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Abstract

Atrial fibrillation (AF) is a growing public health burden, and its treatment remains a challenge.
AF leads to electrical remodeling of the atria, which in turn promotes AF maintenance and
resistance to treatment. Although remodeling has long been a therapeutic target in AF, its causes
remain poorly understood. We show that atrial-specific up-regulation of microRNA-31 (miR-31)
in goat and human AF depletes neuronal nitric oxide synthase (nNOS) by accelerating mRNA
decay and alters nNOS subcellular localization by repressing dystrophin translation. By shortening
action potential duration and abolishing rate-dependent adaptation of the action potential duration,
miR-31 overexpression and/or disruption of nNOS signaling recapitulates features of AF-induced
remodeling and significantly increases AF inducibility in mice in vivo. By contrast, silencing
miR-31 in atrial myocytes from patients with AF restores dystrophin and nNOS and normalizes
action potential duration and its rate dependency. These findings identify atrial-specific up-
regulation of miR-31 in human AF as a key mechanism causing atrial dystrophin and nNOS
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depletion, which in turn contributes to the atrial phenotype begetting this arrhythmia. miR-31 may
therefore represent a potential therapeutic target in AF.

Introduction

Atrial fibrillation (AF) is the most common heart rhythm disorder worldwide and a major
public health burden due to its impact on the risk of stroke and heart failure (1). The last 20
years have witnessed a significant increase in the incidence of AF in the developed and
developing world, caused by population aging and the rising prevalence of risk factors for
AF, such as hypertension, obesity, and diabetes (2). To date, pharmacological strategies to
restore sinus rhythm (SR) in patients with AF have targeted ion channels. This approach has
been marred by poor efficacy, lack of benefit on patient outcomes, and safety concerns
related to their propensity to induce life-threatening ventricular arrhythmias (3, 4). Similarly,
whether AF ablation techniques are effective in restoring SR in the long term or in
improving survival and the risk of stroke remains to be demonstrated (1). Underlying AF
resistance to treatment is the ability of the arrhythmia to sustain itself by inducing electrical
and structural remodeling of the atria, which in turn promotes AF maintenance and increases
vulnerability to relapse (5). The mechanisms leading to atrial remodeling in AF are poorly
understood, and identification of atrial-specific molecular targets upstream of this process
has been the focus of intense investigation.

Nitric oxide (NO) is known to regulate atrial electrical properties (6) and exert antifibrotic
and antithrombotic actions (7). Short-term AF has been reported to induce a profound
reduction in atrial NO release in animal models and inconsistent changes in the
“endothelial” isoform of NO synthase (eNOS) (7, 8). A “neuronal” NOS isoform (nNOS) is
also constitutively expressed in the sarcoplasmic reticulum and sarcolemmal membrane of
cardiomyocytes [as part of the dystrophin-associated glycoprotein complex (9)] where
nNOS-derived NO regulates sarcolemmal ion conductance (6, 10) and calcium fluxes under
basal conditions and in response to mechanical stress (11) and prevents arrhythmic death in
mice after myocardial infarction (10). Basal blood flow in the human coronary vascular bed
and perfusion of the exercising muscle are also regulated by nNOS-derived NO (12, 13).
Loss of sarcolemmal nNOS in the skeletal muscle of patients with Duchenne muscular
dystrophy (DMD) (14) leads the dystrophin-deficient muscle to ischemia during contraction
(15). Thus, subcellular localization of nNOS signaling may be an important function of the
dystrophin-associated glycoprotein complex.

Here, we show that atrial-specific up-regulation of microRNA-31 (miR-31) in goats and in
patients with AF leads to nNOS depletion (by accelerating nNOS mRNA decay) and
disrupts nNOS sarcolemmal localization by translational repression of dystrophin, resulting
in loss of sarcolemmal nNOS and a profound reduction in NOS activity. By shortening
action potential duration (APD) and abolishing APD rate-dependent adaptation, miR-31 up-
regulation and disruption of nNOS signaling contribute to the AF-induced electrical
remodeling of the atrial myocardium and significantly increase AF inducibility in vivo in
mice. These data have uncovered similarities between AF-induced molecular and electrical
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remodeling of the atrial myocardium and the cardiomyopathy of DMD, and identified
miR-31 as a potential therapeutic target for both conditions (16).

Results

AF-induced depletion of nNOS in atrial myocytes contributes to the electrical phenotype
that begets AF

We carried out investigations in samples of atrial tissue from patients in SR (7= 165) or
persistent AF (n=51) (table S1) and from goats after 2 weeks (n7=11) or 6 months (7= 9)
of pacing-induced AF (versus 16 controls in SR). A profound reduction in atrial NNOS
protein content and activity (measured as conversion of L-arginine into L-citrulline) in goat
atria occurred early (2 weeks) after AF induction and persisted at 6 months (Fig. 1, A and
B). Similarly, NOS activity was significantly reduced in human right atrial tissue from
patients with persistent AF (Fig. 1C and fig. S1A), where we also identified atrial myocytes
as the main source of nNOS depletion (Fig. 1D). Other NOS isoforms did not change
significantly in the presence of AF in human or goat atrial tissue (fig. S1).

nhos gene deletion or inhibition with S-methylthiocitrulline (SMTC; 100 nM) did not affect
the resting membrane potential or the action potential amplitude in murine and human atrial
myocytes (table S2). Removing or blocking nNOS significantly reduced APD at 50 and 90%
of repolarization (APD5q and APDgg) (Fig. 1E) and abolished the APD rate-dependent
adaptation in atrial myocytes from patients in SR (Fig. 1F), but had no effect in the presence
of AF. A shorter APD was also observed in atrial myocytes from nNos™~ mice, in wild-type
myocytes upon NNOS inhibition with SMTC (Fig. 1G), and in human atrial myocytes after
nNOS knockdown by small interfering RNA (fig. S2, A to C).

