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Abstract

Background—MicroRNAs (miRNASs) are now recognized as critical regulators of diverse
physiological and pathological processes; however, studies of miRNAs and arrhythmogenesis
remain sparse. Connexin43 (Cx43), a major cardiac gap junction protein, has elicited great interest
in its role in arrhythmias. Additionally, Cx43 was a potential target for miR-130a as predicted by
several computational algorithms. This study investigates the effect of miR-130a overexpression
in the adult heart and its effect on cardiac rhythm.

Methods and Results—Using a cardiac-specific inducible system, transgenic mice
demonstrated both atrial and ventricular arrhythmias. We performed ventricular-programmed
electrical stimulation and found that the aMHC-miR130a mice developed sustained ventricular
tachycardia beginning 6 weeks after overexpression. Western blot analysis demonstrated a steady
decline in Cx43 after 2 weeks of overexpression with over a 90% reduction in Cx43 levels by 10
weeks. Immunofluorescent staining confirmed a near complete loss of Cx43 throughout the heart.
To validate Cx43 as a direct target of miR-130a, we performed in vitro target assays in 3T3
fibroblasts and HL-1 cardiomyocytes, both known to endogenously express miR-130a. Using a
luciferase reporter fused to the 3’UTR of Cx43, we found a 52.9% reduction in luciferase activity
in 3T3 cells (p<0.0001) and a 47.6% reduction in HL-1 cells (p=0.0056) compared to controls.
Addition of an antisense miR-130a inhibitor resulted in a loss of inhibitory activity of the Cx43
3’UTR reporter.

Conclusions—We have identified an unappreciated role for miR-130a as a direct regulator of
Cx43. Overexpression of miR-130a may contribute importantly to gap junction remodeling and to
the pathogenesis of atrial and ventricular arrhythmias.
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1. INTRODUCTION

Cardiac arrhythmias are common and result in significant morbidity and mortality. Despite
this, many questions remain unanswered about the molecular mechanisms involved in
arrhythmia generation, propagation, and maintenance [1]. Electrical activation of the heart
requires transfer of current from one discrete cardiac myocyte to another, a process that
occurs at gap junctions, which are composed of connexin proteins. Remodeling of gap
junction organization via connexin expression has been demonstrated in animal models of
heart failure and myocardial infarction [2, 3]. A variety of connexins are expressed in
cardiac myocytes; however, connexin43 (Cx43) is the predominant connexin expressed in
both the atrium and ventricle [4-6]. Loss of Cx43 gap junction channels in the heart results
in a marked increase in the incidence of spontaneous and inducible ventricular
tachyarrhythmias and may also play an important role in the pathogenesis of atrial
fibrillation (AF) [7]. Despite the great interest in connexins and arrhythmias, only recently
has miRNA regulation of connexin expression been recognized.

MicroRNAs are a class of small noncoding RNASs that are important regulators of gene
expression in diverse biological processes. They are generally regarded as negative
regulators of gene expression that inhibit translation and/or promote mMRNA degradation by
base pairing to complementary sequences within the 3’ untranslated region (3’'UTR) of
protein-coding mRNA transcripts [8, 9]. Therefore, miRNAs can provide an additional layer
of spatial and temporal control over complex genetic pathways, including cardiac excitation
and arrhythmia.

To date, little is known about the cardiovascular function of microRNA-130a (miR-130a).
MicroRNA-130a has been implicated in the angiogenic process [10, 11]; however, its role in
adult myocardium is not known. Nevertheless, it has been shown to be upregulated in
myocardium of patients with heart failure [12, 13]. Because miR-130a is predicted by
several computational algorithms to target Cx43, we hypothesized that miR-130a
overexpression would result in abnormalities in cardiac rhythm. Using an inducible
transgenic model to induce miR-130a over-expression in the adult cardiomyocyte, we found
both atrial and ventricular tachyarrhythmias in transgenic mice as Cx43 protein was lost
throughout the myocardium. In addition, our data suggests that Cx43 is a direct target of
miR-130a, thus contributing to the arrhythmia phenotype.

2. MATERIALS AND METHODS

2.1. Generation of miR-130a overexpression mice

All procedures were approved by and performed in accordance with the University of
Chicago Institutional Animal Care and Use Committee. A genomic fragment encoding the
miR-130a precursor was amplified by PCR using mouse genomic DNA and cloned into a
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tetracycline responsive promoter (TetO) vector (see supplemental methods for details). The
TetO-miR130a construct was injected into the pronuclei of CD-1 embryos and implanted
into pseudo-pregnant recipient females by the University of Chicago Transgenics Core.
TetO-miR130a founder mice were established and crossed with CD-1 mice and expanded
for a minimum of seven generations on the CD-1 background. Non-transgenic littermates
(referred to as “control mice”) were compared with double-transgenic littermates genotyped
aMHC-tTA/TetO-miR130a (referred to as “aMHC-miR130a mice”). Single-transgenic
animals genotyped aMHC-tTA or TetO-miR-130a were analyzed and compared with both
control and aMHC-miR130a mice (Supplemental Data, Figure S1, S2).

