, we tested the possibility of
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whether or not it could affect arrhythmias in Ml
hearts. As exhibited in Figure 4A, 4B, the
knockdown of miR-1231 by anti-miR-1231
ameliorated arrhythmias in rat ischemic hearts,
as presented by the decreased incidence of
both ventricular tachycardia and ventricular
fibrillation. Expectedly, the anti-mutated could
not reduce the incidence of arrhythmias. On
the other hand, by contrast, the enforced
expression of miR-1231 in the infarcted myo-
cardium promoted detrimental arrhythmias
incidence compared with vehicle control (Figure
4C, 4D). Notably, nearly all the experimental
rats were subjected with ischemic arrhythmias
when injected with adenovirus-miR-1231.
Overall, these results intensely point out a posi-
tive feedback loop existing in which miR-1231
is an arrhythmogenic factor induced by isch-
emic status, which in turn exacerbates arrhyth-
mias that is detrimental to ischemic hearts.

Cacna2d2 knockdown induces arrhythmias in
ischemic hearts

We suppose that if the arrhythmogenic function
of miR-1231 is caused by its repressing effect
on downregulating cacna2d2 expression, then
the direct knockdown of cacna2d2 to paralyze
its function should also induce arrhythmias,
despite of the status of miR-1231. Hence, RNA
interference technique was used to further
investigate whether cacna2d2 is the intermedi-
ate connecting miR-1231 and its arrhythmias
promoting act. siRNA-mediated specific knock-
down of cacna2d2 induces arrhythmias in isch-
emic hearts of rats, as proved by the increased
incidence of VT and VF in the presence or
absence of anti-miR-1231 injection, and scram-
bled siRNA exhibited no similar effects predict-
ably (Figure 5A, 5B). The desired functions of
anti-miR-1231 and sicacna2d2 were demon-
strated in Figure 5C, 5D. In conclusion, these
data indicate that miR-1231 exacerbates
arrhythmia by inhibiting cacna2d2 in ischemic
hearts.

Discussion

The results of our study unravel a new patho-
physiological function of miR-1231 in promot-
ing arrhythmia in ischemic hearts suffering Ml
disease, the mechanism of which is mediated
by repressing the expression of cacna2d2, one
calcium channel protein essential for modulat-
ing calcium signaling responses in cardiomyo-
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cytes and is closely related to sudden arrhyth-
mogenic death and heart failure problem.
Actually, this detrimental effect of miR-1231 on
MI progression in ischemic hearts is intensified
by a positive feedback loop wherein miR-1231
is an arrhythmogenic factor induced by isch-
emic status, which in turn exacerbates arrhyth-
mias by targeting cacna2d2 function. Therefore,
interfering endogenous miR-1231 level might
represent a new potential approach for inhibit-
ing arrhythmias in ischemic hearts with MI.

In the first place, we show that miR-1231 is
overexpressed in ischemic hearts in both
humans and rats. It's interesting to test wheth-
er miR-1231 is also ubiquitously elevated in
other animal MI disease models. To date, plen-
ty of researches have used microRNA microar-
ray analysis to screen miRNAs with aberrant
expression in response to Ml [5, 8]. Conse-
quently, a large number of miRNAs have been
identified as regulators in MI pathogenesis,
such as cardiac fibrosis [5], or angiogenesis
and functional recovery [8]. These previous
reports undoubtedly clarify the huge numbers
of miRNAs and their functional diversities
involved in MI. Recently, some studies have
showed that miR-1231 is associated with the
susceptibility of hepatocellular carcinoma and
pancreatic cancer by targeting IFNAR1 or
LINCOO673 [26], besides, it can also suppress-
es hepatitis B virus replication by repressing
core mRNA [27]. Another reported function of
miR-1231 is that it could serve as biomarker of
non-ischemic systolic heart failure [11]. These
non-cardiovascular or cardiovascular related
functions of miR-1231 demonstrate its func-
tional versatility, which seems largely depends
on the targets it regulates. Our study uncovers
the arrhythmogenic function of miR-1231 in
ischemic hearts. It is important to note that in
our study, we only investigate the functions of
miR-1231 in ischemic hearts after Ml, whether
it is also arrhythmogenic in healthy hearts is
unclear deduced from our present evidence.
Likewise, considering the distinct physiological
environments, no direct relationship could be
connected between the arrhythmogenic func-
tion of miR-1231 in ischemic hearts and its
indicative function in non-ischemic systolic
heart failure. Further studies are needed to
clarify these clinically relevant questions.

On the other hand, we discover the muscle-
specific distribution of miR-1231 in heart tissue

Am J Transl Res 2017;9(4):1822-1833



miR-1231 targeting CACNA2D2 in myocardial infarction

as indicated by its exclusive expression in car-
diomyocytes, whereas in cardiac fibroblasts, it
is nearly undetectable. This expression pattern
may confine its functions in cardiomyocytes.
Therefore, we speculate here that miR-1231
might not have direct effects on the functions
associated with cardiofibroblasts, such as car-
diac fibrosis, which requires the abnormal pro-
liferation of cardiofibroblasts and increased
deposition of extracellular matrix components
[5]. However, it cannot exclude the possibility
that indirect relationship may exist. Notewor-
thily, an earlier study describe the regulatory
effect of miR-1 on regulating cardiac arrhyth-
mogenic potential by targeting GJA1 and
KCNJ2, which encodes the connexin 43 and K*
channel subunit Kir2.1, respectively [18].
Combine this line of evidence with the findings
in our study, it appears that ion channel genes
are vulnerable targets for miRNAs during Ml
progression, and it is plausible there is a com-
mon paradigm existing in which miRNAs regu-
late arrhythmia in ischemic hearts after Ml is
through acting on ion channel genes. A more
profound mechanism should be addressed in
the future is how exactly heart rate is uncoordi-
nated by ion channel proteins in cardiomyo-
cytes to lead to arrhythmia when the compli-
cated network of miRNAs is involved.

Overall, our results suggest that the suppres-
sion of miR-1231 contributes to arrhythmias
amelioration and this strategy may be benefi-
cial in the settings of Ml diseases. A more com-
prehensive knowledge of miR-1231 is needed
to understand the mechanisms of other func-
tions and the safety of interfering it, even
though no obvious side effects of in vivo knock-
down of miR-1231 were observed throughout
this study.
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