NO has been shown to regulate several sarcolemmal ion currents by either cyclic GMP
(guanosine 5’-monophosphate—-mediated) changes in phosphorylation or S-nitrosation of the
channel protein (6). In right atrial myocytes from patients in SR, nNOS inhibition resulted in
a significant increase in the atrial-specific ultrarapid delayed rectifier K* current (/) (Fig.
2, A and B), the transient outward potassium current (/4,) (fig. S2D), and the inward rectifier
K* current (/1) (Fig. 2C), with a trend toward an increase in the L-type calcium current
(/cay) (fig. S2E). The relative impact of these changes in ion current density on APD5g and
APDgg was evaluated in silico using an experimentally calibrated population of 640 human
atrial cell models, sharing the same equations but with differences in ionic conductance and
permeability (17). As shown in Fig. 2 (D and E), mimicking the increase of /«, induced by
SMTC reproduced most of the reduction in APDsg observed experimentally. Modeling the
increase of both /r and /1 also recovered the reduction in APDgg, whereas the observed
changes in /g and /cq had no impact on APD. Inhibition of /A, using 4-AP (50 pM)
abolished the effect of SMTC on APD in atrial myocytes from patients in SR (fig. S2F).

Together, these findings mimic hallmark features of AF-induced electrical remodeling,
which, by facilitating functional reentry, promote induction and maintenance of AF (5). To
assess whether loss of nNOS increases AF induction in vivo, we performed atrial burst
pacing in 7Nos™'~ mice and their wild-type littermates. AF induction and duration were
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significantly higher in 7MVos™~ mice, in the absence of electrophysiological (table S3) or
structural cardiac abnormalities (Fig. 2F) (10).

We next investigated the mechanism responsible for nNOS depletion in the fibrillating
human atrial myocardium. In skeletal muscle, nNOS is bound to the dystrophin-associated
glycoprotein complex, the disruption of which leads to the near disappearance of nNOS at
the sarcolemmal membrane, as observed in DMD (14). Dystrophin and nNOS
coimmunoprecipitated and colocalized to the sarcolemma of human atrial myocytes in SR,
but not in AF (Fig. 3, A to D). In AF, dystrophin—evaluated using antibodies directed to the
protein rod domain or the C terminus—and its associated proteins, caveolin-3 and a.1-
syntrophin, were significantly reduced (Fig. 3,B and E, and fig. S3A). Dystrophin and a.1-
syntrophin were similarly decreased in atrial tissue from goats after 2 weeks and 6 months of
pacing-induced AF (fig. S3, B and C). By contrast, 7Nos gene deletion did not alter atrial
dystrophin content in mice (fig. S3D). These findings indicate that reduced availability of
nNOS-derived NO in AF contributes to the atrial electrical remodeling induced by the
arrhythmia and is sufficient to increase AF induction in vivo.

Atrial-specific miR-31 up-regulation in persistent AF underlies dystrophin and nNOS

depletion

As reported in the skeletal muscle of patients with DMD (18), we observed a significant
reduction in 7/VOS mRNA in atrial myocytes from patients with AF (Fig. 3F), whereas
dystrophin mRNA was unchanged (Fig. 3G). To evaluate whether posttranscriptional
regulation of atrial nNOS and dystrophin contributed to their depletion in human AF, we
carried out an in silico analysis to identify miRs predicted to target both transcripts in
humans. Among these, miR-31 had previously been reported to repress dystrophin
translation in the skeletal muscle of patients with DMD (16). In the presence of AF, miR-31
expression was significantly higher in human atrial myocytes and in goat left atrial tissue,
but not in goat left ventricular tissue (Fig. 3, H and I).

By contrast, in patients with paroxysmal AF or in those who developed AF after cardiac
surgery (tables S4 and S5), atrial miR-31 was not up-regulated (Fig. 4, A and E), and nNOS
and dystrophin (expression and protein content) did not differ compared with matched
patients in SR (Fig. 4, B to D) or who remained in SR after cardiac surgery (Fig. 4, F to H).
These data are in line with evidence indicating that atrial electrical remodeling is not present
in patients with paroxysmal AF nor does it precede the occurrence of AF (19, 20).

Prediction algorithms identified one conserved putative miR-31 binding site on the human
dystrophin 3" untranslated region (3"UTR) and five in the human nNVOS3’UTR (table S6).
Only one of five predicted miR-31 binding sites on 7/VOS 3" UTR (site 5) was shown to be
functional in a reporter assay in human kidney cells [human embryonic kidney (HEK)
293T], which also confirmed functionality of the miR-31 binding site in the dystrophin
3’UTR (fig. S4, A to D) (16).

mRNA regulation by small, noncoding miRs is accomplished through the RNA-induced
silencing complex (RISC), where Argonaute (Ago) proteins associated with miRs bind to
the 3"UTR of mRNAs facilitating their degradation or inhibiting translation (21). In atrial
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myocytes from patients with AF, immunoprecipitation of Ago2 (fig. S5A) confirmed the
presence of 7NVOS and dystrophin mMRNA within the RISC (Fig. 5, A and B). Blocking the
corresponding miR-31 binding site with a selective locked nucleic acid (LNA)- enhanced
target site blocker (TSB; table S7) reduced the RISC incorporation of the respective mRNA
(Fig. 5, A and B) but not of miR-31 (fig. S5B).