2.2. Western blotting

Murine hearts were harvested and protein lysates were prepared as previously described.[14]
Twenty micrograms of whole heart lysate were resolved by 12% SDS-PAGE or 3-8% Tris-
Acetate gel and transferred to a nitrocellulose membrane (GE Healthcare; Whatman, NJ).
Antibodies used: Cx43 (3512S, Cell Signaling), phospho-Cx43 (Ser368, 3511, Cell
Signaling) Cx40 (AB1726, Millipore), ryanodine receptor (RyR) (34C, Developmental
Studies Hybridoma Bank), phospholamban (PLB) (8495, Cell Signaling), phospho-PLB
(07-052, Millipore), SERCAZ2a (2862, Abcam), Amphiphysin 2 (Binl) (H-100, SC-30099,
Santa Cruz), DHPR (MA3-920, Thermo), Junctophilin2 (SC-51313, Santa Cruz), HRP-
coupled goat anti-rabbit 1gG (Jackson ImmunoResearch), and rabbit anti-gamma-tubulin
(T6557, Sigma).

2.3. Immunofluorescence

Hearts were harvested and directly frozen in Tissue-Tek OCT compound (Electron
Microscopy Sciences) at the time points specified. Frozen hearts were sectioned at 10 pm
thickness and fixed with 100% methanol. Sections were then washed with phosphate
buffered saline (PBS), and blocked in blocking buffer (PBS + 5% BSA + 0.2% Triton
X-100) for 1 hour at room temperature. Sections were then incubated with a rabbit anti-
Cx43 antibody (3512S, Cell Signaling) or goat anti-Cx40 antibody (SC-20466, Santa Cruz),
followed by an Alexa-488-conjugated goat anti-rabbit 1gG antibody (A11008, Invitrogen) or
Alexa-594-conjugated donkey anti-goat 1gG antibody (A11058, Invitrogen). Sections were
mounted with VECTASHIELD® Mounting Media with DAPI (Vector Laboratories, CA),
and visualized with a Zeiss Axiophot fluorescence microscope. Images were merged using
ImageJ software.

2.4. Cell culture and luciferase assay

NIH 3T3 cells were maintained in 1X DMEM (11995, Gibco) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin. HL-1 cells were provided by W.C. Claycomb and
maintained as per instructions. HL-1 cells were grown in flasks precoated with 0.02%
gelatin and 5 pl/mL fibronectin. Cells were maintained at 37°C with 5% CO, and 95%
humidity in Claycomb medium (Sigma) supplemented with 10% FBS (Batch 12J001,
Sigma), 0.1 mM norepinephrine, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Once the cells were confluent and beating, 5 x 10° cells were plated in 6-well
plates precoated in gelatin/fibronectin [15].
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For transfection assays, 3-5 x 10° cells were plated per well and transfected using Superfect
(Qiagen) with 1 ug pMTO01 (control vector), or Cx43 3’UTR reporter (GeneCopoeia,
Maryland); which contain both firefly and renilla luciferase reporters. Luciferase activities
were measured (Promega Glomax®-20/20 Luminometer) using the Dual Luciferase
Reporter Assay System (Genecopia) with firefly luciferase activities calculated as the mean
+ SD after being normalized by renilla luciferase activities. For inhibitor assays: a
miRCURY LNA™ miR-130a inhibitor (412568-00, Exigon) or a scramble control
(199004-00, Exigon) was co-transfected with the luciferase constructs ranging from 100-
300 pmol.

2.5. RNA analysis

Total RNA was isolated using TRIzol (Invitrogen) according to manufacturers instructions.
RNA was reversed transcribed (ABI TagMan® RT kit; Applied Biosystems, CA) and then
used for quantitative real-time PCR using SSo Advanced™ SYBR® Green MasterMix (Bio-
Rad, CA) and BioRad CFX96 Thermocycler (Bio-Rad). MicroRNA-130a levels were
detected using TagMan® miRNA Assay Kit (4427975, Applied Biosystems) according to
manufacturer’s protocol. GAPDH was used for normalization. Primer sequences for
quantitative real-time PCR are provided in the data supplement.

2.6. Fluorescent in situ hybridization

Adult mouse hearts were harvested and directly frozen in Tissue-Tek OCT compound
(Electron Microscopy Sciences, cat. n0.62550-01). Frozen hearts were sectioned at 8-10 pm
thickness and used for in situ hybridization according to established protocols [16] using
specific probes for miR-130a (Exigqon, 38029-04; 7.5 pmol/slide), U6 (Exigon, 99002-04; 5
pmol/slide), and scramble-miR (Exigon, 99004-04; 5 pmol/slide).

2.7. Transthoracic echocardiography

Mice were anesthetized with 1-2% isoflurane in 700 ml O,/min via a facemask.
Temperature was monitored and maintained at 37°C using a heat pad and heat lamp. Heart
rate was maintained at 400-450 bpm. Anesthetized mice were placed on a temperature-
controlled platform and echocardiography was performed using a Vevo770 ultrasound
system (VisualSonics). An echocardiographer blind to animal genotype captured M-mode
and pulsed Doppler images.

2.8. Surface electrocardiograms and ambulatory ECG monitoring

Electrocardiograms (ECG) on anesthetized mice were obtained from needle electrodes
inserted subcutaneously into each limb. Multiple leads were recorded for 3 minutes at 2
MHz. Electrocardiographic signals were amplified with an ADInstruments ECG
Bioamplifier (Colorado Springs, CO), converted from analog to digital with an ACQ-16
Acquisition Interface and recorded with Ponemah Physiology Platform software (Gould,;
Valley View, OH). Recordings were analyzed using the ECG module of LabChart 5
software (AD Instruments).

For ambulatory ECG monitoring, 4- to 12-week-old mice were anesthetized with
isofluorane, and telemetry transmitters (ETA-F10; DSI) were implanted in the back with
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leads tunneled to the right upper and left lower thorax. Heart rate, PR, and QRS intervals
were calculated using Ponemah Physiology Platform (DSI) from 24-hour recordings.