To investigate the mode by which miR-31 regulates dystrophin and nNVOS gene expression,
we assessed corresponding mRNA stability in the presence of an miR-31 mimic in human
SR myocytes treated with the transcription inhibitor actinomycin D. Under these conditions,
miR-31 accelerated the decay of 7NVOS mRNA but not of dystrophin (Fig. 5C and fig. S5, C
and D). In agreement with these findings, preventing the binding of miR-31 to nNOS mRNA
in AF myocytes using a selective TSB increased nNNOS mRNA and partially recovered
nNOS protein without affecting dystrophin mRNA and protein content (Fig. 5, D and E). By
contrast, preventing binding of miR-31 to dystrophin mRNA did not change nNOS or
dystrophin mRNA but restored dystrophin protein content and partially recovered nNOS
(Fig. 5, F and G), indicating that dystrophin affects nNOS protein stability as well as its
subcellular localization. Together, these data confirm that miR-31 binds to the 3'UTR of
both dystrophin and 7A/VOS mRNA in human atrial myocytes, where it leads to a reduction of
the respective protein by accelerating 7VOS mRNA decay and inhibiting the translation of
dystrophin mRNA.

Up-regulation of miR-31 affects the electrical phenotype of human atrial myocytes

Antiarrhythmic drugs targeting ion channels may recover SR in patients with AF by
suppressing excitability and prolonging the atrial effective refractory period (for example, by
lengthening APD). However, because ion channel expression is similar in the atrial and
ventricular myocardium, the use of antiarrhythmic agents in patients with AF increases the
risk of ventricular arrhythmias (3). Up-regulation of miR-31 in human AF is limited to the
atrial myocardium, suggesting that cardiac miR-31 inhibition may be a safer “upstream”
approach for reversing or preventing AF-induced electrical remodeling and promoting the
maintenance of SR. miR-31 inhibition increased dystrophin and nNOS protein content in
atrial myocytes from patients with AF (Fig. 6, A and B, and fig. S4B) and also restored APD
and APD rate-dependent adaptation (Fig. 6, C and D); both effects were reversed by
pharmacological nNOS inhibition, confirming that the effects of miR-31 on the electrical
phenotype of human atrial myocytes are mediated by nNOS-derived NO.

miR-31 inhibition had no measurable effect on miR-31 expression, dystrophin, or nNOS in
atrial myocytes from patients in SR (Fig. 6, E to G); however, in these cells, increasing
intracellular miR-31 expression (by using a miR-31 mimic) reduced 7NVOS mRNA and the
protein content of dystrophin and nNOS and shortened APD (Fig. 7, A to E). In summary,
by accelerating 7VOS mRNA decay and repressing dystrophin translation, up-regulation of
miR-31 in the atrial myocardium of patients with AF results in a profound reduction in NO
signaling, which in turn leads to an atrial electrical phenotype that sustains AF (Fig. 7F).
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Discussion

An important advance in our understanding of AF has been the recognition that by
remodeling atrial electrical and structural properties, AF promotes its maintenance and
resistance to treatment (5). Changes in the expression of genes encoding sarcolemmal ion
channels contribute to AF-induced atrial remodeling, and miRs have previously been
reported to target the expression of ion channels subunits involved in this process (22). Here,
we have identified myocardial 7NVOS depletion as a novel molecular mechanism upstream of
the atrial electrical substrate that sustains AF in humans.

Our findings draw interesting parallels between AF and DMD. By reducing S-nitrosation
(and increasing activity) of class Il histone deacetylase, NNOS depletion plays an important
role in the epigenetic regulation of gene expression in DMD, contributing to muscle redox
imbalance and injury (23). Increased oxidative stress is a common feature of the dystrophic
heart muscle (24), the fibrillating human atrial myocardium (25), and the myocardium of
mice lacking nNOS (26). nNOS depletion or inhibition has been linked to impaired muscle
perfusion (12, 15), reduced dystrophin to altered Ca2* homeostasis, increased membrane
fragility, and cell death (24), suggesting that atrial nNOS/dystrophin depletion secondary to
miR-31 up-regulation may affect all aspects of AF-induced atrial remodeling. The effects of
miR-31 up-regulation on the atrial electrical phenotype were dependent on nNOS-derived
NO and were reproduced in atrial myocytes from the 7NVos™~ mouse in which dystrophin
content was unaltered, suggesting that the observed reduction in dystrophin in human AF
had no direct impact on atrial action potential characteristics.

miR-31 inhibition in atrial myocytes from patients with AF resulted in a significant
prolongation of APD that was reversed upon nNOS inhibition, whereas the use of a mimic to
induce miR-31 overexpression in SR myocytes produced comparatively smaller effects. To
what extent the transfected miR-31 was bio-active is unclear; nevertheless, dystrophin and
nNOS content decreased in response to the miR-31 mimic, and the APD shortening was
similar to that observed after nNOS inhibition in SR atrial myocytes, suggesting that
remodeling of NO-sensitive targets by AF may account for the apparently larger effect of
miR-31 inhibition on APD in AF myocytes.

We did not investigate whether miR-31 also has a role in the down-regulation of ion
channels subunits in human AF. However, APD shortening and the increase in repolarizing
K* currents were detected after acute nNOS inhibition in atrial myocytes from patients in
SR and from wild-type mice as well as in AF myocytes after incubation with an miR-31
blocker, indicating that constitutive myocardial NO production can rapidly modulate
sarcolemmal ion currents, as suggested by previous investigations using NO donors (6). NO
donors, however, do not consistently reproduce the effects of NO released by constitutive
NOS isoforms (27, 28), because NOS subcellular localization is a critical determinant of
myocardial NO signaling (10, 11). nNOS inhibition did not mimic all the changes in atrial
ion currents described in long-standing persistent AF, where /ca and 4, are substantially
decreased, /kr is reduced or unchanged, and /1 is increased (29). However, in silico
modeling indicated that the increase in /- and /k1 accounted for most of the effect of
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nNOS inhibition on APDsy and APDgq in human atrial myocytes, whereas the impact of the
relatively small changes in /-5 and 4y on APD was negligible.

Our findings indicate that depleted atrial nNOS in the early stages of AF helps to stabilize
arrhythmia by shortening atrial refractoriness before changes in ion channel expression.
Because up-regulation of miR-31 is atrial-specific and its effects on atrial electrical
properties are rapidly reversible, interventions targeted to this pathway may provide an
effective and safer therapeutic option for patients with AF. In particular, because the efficacy
of AF ablation procedures in the medium to long term is relatively weak and repeated
interventions are often required to restore SR in symptomatic patients with persistent AF
(30), adjuvant interventions, such as local inhibition of relevant miRs, may prove an
effective strategy for reversing the atrial substrate that sustain AF and reducing the need for
reintervention. More advanced delivery strategies (for example, tissue-specific vectors and
promoters), as well as the identification of mechanisms leading to atrial miR-31 up-
regulation by AF, may circumvent the lack of cell-specific targeting that is currently a major
drawback of miR manipulation for therapeutic purposes (31).

Materials and Methods

Study design

The primary aims of this study were to evaluate whether NOS activity and constitutive NOS
isoforms were reduced in the presence of AF and to investigate the cause and impact of
impaired atrial NO production on AF-induced electrical remodeling in humans. We
estimated that to have >80% power at 2= 0.05 to detect a proportional reduction in NOS
activity of 30% in AF versus SR, we would need =15 patients per group. The same sample
size would allow us to detect 25% differences in protein density of NOS isoforms between
AF and SR with >90% statistical power. The explorative phase of the study was conducted
using whole-tissue homogenates from samples of the right atrial appendage obtained from
patients older than 18 years undergoing first-time elective cardiac surgery. Findings were
subsequently validated in human right atrial myocytes. Time- and chamber-specific trends in
the reduction of nNOS activity/protein were explored in a goat model of pacing-induced AF.
Follow-up mechanistic studies were performed in isolated human atrial myocytes, in goat
atrial and ventricular tissues, and in 7MVos™~ mice and their wild-type littermates.

For ion current measurements, we used three to six atrial myocytes per patient/mice and
planned the sample size, taking into consideration the variability of the measurements in our
hands and the effect size reported by other investigators in experiments using NO donors or
NOS inhibition in cardiomyocytes (6). Inhibitors and mimics were used to assess both the
loss and gain of function of miR-31 on dystrophin and NNOS mRNA and protein content
and on APD and APD rate-dependent adaptation in human atrial myocytes. In vivo studies
were not randomized, but experiments were carried out and analyzed with the operator blind
of the genotype. Similarly, analysis of current traces and all other experimental data was
carried out in a blinded fashion. No data were excluded from analysis, except those obtained
in atrial myocytes that did not survive the whole duration of the APD rate-dependent
adaptation protocol (24 of 209 myocytes).
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Investigations were approved by the local Research Ethics Committees or performed
according to the European directive on laboratory animals (86/609/EEC) or the Home Office
Guidance on the Operation of Animals (Scientific Procedures) Act 1986. All patients gave
informed written consent. A total of 278 patients, 77 mice, and 36 goats were included in the
study.

Female goats (45 to 61 kg) were instrumented, as described previously (32). AF was induced
by repetitive burst pacing and maintained for 2 weeks (n= 11) or 6 months (7= 9); sham-
operated goats in SR (/7= 16) were used as controls. Homozygous 7Nos™~ mice of both
sexes (3 to 4 months old, 7= 37) were compared to their wild-type littermates (7= 40).

NOS activity in human and goat atrial homogenates

Atrial NOS activity was evaluated by conversion of [C]L-arginine (Amersham) to citrulline
(in the presence of the arginase inhibitor Mw-hydroxy-nor-arginine; Calbiochem) by high-
performance liquid chromatography (25). Values are expressed as Mw-nitro-L-arginine
methyl ester hydrochloride (L-NAME)-inhibitable fraction.