2.9. Electrophysiological studies

After proper anesthetic induction using inhaled isoflurane, a jugular vein cutdown was
performed and the vein isolated for direct endovascular access. We used both a 1.1 and 1.9
french octapolar catheter for study as used in reports of mouse electrophysiological studies
[17, 18]. To minimize the effects of catheter placement on cardiac function or the effects of
anesthesia on obtaining intracardiac electrograms, we used data obtained within the first 15
minutes of catheter placement. Electrograms were recorded with a BioAmp and Powerlab
system with Chart5 software (ADInstruments). Programmed electrical stimulation (PES)
studies were performed as described by Gutstein et al.[19] PES consisted of pacing with a
train of twelve beats, followed by a double or triple extrastimulus at a cycle length of 20, 30,
and 40 ms. We used the following criteria to categorize the ventricular arrhythmias: A) Non-
sustained VT: 3-30 beats, B) Sustained VT: >30 beats, and C) Cycle Length: <100 ms [19,
20].

2.10. Statistics

Values are reported as means + SEM unless indicated otherwise. The 2-tailed Mann-
Whitney U test was used for comparing two means. Fisher’s exact test was used to compare
inducibility of VT in control vs. transgenic mice (Prism; GraphPad). Values of P<0.05 were
considered statistically significant.

3. RESULTS

3.1. MicroRNA-130a is expressed in adult cardiomyocytes

In a previous study, northern analysis on adult mouse tissue found the highest relative levels
of miR-130a in the heart and lung, although levels in adult tissues were low [14]. To
examine this more closely, we used fluorescent in situ hybridization to detect miR-130a
expression in the adult heart. As expected, low levels of endogenous miR-130a were seen in
normal adult cardiomyocytes (Figure 1, C). To investigate the role of miR-130a in cardiac
remodeling in vivo, we generated an inducible transgenic mouse line carrying the mouse
miR-130a gene specifically in the heart under the control of the a-myosin heavy chain
(aMHC) promoter [21]. The overexpression strategy consisted of a transgene encoding
miR-130a downstream of a tetracycline-responsive promoter (TetO-miR130a) and a second
transgene encoding the tetracycline-controlled transactivator (tTA) protein driven by the
aMHC promoter (aAMHC-tTA) (Figure 1,D). Quantitative PCR results demonstrated that
miR-130a was increased in the transgenic hearts by 8.38 + 1.2 fold (Figure 1, F). This was
also visualized using fluorescent in situ hybridization (Figure 1, E) on aMHC-miR130a
hearts; which confirmed cardiomyocyte overexpression. Doxycycline administration was
able to suppress miR-130a overexpression (1.0 vs 1.78 + 0.22 fold, p=0.07) with no changes
in cardiac function as assessed by echocardiography between controls and doxycycline
treated aMHC-miR130a mice (Figure 2, A). Breeding pairs and offspring were maintained
on doxycycline until weaning, at which time doxycycline was no longer added to the
drinking water (Figure 1, G).
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3.2 Cardiac overexpression of microRNA-130a results in atrial arrhythmias

To evaluate the overall impact on cardiac function, we performed echocardiography in
aMHC-miR130a and control littermate mice. No differences in left ventricular dimensions
and fractional shortening (FS) were found from 4-10 weeks (Table 1). Beginning at 12
weeks, the fractional shortening showed a decline (35.5 £ 4.3% vs 24.7 + 4.1%, p=0.004)
(Figure 2, H). At that time, we also noted an irregularity in ventricular contraction often seen
with arrhythmias (Figure 2, D). To look for evidence of atrial contractions, we performed
pulsed-wave Doppler at the area of mitral inflow. As seen in control mice, a typical mitral
inflow pattern in sinus rhythm comprises of an “E” wave and “A” wave indicating two
distinct phases of blood flow (Figure 2, E). The E wave component, created by flow into the
left ventricle during early diastolic filling, occurs prior to atrial contraction. The A wave
component is created by flow into the left ventricle due to contraction of the atria. As seen in
the aMHC-miR130a transgenic mice, pulse Doppler did not reveal the presence of an A
wave generated by atrial contraction (Figure 2, F). As expected, evidence of early diastolic
filling (independent of atrial contraction) was present, and the irregular timing was
consistent with an atrial arrhythmia.

To investigate the possibility of an arrhythmia in more detail, we performed simultaneous
atrial and ventricular intracardiac electrophysiologic recordings with simultaneous surface
ECGs in control and aMHC-miR130a mice. After 10 weeks off doxycycline, the control
mice demonstrated a regular P-QRS ECG pattern typical of sinus rhythm (Figure 3, A,
bottom panel). The accompanying atrial electrogram displayed a regularly occurring high
amplitude signal corresponding with the surface P wave. The ventricular electrogram
displayed a high amplitude signal corresponding with the surface QRS complex. In contrast,
surface ECG of aMHC-miR130a mice demonstrated an irregular ventricular rate with more
rapid atrial activity, a hallmark for atrial tachyarrhythmias (Figure 3, B, bottom panel). The
corresponding atrial electrogram demonstrated a rapid irregular atrial signal while the
ventricular electrogram showed a slower irregular ventricular signal (Figure 3, B, top and
middle panels). Intracardiac recordings were performed in eight mice in each group.