Western blots

Immunoblotting in human, goat, and murine atrial homogenates and in human atrial
myocytes was performed as described previously (25). We used primary antibodies raised
against nNOS (Santa Cruz Biotechnology), eNOS (BD Transduction Laboratories),
dystrophin [NCL-DYS1 (rod domain) and NCL-DYS2 (C terminus); Novocastra, Leica
Biosystems, or Thermo Fisher Scientific], caveolin-3 and iNOS (inducible isoform of NOS)
(Abcam), al-syntrophin (AbD Serotec), a-actinin, and GAPDH (Millipore).
Immunodetection of the primary antibodies was performed using horseradish peroxidase—
conjugated secondary antibodies (Promega). For some experiments, membrane and cytosolic
fractions were separated by multiple centrifugation steps, as described previously (33).

Immunoprecipitation assay for dystrophin and nNOS in right atrial homogenates

Atrial samples were homogenized on ice, centrifuged (13,0009 at 4°C for 15 min), and
immunoabsorbed with anti-nNOS or anti-dystrophin antibodies (NCL-DYS1). Immune
complexes were precipitated for 3 hours by the addition of Protein A/G—conjugated agarose
(Santa Cruz) and immunoblotted with anti-nNOS and anti-dystrophin antibodies; agarose
beads with immunoglobulin (Ig) G/A alone were used as control for nonspecific binding.

Immunohistochemistry

Immunostaining was performed in OCT (optimal cutting temperature compound)—embedded
cryosections of human atrial tissue, whereas colocalization between dystrophin and nNOS
was evaluated in human atrial myocytes. Briefly, cryosections or myocytes were fixed in
precooled (=20°C) acetone/methanol (1:1) solution, air-dried and rinsed in phosphate-
buffered saline (PBS), blocked with serum-free blocking reagent (DAKO, Agilent
Technologies), and incubated with an anti-dystrophin or anti-nNOS antibody overnight at
4°C. After multiple rinsing steps with 0.1% PBST (PBS with Tween 20), secondary Alexa
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Fluor antibodies (Invitrogen) were applied for 1 hour at room temperature. Imaging was
performed using a Zeiss LSM 510 or Leica DM 6000 CFS confocal imaging system.

Quantitative real-time polymerase chain reaction analysis

We compared the expression of dystrophin, nNOS, and miR-31 transcripts using quantitative
polymerase chain reaction (QPCR) in human and goat cardiac tissue or in human atrial
myocytes. Briefly, total RNA was extracted with the miRNeasy Kit (QIAGEN) or mirVana
Kit (Applied Biosystems) according to the manufacturer’s instruction. Quantitative reverse-
transcriptase PCR (qRT-PCR) was carried out using the QuantiTect Reverse Transcription
Kit (QIAGEN) and TagMan Gene Expression Assays for dystrophin and nNOS (Applied
Biosystems; assay IDs: human dystrophin 3’UTR, Hs01049460_m1; human dystrophin
central domain, Hs00758098 m1; human dystrophin 5"UTR, Hs01049418 _m1; and human
nNOS, Hs00167223 m1). For miR-31 gRT-PCR, the TagMan MicroRNA Reverse
Transcription Kit, TagMan MicroRNA Assay stem-loop primers, and TagMan Universal
Master Mix were used (all from Applied Biosystems).

For the gene expression assay on transfected human myocytes, a preamplification step was
used before the qPCR, in accordance with the manufacturer’s instruction. Each reaction was
performed in duplicates using ABI 7900HT Detection System (Applied Biosystems).
Relative quantification was obtained by using the comparative threshold cycle method
(2-AACY): the expression of the target gene was normalized to GAPDH or B-actin (for
dystrophin and nNOS transcripts), or to snoU6 (for miR-31expression) and related to a
control reference sample.

Ribonucleoprotein immunoprecipitation with Ago2 in human right atrial myocytes

The ribonucleoprotein immunoprecipitation (RIP) assay was carried out to assess interaction
between dystrophin or 7iVOS mRNA with miR-31 within the RISC. Human atrial myocytes
from patients with AF were transfected for 48 hours with an LNA-based miR-31 TSB (20
nM) for dystrophin or 7NOS, or the corresponding nontargeting negative control. RIP was
performed using the Magna RIP kit (Millipore). Briefly, cells were washed in PBS (three
times) before lysis in 100 pl of complete RIP lysis buffer and incubated with magnetic beads
conjugated with anti-Ago2/elF2C2 antibody (Abcam) or rabbit IgG (Millipore) and rotated
overnight at 4°C. Coimmunoprecipitated RNA, including miR/mRNA complexes, was
subjected to gPCR and miR gPCR. Expression of dystrophin and nNVOS genes was
normalized to miR-31 and calculated using the comparative threshold cycle method (2-22CY).

miR-31 target predictions

Using six prediction algorithms, that is, DIANAmMT, miRanda, miR-Walk, PicTar5, PITA,
and Targetscan (for reference, refer to MiRWalk program: www.umm.uni-heidelberg.de/
apps/zmf/mirwalk/serverfull.php), in silico analysis predicted binding of miR-31-5p to
nNOS 3'UTR at five sites (table S6).