Baseline electrocardiographic parameters were obtained in control and aMHC-miR130a
transgenic mice after removal of doxycycline (Table 1). At 6 through 10 weeks, we did not
detect any differences in heart rate between controls and transgenic mice. However, by 12
weeks, there was a significant reduction in heart rate in transgenic mice (514 + 89 bpm vs.
459 + 113 bpm, p<0.01). QRS duration and morphology did not change and was similar to
controls (11.0 £ 0.58 ms vs. 10.6 £ 0.68 ms, p=ns) (Figure 4, A). QT interval also did not
differ between groups. At 10 weeks off doxycycline, we noted an increase in the PR interval
in the aMHC-miR130a transgenic mice (35.2 + 0.7 ms vs 40.8 = 0.6 ms, p=0.01) (Table 1).

3.3. MicroRNA-130a overexpression induces ventricular tachycardia

While performing surface ECGs, we detected periodic spontaneous nonsustained ventricular
tachycardia (NSVT). To explore the arrhythmic susceptibility of the ventricle, we performed
programmed electrical stimulation (PES) studies 4 through 10 weeks after removal of
doxycycline. Hearts were paced using a subdiaphragmatic approach previously described
[19]. A train of 12 stimuli was delivered at pacing cycle length of 120, 100, and 80 ms
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followed by double extrastimuli at cycle lengths of 20, 30, and 40 ms to assess the
inducibility of ventricular tachyarrhythmias. For comparison of the inducibility in each
mouse, programmed extrastimulation techniques and stimulation duration of ventricular
burst pacing were the same in all mice. Mice were categorized as having no ventricular
tachycardia (VT), NSVT, or sustained VT (Figure 4, B). We used the following criteria to
categorize the ventricular arrhythmias: A) Non-sustained VVT: 3-30 beats, B) Sustained VT:
>30 beats, and C) Cycle Length: <100ms [19, 20].

At all time points between 4 and 10 weeks, sustained VT could not be induced in any of the
control mice (Figure 4, B). At 4 weeks after doxycyline removal, aMHC-miR130a mice
could not be induced into VT by any pacing maneuver. However, beginning at 6 weeks after
doxycycline removal, sustained VT was induced in 3 of 5 of the aMHC-miR130a mice
(Figure 4, B,C). To confirm the presence of VT, we performed simultaneous atrial and
ventricular intracardiac recordings with surface ECG recordings after VT induction. As
expected, we identified a rapid (approximately 40 ms cycle length), regular signal in the
ventricular electrogram and a slower, regular high amplitude signal in the atrial electrogram
(Figure 4, D). The atrial signal did not correspond with any ventricular activity
corroborating an independent ventricular arrhythmia. Induction of either sustained VT with
PES was accomplished in 4 of 5 animals studied and was found to be statistically significant
by Fisher’s exact test (p=0.026). Interestingly, 10 weeks after removal of doxycycline, we
observed frequent premature ventricular contractions and the development of spontaneous
sustained ventricular tachycardia (3 of 5 animals) on ambulatory ECG monitoring (Figure 4,
E).

3.4. Reduced Cx43 protein in aMHC-miR130a transgenic hearts

To explore the potential mechanism of the observed cardiac arrhythmias, we screened
candidate miR-130a targets using known microRNA target databases. PicTar, TargetScan,
PITA, and DIANA-microT 3.0 databases all predicted a conserved region in the 3’'UTR of
GJA1, encoding Cx43, to be a target of miR-130a (Figure 5, A) [22-25]. To examine the
effect of miR-130a overexpression on connexin43 protein expression over time, we studied
Cx43 levels on ventricular lysates from 2 weeks after doxycycline removal through 12
weeks. We noted a stepwise reduction in Cx43 protein levels starting from 4 weeks to a near
complete loss of Cx43 by 10 weeks (Figure 5, B). Western blot analysis of ventricular
lysates at 12 weeks off doxycycline revealed an approximate 90% reduction in Cx43 levels
in the aMHC-miR130a hearts (n=10, each group) with a 52% reduction in mRNA levels
compared with control littermates (n=5, each group) (Figure 5, C and D). Phosphorylation of
Cx43 has been correlated with changes in assembly and degradation of Cx43 gap junction
channels. Therefore, we also examined for changes in phosphorylated connexin43 (p-Cx43)
levels in aMHC-miR130a hearts [26]. As shown in Figure 5E, there was a similar reduction
in p-Cx43 levels in aMHC-miR130a mice compared with control littermate mice.

Given the significant reduction in Cx43 protein in heart lysates, we next visualized the
distribution of Cx43 loss using immunofluorescence at 10 weeks after doxycycline removal.
Not surprisingly, Cx43 was decreased throughout the atria and the ventricles in 16/16
transgenic animals studied (Figure 6, A). Unlike ventricular tissue, the atria express both
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Cx43 and connexin40 (Cx40), but unlike Cx43, Cx40 is not predicted to be a target for
miR-130a. Given the atrial arrhythmias noted in the aMHC-miR130a mice, we performed
immunofluorescence to assess the presence of Cx40 in the atria. We found that the atria of
the aMHC-miR130a mice continued to express Cx40 (Figure 6, D). Atrial lysates were used
for western blotting which confirmed preserved Cx40 levels in aMHC-miR130a atria
compared to controls (Figure 6, E and F). As expected, there was near complete loss of
Cx43 in the atria, both by immunofluorescence and western analysis (Figure 6, D and E),
supporting the notion that the atrial arrhythmias observed were due to changes in Cx43
expression. Finally, we examined morphology of the intercalated disc using transmission
electron microscopy (EM). The aMHC-miR130a hearts were notable for the near-complete
absence of gap junctions (n=3, control and transgenic groups). Structures that appeared to be
adherens-type junctions and desmosomes in the aMHC-miR130a heart sections were
unchanged in their localization, organization, and general appearance, when compared with
the controls (Supplemental Data, Figure S3).

3.5. MicroRNA-130a directly targets connexin43

Because multiple targets may be affected by miR-130a overexpression in vivo, we sought to
determine the relevance of the 3’UTR of Cx43 for translational regulation by miR-130a
using in vitro transfection assays. We utilized a reporter construct in the vector pMT01
which contains both firefly and renilla luciferase reporters. The firefly luciferase coding
region was fused to a control 3’UTR or the 3’UTR of Cx43 (Figure 7, A). Renilla luciferase
provided a measure of transfection efficiency and was used to normalize firefly luciferase
measurements. We transfected these constructs into NIH 3T3 fibroblasts, which were
previously shown to endogenously express miR-130a [14, 27]. We predicted that binding of
miR-130a would inhibit translation of the firefly luciferase (Figure 7, A, middle panel) and
that addition of a specific miR-130a inhibitor would permit translation of the firefly
luciferase (Figure 7, A, bottom panel). The 3T3 cells transfected with the Cx43 3’'UTR
construct showed 52.9% less luciferase activity compared with controls (0.998 + 0.05 vs
0.469 + 0.03, p<0.0001) (Figure 7, C, columns 1-2), indicating that the 3’ UTR of Cx43 was
able to mediate translational repression.

To demonstrate that miR-130a directly targeted the Cx43 3'UTR, we utilized a LNA-
antisense oligonucleotide to specifically block miR-130a. As a preliminary step, we
demonstrated that the miR-130a inhibitor was able to reduce endogenous miR-130a by 83%
compared with the scramble control (Figure 7, B). Next, we transfected oligonucleotides
along with our reporter constructs into 3T3 fibroblasts. As expected, miR-130a inhibition
had no effect on the translational efficiency of the control reporter. In contrast, translational
repression was relieved in a dose-dependent fashion with the addition of increasing amounts
of anti-miR-130a (100-300 pmol) (Figure 7, C, columns 5-8). Co-transfection with a
scramble oligonucleotide (300 pmol) was performed as a control and demonstrated no effect
on luciferase activity. These observations strongly suggest that miR-130a is acting directly
on the Cx43 3'UTR to mediate translational repression.

To validate these luciferase reporter assay findings in cardiomyocytes, we used HL-1
cardiomyocytes, which have also been shown to endogenously express miR-130a [28]. First,
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we performed quantitative PCR to measure miR-130a levels in HL-1 cells (Figure 7,D).
HL-1 cells had approximately 47.6% less miR-130a than 3T3 fibroblasts. Addition of a
miR-130a inhibitor reduced miR-130a levels by 73% (Figure 7,E). Co-transfection
experiments confirmed our findings in the 3T3 cells with a reduction in luciferase activity
compared with the control vector (0.997 £ 0.03 (control) vs. 0.576 + 0.05 (Cx43 3’'UTR),
p<0.0001). Addition of anti-miR-130a oligonucleotide (300 pmol) produced an increase in
luciferase activity (Figure 7,F) similar to our findings in 3T3 cells. Taken together,
endogenously expressed miR-130a in both 3T3 cells and HL-1 cardiomyocytes was
sufficient to target the 3’UTR of Cx43 and effect a reduction in luciferase activity. The
repression of luciferase activity was attenuated by a specific miR-130a inhibitor implicating
a direct effect of miR-130a on the 3’UTR of Cx43.

4. DISCUSSION

Using a conditional transgenic system, we have shown that overexpression of miR-130a in
adult cardiomyocytes results in atrial and ventricular arrhythmias. Our data indicate that loss
of a miR-130a target, Cx43, may contribute to this phenotype. MicroRNA-130a has been
identified in a wide array of cell types and more is being uncovered about its function in
disease states [29-31]. In endothelial cells, miR-130a was found to down-regulate the
transcription factors GAX and HOXADB, thereby attenuating the anti-angiogenic activities of
these genes [32]. We previously studied the role of miR-130a during cardiac development
and found that miR-130a targeted Friend of GATA-2 (FOG-2 or ZFPM2), a gene critical for
normal heart development [14]. As demonstrated by Thum et al., a microRNA network
regulates the development and function of the heart from the early stages of cardiac
development to adulthood and also appears to play a role in adult cardiovascular disease
[12]. In human heart failure, levels of miR-130a were shown to be elevated compared with
normal hearts [12, 13]. Therefore, we hypothesized that overexpression of miR-130a in adult
cardiomyocytes would result in abnormal cardiac function.

Although we did detect LV dysfunction 12 weeks after miR-130a induction, the early
appearance of cardiac arrhythmias before structural changes highlighted one predicted target
-Cx43. Gap junction channels are responsible for cell-to-cell communication and
intercellular propagation of electrical signals throughout the heart. A variety of connexins
are expressed in cardiac myocytes; however, Cx43 is the predominant connexin expressed in
both the atria and ventricle [4-6]. In advanced stages of heart disease, connexin expression
and intercellular coupling are diminished and gap junction channels become redistributed.
These changes have been strongly implicated in the pathogenesis of lethal arrhythmias
through the creation of a proarrhythmic substrate [33, 34].

With the dramatic loss of Cx43 seen in our miR-130a transgenic mice, it is not surprising to
find sustained arrhythmias. With increasing duration of miR-130a induction, there was a
steady reduction in connexin43. Inducibility of ventricular arrhythmias began between 4 and
6 weeks after miR-130a overexpression and spontaneous ventricular arrhythmias between
by 10 weeks of induction. Although LV dysfunction alone may alter Cx43 expression and
thereby provoke arrhythmias, we consistently found that the onset of ventricular arrhythmias
occurred before changes in cardiac function. As reported by Gutstein et al., cardiac deletion
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of Cx43 resulted in spontaneous ventricular arrhythmias without LV dysfunction, similar to
what was seen in the miR-130a mice in our study [7].