Reporter assay

All reporter constructs were derived from pcDNA3.1/Hygro(+) vector (Life Technologies).
A dual fluorescence reporter (pCMV-dEGFP-SV40-ECFP) was generated by cloning the
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dEGFP gene into Bam HI and Not | sites downstream of the cytomegalovirus (CMV)
promoter and by replacing the hygromycin resistance gene downstream of the SV40
promoter with enhanced cyan fluorescent protein (ECFP) using sequence overlap extension
PCR. A fragment of the dystrophin 3"UTR [~500 base pairs (bp)] or two fragments (named
part 1 and part 2, ~500 bp each) of the 7/VOS 3" UTR, centered on each of the predicted
miR-31 target binding sites, were cloned into the pCMV-dEGFP-SV40-ECFP vector. Site-
directed mutagenesis was used to create reporter constructs in which miR-31 target sites
were individually or globally disrupted (fig. S4). HEK293T cells were cotransfected with
reporter constructs (250 ng) and miRIDIAN miR-31 mimic (a double-stranded sequence of
RNA oligonucleotides) or negative control #1 (10 nM for nNOS sensor and 50 nM for
dystrophin sensor, both from Dharmacon) using a polyethylenimine transfection reagent
(Invitrogen) in antibiotic-free Dulbecco’s modified Eagle’s medium containing 2% fetal
bovine serum. The effect of miR-31 on GFP (green fluorescent protein) fluorescence was
measured by fluorescence-activated cell sorting (FACS) (CyAn, DakoCytomation) 48 hours
after transfection. dEGFP (destabilized enhanced GFP) was measured using a 488-nm laser
and a 530/40-nm emission filter. ECFP was measured using a 405-nm laser and a 450/50-nm
emission filter; ~50,000 (for nNOS sensors) and ~20,000 (for the dystrophin sensors) events
were recorded per sample.

Electrophysiological recordings

Whole-cell voltage and current-clamp experiments were carried out in human and murine
right atrial myocytes as described in the Supplementary Methods.

In vivo transesophageal burst pacing

AF induction was assessed in isofluorane (2%)—anaesthetized mice by transesophageal burst
pacing, as described previously (34). Briefly, a 1.7-French catheter was advanced into the
esophagus to capture the atria and deliver the electrical stimuli. Two pairs of intradermal
electrodes were implanted to monitor ECG signals throughout the experiment. All electrical
signals were preamplified and recorded using the Spike2 software (version 7.09). Each burst
was composed of 40 external stimulations at 1.5 times the threshold for atrial capture,
starting from a cycle length of 60 ms and decreasing at each successive burst by 2 ms, down
to a final cycle length of 10 ms. A series of 25 bursts were repeated three times in each
animal. An AF episode was defined as a period of rapid irregular atrial rhythm lasting at
least 2 s.

In silico modeling

Simulation studies were conducted using a population of virtual human atrial models based
on Maleckar et al.’s model (35), as described in the Supplementary Methods.

Statistical analysis

Student’s ¢ftest was used in two-group comparisons. Multiple groups of normally distributed
data of similar variance were compared by one- or two-way ANOVA, in some cases, after
log transformation. For multiple comparisons, the Bonferroni’s corrected 2 value is shown.
Kruskal-Wallis test, Mann-Whitney Utest, or Wilcoxon test was used when the normality
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assumption was not met. Categorical variables were compared by XZ test; Fisher exact test
was used to compare surgical procedures. All statistical analyses were performed using
GraphPad Prism v5 or v6.04. A value of £< 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Editor's Summary
Rhythm remodeling traced to tiny RNA

Atrial fibrillation (AF) is characterized by abnormal heart rhythms and can be caused by
a variety of risk factors ranging from obesity to diabetes. Although treatments exist, AF is
famously able to recur by “remodeling” the heart tissue electrically and structurally to
maintain its unsteady beat. Reilly et a/. have discovered a small noncoding RNA, miR-31,
that is responsible for a string of signals that allowfor such remodeling. An increase in
miR-31 led to depletion of neuronal nitric oxide synthase (nNOS) and repression of
dystrophin (which binds nNOS in muscle cells) in the fibrillating atrial myocardium of
both humans and goats. These mechanistic findings were further explored in mice.
Because up-regulation of miR-31 and the resulting loss of dystrophin and nNOS in AF
are specific to the atrium, it may be possible to target interventions to this remodeling
pathway, thus providing a safer therapeutic option for patients with AF than those that are
currently available, including ablation and ion channel blockers.
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Fig. 1. Loss of atrial nNOS in AF contributesto atrial electrical remodeling.
(A) Atrial NOS activity (percent conversion of L-arginine to L-citrulline, reflecting NO