Interestingly, miR-130a transgenic mice also developed spontaneous atrial arrhythmias. One
aspect of atrial fibrillation that has elicited great interest has been changes in connexin
protein expression. Several studies have linked decreased Cx43 levels and atrial fibrillation
[35-37]. In our model, spontaneous atrial arrhythmias occurred at timepoints ranging from
8-12 weeks after miR-130a induction. The atrial arrhythmias appeared later than the
development of ventricular arrhythmias. This may be partially because of preserved
expression of Cx40 in the atria of the miR-130a transgenic mice. It is conceivable that the
presence of Cx40 was able to compensate for the loss of Cx43 in the early stages of
miR-130a induction and thus account for the later appearance of the atrial arrhythmia [38].

Aside from the generation of atrial and ventricular arrhythmias, we also noted prolongation
of the PR interval in the miR-130a transgenic mice. Within the AV node, Cx43 expression is
highly suppressed, with levels increasing after the compact portion of the AV node [39]. PR
prolongation may be attributable to the suppression of Cx43 within this portion of the
conduction system; however, a secondary mechanism cannot be excluded.

It has been shown in our model and other studies that gap junction remodeling can reduce
intercellular coupling in ways that contribute to the pathogenesis of re-entrant arrhythmias.
Atrial and ventricular arrhythmias are complex phenomena, and are often thought of as
arising from multiple input determinants. The electrophysiological mechanisms by which
miR-130a initiates arrhythmias are uncertain. Cellular uncoupling resulting from loss of
Cx43 gap junction channels may unmask ectopic foci or enhance the generation of early
afterdepolarizations [40]. In a chimeric mouse model of focal Cx43 loss in the myocardium,
areas of focal uncoupling were associated with a significant increase in spontaneous ectopic
events, possibly by unmasking intrinsic automaticity or by disrupting the conduction wave
front leading to wave breaks [41]. Additional effects of miR-130a on targets not yet
identified may also contribute to triggered activity perpetuated by gap junction remodeling.

Several recent studies have highlighted the role of miRNAs in the regulation of gap junction
proteins and point towards a network of miRNAs critical for cardiac rhythm. In murine
models of myocardial infarction and myocarditis, miR-1 was found to regulate Cx43 [42,
43]. Recently, the microRNA cluster miR-17-92 has been implicated in cardiomyopathy and
arrhythmia. The authors demonstrated that Cx43 is a direct target of miR-19a/b and that the
expression of Cx43 was suppressed in transgenic hearts [44]. In this study, we provided data
demonstrating that miR-130a also targets Cx43 resulting in atrial and ventricular
arrhythmias attributable to the loss of this important gap junction protein. These findings
recapitulate the arrhythmogenic myocardial substrate seen in the Cx43 knockout studies and
highlight the complex molecular mechanisms regulating Cx43 expression in the heart.

4.1. LIMITATIONS

We cannot definitively exclude the possibility that the arrhythmias seen are due to secondary
effects of Cx43 reduction, independent of gap junction remodeling. Previous work has
demonstrated a highly arrhythmogenic substrate when Cx43 alone is lost in the myocardium.
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Recapitulation of these findings, therefore, highlights a novel role for miR-130a in
arrhythmia. In addition, it is likely that effects on other targets of miR-130a may contribute
to the eventual reduction in left ventricular function and further provoke arrhythmias [1].

The in vitro experiments demonstrated the ability of miR-130a to target the Cx43 3’UTR;
however, it is difficult to exclude the possibility of secondary effects of miR-130a
overexpression. There may be effects of miR-130a on important regulators of calcium
homeostasis not yet described and thus contribute to arrhythmia generation. In an effort to
examine this important aspect of arrhythmia, we pursued analysis at the protein level of
several calcium homeostasis proteins. We chose to perform western analysis at the 8-week
time point to reflect a time in our model when the ventricular arrhythmias are evident
without changes in LV function. We performed western analysis on several proteins known
to regulate calcium homeostasis including: Serca2a, phospholamban and phosphorylated-
phospholamban, ryanodine receptor, the calcium channel protein Cavl.1, BIN1-a protein
that assists in L-type calcium channels targeting to T-tubules in cardiac myocytes, and
junctophilin 2, a membrane-binding protein believed to keep the plasma membrane and
sarcoplasmic reticulum within a fixed proximity to one another [45-47]. At 8 weeks after
doxycycline removal, we did not find any significant protein reductions greater than 50%
(Supplemental Data, Figure S4). When investigating the predicted miR-130a targets using
the databases that predicted Cx43, we did not identify a viable target influencing calcium
homeostasis. We acknowledge that discerning microRNA targets based solely on target
prediction databases has inherent limitations, thus identification of additional targets
important for arrhythmia remains a focus of future studies.

5. CONCLUSIONS

Electrical remodeling and structural remodeling are well-established mechanisms of
arrhythmia generation, particularly in the setting of heart failure. However, published studies
linking miRNAs and cardiac conduction are sparse. Recent studies have highlighted the role
of miRNAs in cardiac rhythm through the regulation of key ion channels, transporters, and
cellular proteins in arrhythmogenic conditions [42, 48-52]. Studies have shown that
misregulation of these critical “rhythmirs” are sufficient to induce a variety of conduction
disturbances and arrhythmias. Further study of these miRNAs will hopefully reveal a
regulatory network for cardiac rhythm by linking previously disparate signaling pathways
and identifying novel targets.