synthesis) in right atrial (RA) and left atrial (LA) tissues from goats at 2 weeks (2W) or 6
months (6M) of AF (=6 to 8) or SR (n=9 to 11). Data are averages + SEM. Pvalues were
determined by one-way analysis of variance (ANOVA) with Bonferroni correction. (B)
nNOS immunoblots in goat atrial tissue at 2 weeks or 6 months of AF (7=6to 8) or SR (n=
9to 11). Data are medians and interquartile ranges. P values were determined by Kruskal-
Wallis test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) Representative
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chromatograms of L-citrulline production (left) and average atrial NOS activity + SEM
(right) in RA samples from patients in SR (7= 17) or AF (7= 19). Pvalue was determined
by unpaired ftest. (D) nNOS protein content in human RA myocytes from patients in SR (7
=19) or AF (n=12). Murine brain was used as positive control for nNOS (lane marked with
+). Data are averages + SEM. Pvalue was determined by unpaired #test. (E) Effect of NNOS
inhibition with SMTC on APDgg in RA myocytes from patients in SR or AF. Representative
action potential traces (left panel) and average APDgg £ SEM (right panel). Pvalues were
determined by one-way ANOVA with Bonferroni correction. Vm, membrane potential. (F)
Frequency-dependent change in APDgg in RA myocytes from patients in SR or AF in the
presence or absence of SMTC. Data are averages + SEM. **P< 0.01, ****P< 0.0001
versus SR; £=0.0003 for the interaction between groups and stimulation frequency (not
shown), by two-way ANOVA with Bonferroni correction. (G) The effect of nNOS inhibition
or gene deletion on APDgg in murine RA myocytes. Data are averages + SEM. Pvalues
were determined by one-way ANOVA with Bonferroni correction. In (E) to (G), NVis the
number of animals, whereas 1 is the number of cells. WT, wild type.
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Fig. 2. nNOS disruption increases potassium cur rents and promotes AF induction in mice.
(A) Representative traces of the transient outward K* current, elicited by the voltage

protocol above, in atrial myocytes from patients in SR in the presence or absence of NNOS
inhibition with SMTC. (B and C) Average current-voltage relationship of the 4-
aminopyridine (4-AP)-sensitive ultrarapid delayed rectifier current, /k (B), and the inward
rectifier current, /1 (C), in the presence or absence of SMTC. Data are averages + SEM. N,
number of patients; 72, number of cells. Pvalues for the interaction between voltage and
treatment (SMTC) were determined by two-way repeated-measures ANOVA with
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Bonferroni correction. (D) Simulation of the effect of the changes in ion current density
elicited by SMTC on the atrial action potential in an in silico population of human atrial SR
models (7= 640). (E) In silico evaluation of the impact of the increases in ion current
density elicited experimentally by nNOS inhibition on the APDgg and APDgg of human
atrial myocytes. Experimental data in atrial myocytes are shown below for comparison. (F)
Probability of AF induction by atrial burst pacing and duration of the induced AF episodes
in WT (7= 19) and nNos™~ mice (n= 18) in vivo. Representative electrocardiogram (ECG)
traces after atrial burst pacing (left) and median values with 95% confidence intervals
(right). Pvalues were determined by Mann-Whitney U'test.
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Fig. 3. Loss of dystrophin and miR-31 up-regulation in human AF.
(A and B) Immunostaining for nNOS and dystrophin (DYS) in atrial myocytes or

cryosections from patients in SR or AF. Scale bars, 20 um. Data in the bar graph are medians
with interquartile ranges (17 = 4 per group). P value was determined by Mann-Whitney U
test. (C) Dystrophin (DYS or D) and nNOS immunoprecipitation (IP) and immunoblotting
(IB) (n= 5 biological repeats per group). (D) Immunoblots of dystrophin and nNOS in the
membrane (M) and cytosolic (C) fraction of atrial tissue homogenates from patients in SR or
AF (n= 4 biological repeats per group). (E) Immunoblots for dystrophin, a.1-syntrophin
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(a1-SYN), and caveolin-3 (Cav-3) in atrial tissue from patients in SR (7= 9) or AF (n=10).
Data are averages + SEM. Pvalues were determined by unpaired ftest. (F) 7/NVOS mMRNA
expression in atrial myocytes from patients in SR or AF. (G) Dystrophin mRNA expression
in atrial myocytes from patients in SR or AF. (H) miR-31 expression in atrial myocytes from
patients in SR or AF. Transcripts were normalized to GAPDH (dystrophinand nNOS) or
snoU6 (miR-31). Data are averages = SEM (F) or medians and interquartile ranges (G and
H). Pvalues were determined by unpaired #test (F) or Mann-Whitney Utest (G and H). (1)
miR-31 expression in left ventricular (LV) and left atrial (LA) tissue from goats in SR (7=
11) or AF (n=T7). Data are averages + SEM. Pvalues were determined by one-way ANOVA
with Bonferroni correction.
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Fig. 4. Atrial miR-31, dystrophin, and nNOS in patientswith paroxysmal AF and in those who
developed AF after cardiac surgery.

(A to D) Expression of miR-31 (A), dystrophin (B), and nVOS (C) mRNA and dystrophin
and nNOS immunoblots (D) in right atrial tissue from patients with paroxysmal AF (n=5 to
8) or SR (n =6 to 8). The positive control for NNOS and dystrophin (indicated by +) is
murine skeletal muscle. Data are averages = SEM. (E to H) Expression of miR-31 (E),
aystrophin (F) and nNVOS (G) mRNA and dystrophin and nNOS immunablots (H) in right
atrial tissue from patients in SR who developed AF after cardiac surgery (n= 18 to 12)
versus those who remained in SR postoperatively (7= 8 to 11). The positive control for
nNOS and dystrophin (indicated by +) is murine skeletal muscle. Data are medians and
interquartile ranges (E and F) or averages £ SEM (G and H). All comparisons (A to H)
between SR and AF were not significant [unpaired ¢test or Mann-Whitney Utest (E and F)].
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Fig. 5. miR-31 tar gets dystrophin and nNOS mRNA.
(A) Effect of an miR-3' TSB on the aystrophin3’UTR (n= 9) [versus non-targeting control