As the study of miRNASs begins to move into the arena of therapeutics, a thorough
understanding of the broad functions of any particular miRNA will be necessary to avoid
harmful “off target” effects. As mentioned previously, miR-130a has been described in its
role as a potential regulator of angiogenesis. In a recent study, treatment with a miR-130a
mimic showed a trend toward improved capacity for CD34" cells to stimulate cardiac repair
and neovascularization [11]. While a miR-130a mimic may hold promise in angiogenesis, a
better understanding of elevating miR-130a levels and its effects on organ function is
critical. A potential therapeutic application of miR-130a mimics for heart failure patients
would warrant caution because of possible pro-arrhythmic effects, based on possible effects
on Cx43.
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Figure 1. Expression of miR-130a in cardiomyocytes and induction of miR-130a in adult heart
Localization of miR-130a using fluorescent in situ hybridization in adult cardiomyocytes.

Panel (A) shows U6 stained nuclei as a positive control, panel (B) shows staining with a
miR-scramble as a negative control, and panel (C) with miR-130a staining in
cardiomyocytes. (D) Schematic of inducible transgenic system for miR-130a overexpression
using the aMHC promoter to drive expression of the tTA protein. In panel (E), fluorescent
in situ hybridization of aMHC-miR130a heart demonstrating increased miR-130a signal
confirming overexpression of miR-130a. (F) Quantitative PCR of relative miR130a levels in
transgenic heart 6-8 weeks after doxycycline is removed from water supply (n=5). (G)
Schematic outline of doxycycline treatment and study time points. * indicates p<0.0001.
Doxy: doxycycline; TetO: tetracycline responsive promoter; tTA: tetracycline-controlled
transactivator.
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Figure 2. Echocardiography in aMHC-miR130a mice
Panels (A) and (B), m-mode echocardiography of representative control vs. aMHC-

miR130a mouse maintained on doxycycline at 10 weeks after weaning. Cardiac dimensions
and function was preserved. In panels (C) and (D), representative M-mode
echocardiography of control vs. aMHC-miR130a mouse at 10 weeks after doxycycline
removal. Note the irregularity of ventricular contractions in the aMHC-miR130a mice. In
panels (E) and (F), 2D—guided pulsed Doppler (see inset) of the mitral inflow in control and
the aMHC-miR130a mice respectively. (G) and (H), serial assessment in LV diameter and
% fractional shortening at 6, 8, 10, and 12 weeks. In each group, n = 5. * indicates p <
0.001.
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Figure 3. Simultaneous surface and intracardiac electrocardiograms in control and aMHC-
miR130a mice

In (A), simultaneous atrial (top panel), ventricular (middle panel) electrograms and surface
ECG (bottom panel) of control mouse demonstrating normal sinus rhythm. Note the
presence of regular P waves (P) representing atrial depolarization corresponding to high
amplitude signal seen in the atrial recording. High amplitude ventricular signal corresponds
to the QRS complex (QRS) on the surface ECG representing ventricular depolarization. In
(B), simultaneous atrial, ventricular, and surface ECG in aMHC-miR130a mice. In contrast
to the control mouse, the atrial electrogram (B, top panel) shows a rapid irregular atrial
signal. The ventricular electrogram (B, middle panel) shows a high amplitude signal
corresponding to QRS complexes on the surface ECG with a variable cycle length. Tracings
obtained 10-12 weeks off doxycycline. Eight animals were studied in each group. A: atrial
signal; V: ventricular signal.

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Osbourne et al.

(A]

Page 20

Programmed Electrical Stimulation

6 weeks
Control «MHC-miR130a Control e EEEEEEEEE R
1 aE “"l l"i"] | l
J‘p | _.<|.d|._,"_"y_., H\‘VL V/_Lr«.Ld,L J[ SIS -.' |l\\m »M,I'N,l A VI S _vl/__),,\\ ﬂl_,,,\,_,._l,,.-,lL,
AJ / ¥
6 weeks [\ a h.lie [ [ L 18]
i Paclng Stlmulel Extra-stimuli —100ms
— 30ms 30ms
) J\ 6 weeks
10 WookS Laffiid [‘W 8% ,\pww aMHC- m|R1303
"“L“L-'li"k"‘l"ll“l fll\}"r \‘A|A «“Wﬂh‘ ll’ “q,‘ |‘AI+MH ‘11l i [‘,\“l\lf‘J\‘l.
= 30ms 30ms |‘[ ‘ ‘ " '”'H [ J»‘Wl“.ul h\ L' ”‘IJH LJ ‘\‘I
||
Pacn g Sti uluL Extra-stimuli —100ms
Stimulation Studies o @ 6 weeks OMHC-miR130a
| | Intracardiac - Atria
CcC Tg c Tg cC Tg
/’V‘V-ﬁ\/‘,/‘\'v"/ \/’\‘\/\'\N\/‘ VA, W, NN M
A
A

i o
\ \ m AL Mo
Bl \on-inducible WAWANIN \/~ \A w\d VA WWAY
B nsvr : :
Surface ECG H -
v v
- Sustained-vT ANNANNNN ‘/A, I \ N /N‘l NANN N/}
4 weeks 6 weeks 10 weeks JER BRI RR L S [ A LA vV
50ms
10 weeks Ambulatory ECG

Intracardiac - Ventricle :