(NC); n=T7] on dystrophin and nNOS transcripts in Ago2 immunoprecipitates in atrial
myocytes from patients with AF. Data are medians and interquartile ranges. P values were
determined by Wilcoxon matched pairs test. (B) Effect of an miR-31 TSB for site 5 on the
nNOS 3UTR (n=9) versus NC (n=7) on dystrophin and nNOS transcripts in Ago2
immunoprecipitates in atrial myocytes from patients with AF. Transcripts were normalized
to miR-31. Data are averages + SEM. Pvalues were determined by paired ztest. (C) Effect
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of an miR-31 mimic (/=4 to 7) or NC (= 4 per group) on the rate of decay of nNOS and
aystrophin mRNA (normalized to GAPDH) in actinomycin D-treated atrial myocytes from
patients in SR (expressed as percentage of the respective mRNA at 0 hour). Data are
averages £ SD. ***P< 0.001 versus NC at the respective time point; Pvalue is also given
for the interaction between treatments (NC and miR-31 mimic) and time, by two-way
ANOVA with Bonferroni correction. (D and E) Effect of nVOS[site5]-TSB (7= 8) or NC (n
=5) on nNOS or dystrophin mRNA (D) and protein content (E) in atrial myocytes from
patients with AF. Data are averages + SEM except for 7VOS in (D), which are medians and
interquartile ranges. Pvalues were determined by unpaired #test or Mann-Whitney U'test
[for nNOSin (D)]. (F and G) Effect of dystrophin-TSB (7= 5) or NC (n7=5) on nNOS or
aystrophinmRNA (F) and protein content (G) in atrial myocytes from patients with AF.
Data are averages + SEM except for nNOS in (G), which are medians and interquartile
ranges. Pvalues were determined by unpaired ¢test or Mann-Whitney U test [for nNOS in

(G)].
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Fig. 6. Inhibition of miR-31 recoversnNOS and dystrophin and restores APD in AF.

(A and B) Effect of an miR-31 inhibitor (a-miR-31; 7= 9) or a nontargeting negative
control (NC; n=5to0 9) on nNOS or dystrophin protein and mRNA in atrial myocytes from
patients with AF. Data are averages £ SEM. Pvalues were determined by paired ftest (A) or
unpaired ¢test (B) when the tissue sample was not sufficient to provide aliquots for paired
comparisons of miR-31 inhibition and NC. (C) APDg of atrial myocytes from patients with
AF treated with a-miR-31 in the presence or absence of the nNOS inhibitor SMTC. Left:
representative data traces. Right: Averages + SEM. Pvalues were determined by one-way
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ANOVA with Bonferroni correction. (D) APDg rate-dependent adaptation in atrial
myocytes from patients with AF treated with a.-miR-31 in the presence or absence of
SMTC. Data are averages £ SEM. **P < 0.01 versus a-miR-31; £< 0.0001 for the
interaction between treatment and frequency (not shown), by two-way repeated-measures
ANOVA with Bonferroni correction. (E) Effect of a-miR-31 or NC on miR-31 expression in
atrial myocytes from patients with AF (7= 4 to 6) or SR (7= 5 to 6). Data are medians and
interquartile ranges. Pvalues were determined by Kruskal-Wallis with Dunn’s correction. (F
and G) Effect of a-miR-31 or NC on protein (F) or mRNA expression (G) of dystrophin
(protein, n=7 per group; mMRNA, n= 6 per group) or nNOS (protein, n=5to 6; mMRNA, n=
4 to 5 per group) in atrial myocytes from patients in SR. Data are averages + SEM except for
aystrophinin (G), which are medians and interquartile ranges. P values were determined by
unpaired ftest or Mann-Whitney U'test [for dystrophinin (G)].
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miR-31 mimic in atrial myocytes from patients in SR
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Fig. 7. miR-31 overexpression depletes nNOS and dystrophin and shortens APD in SR.
(A to C) Effect of miR-31 overexpression with an miR-31 mimic [versus nontargeting

control (NC) (A)] on dystrophin and nNOS protein [7=5 per group (B)] or mRNA [n=5to
9 (C)] in atrial myocytes from patients in SR. Data are averages + SEM except for miR-31
(A) and dystrophin (C), where they are medians and interquartile ranges. P values were
determined by unpaired ftest or Mann-Whitney Utest [miR-31 in (A) and dystrophin in
(C)]. (D) APDgg in SR atrial myocytes treated with an miR-31 mimic or NC. Left:
Representative data traces. Right: Average values + SEM. Pvalue was determined by
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unpaired ttest. (E) APDgq rate-dependent adaptation in SR myocytes treated with an
miR-31 mimic or NC. Data are averages + SEM. P= 0.227 for the effect of treatment with
the miR-31 mimic, and £ = 0.378 for the interaction between treatment and frequency by
two-way repeated-measures ANOVA. In (D) and (E), NVis the number of patients, and 77is
the number of cells. (F) Summary diagram of the main findings: atrial miR-31 up-regulation
in atrial myocytes from patients with AF accelerates 7/VOS mRNA decay and alters nNOS
subcellular localization and protein stability by inhibiting dystrophin translation. The
resulting reduction in nNOS-derived NO contributes to the AF-induced electrical
remodeling and, thus, to the maintenance and progression of AF.
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