-
=

oMHC-miR130a

Spontaneous Sustained VT

\\

Premature Ventricular Comlexes

e e

1 00ms

Figure 4. Propensity for ventricular arrhythmias in aMHC-miR130a mice

In panel (A), representative P-QRS complexes in control and aMHC-miR130a mice at 6 and

10 weeks after doxycycline removal. In panel (B), representative programmed electrical
ventricular stimulation studies in control mice (top panel) and aMHC-miR130a transgenic

mice (bottom panel). In the control mouse, pacing stimulus could not induce VT. In contrast,

sustained VT is seen in the aMHC-miR130a mouse following pacing stimulus. In (C),
summary of programmed electrical stimulation studies with the number of inducible VT

episodes in control (C) and miR-130a transgenic (Tg) animal cohorts at 4, 6, and 10 weeks.
Sustained ventricular arrhythmias could not be induced in any of the controls. Beginning at

6 weeks after doxycycline removal, aMHC-miR130a mice could be induced into
monomorphic VT. In panel (D), simultaneous intracardiac and surface ECG in aMHC-
miR130a mice during VT episode. Atrial electrogram (top panel) demonstrates a slower
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atrial signal with a regular cycle length. Ventricular electrogram (middle panel)
demonstrates a rapid high amplitude signal corresponding with the rapid wide QRS
complexs on surface ECG. Arrows indicate potential atrial signal and corresponding surface
ECG location within the QRS complex consistent with atrioventricular dissociation. These
findings are supportive of VT. Shown in panel (E), an example of spontaneous VT initiated
after premature ventricular complexes in aMHC-miR130a mice during ambulatory ECG
monitoring 10 weeks after removal of doxycycline. Five animals in each group was studied
for both stimulation studies and ambulatory ECG monitoring. * indicates p=0.026. NSVT:
nonsustained ventricular tachycardia; A: atrial signal; VT: ventricular tachycardia; Tg:
transgenic; C: control littermate.
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Figure 5. Reduced connexin43 in aMHC-miR130a mice
In panel (A), computational alignment of a potential conserved target site in the Cx43

3’UTR and miR-130a. In (B), representative timecourse of Cx43 protein loss after
doxycycline removal in aMHC-miR130a hearts compared to controls (n=3, each group).
After 2 weeks, we found a steady reduction of Cx43 with near complete loss by 10 weeks
after doxycycline removal. In (C), quantitative PCR demonstrated a 52% reduction in Cx43
mMRNA at 12 weeks after doxycycline removal (n=5, each group). Western analysis on
ventricular lysates (panel D) at the same time point shows >90% reduction in Cx43 protein
in aMHC-miR130a hearts compared to controls (n=10 in each group). In panel (E), western
blot for both Cx43 and phosphorylated-Cx43 at 12 weeks after doxycycline removal
demonstrates significant reduction in both forms of Cx43. * indicates p < 0.001.
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Figure 6. Loss of connexin43 in the atria and ventricles of aMHC-miR130a mice
In panel (A), representative immunofluorescent staining of Cx43 (green) in adult control

atria and ventricles compared to aMHC-miR130a atria and ventricles (n=16 hearts studied).
Cx43 is reduced throughout the myocardium of aMHC-miR130a mice. (B) Western blot of
ventricular lysate at 10 weeks off doxycycline demonstrating >90% reduction in Cx43 levels
as quantified in (C) (n=6 per group). In panel (D), representative immunofluorescent
staining of atrial tissue for Cx40 (red) and Cx43 (green) at 10 weeks off doxycycline. Note
the loss of Cx43 in aMHC-miR130a atria with preserved Cx40 expression. In panel (E),
atrial lysates were used for western blotting confirming preserved Cx40 levels in aMHC-
miR130a atria compared to controls and quantified in (F) (n=4 per group). Consistent with
the ventricular lysates, Cx43 levels were significantly reduced in the atrial lysates. Nuclei
are counterstained with DAPI (blue). * indicates p < 0.001.
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Figure 7. MicroRNA-130a mediates translational repression via the Cx43 3’'UTR
In panel (A), schematic of luciferase reporter constructs used for in vitro transfection assays.

Firefly luciferase (F. luciferase) coding region is fused to the control 3’'UTR vs. Cx43
3’UTR. Binding of miR-130a is predicted to inhibit translation of F. luciferase. Addition of
a specific miR-130a inhibitor is predicted to allow translation of F. luciferase. As shown in
(B), administration of a miR-130a inhibitor (300 picomoles) reduced miR-130a levels in
3T3 fibroblasts approximately 83%. Reporter constructs were transfected into NIH 3T3
fibroblasts (known to endogenously express miR-130a). In (C), luciferase assay with
luciferase reporter constructs and miR-130a inhibitor vs. scramble. Inhibition of miR-130a
had no effect on the translational efficiency of the control reporter. In contrast, translational
repression of the reporter construct was relieved in a dose-dependent fashion. Co-
transfection with a scramble inhibitor was performed as a control. Luciferase experiments
were also carried out in HL-1 cardiomyocytes (also known to endogenously express
miR-130a). Using quantitative PCR in (D), HL-1 cells contained 52.4% of the miR-130a
compared to 3T3 cells. Administration of the miR-130a inhibitor resulted in a 73.2%
reduction in miR-130a (E). Similar to 3T3 cells, luciferase assay demonstrated reduced
luciferase activity in the presence of the Cx43 3’UTR reporter construct. Translational
repression of the reporter construct was relieved with administration of a miR-130a
inhibitor. Transfection with a scramble inhibitor was performed as a control. Experiments
performed in triplicate x three independent experiments. * indicates p<0.01. 3’UTR: 3’
untranslated region; LNA: locked nucleic acid.
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