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Abstract

Atrial fibrosis influences atrial fibrillation (AF) development by transforming growth factor beta 1 (TGF-p1)/Smad pathway.
Although microRNAs are implicated in the pathogenesis of various diseases, information regarding the functional role of
microRNAs in atrial dysfunction is limited. In the present study, we found that microRNA-27b (miR-27b) was the dominant
member of miR-27 family expressed in left atrium. Moreover, the expression of miR-27b was significantly reduced after
angiotensin II (AnglI) infusion. Masson’s trichrome staining revealed that delivery of miR-27b adeno-associated virus to left
atrium led to a decrease in atrial fibrosis induced by Angll. The increased expression of collagen I, collagen III, plasminogen
activator inhibitor type 1 and alpha smooth muscle actin was also inhibited after miR-27b upregulation. In isolated perfused
hearts, miR-27b restoration markedly attenuated Angll-induced increase in interatrial conduction time, AF incidence and AF
duration. Furthermore, our data evidence that miR-27b is a novel miRNA that targets ALKS, a receptor of TGF-f1, through
binding to the 3’ untranslated region of ALKS mRNA. Ectopic miR-27b suppressed luciferase activity and expression of
ALKS, whereas inhibition of miR-27b increased ALKS luciferase activity and expression. Additionally, miR-27b inhibited
Angll-induced Smad-2/3 phosphorylation without altering Smad-1 activity. Taken together, our study demonstrates that miR-
27b ameliorates atrial fibrosis and AF through inactivation of Smad-2/3 pathway by targeting ALKS, suggesting miR-27b
may play an anti-fibrotic role in left atrium and function as a novel therapeutic target for the treatment of cardiac dysfunction.
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Introduction

Atrial fibrosis, which results in atrial fibrillation (AF),
myocardial infarction or hypertension, is highly prevalent
in heart failure [1, 2]. Multiple studies have evidenced the
ability of angiotensin-inhibition for reducing atrial fibrosis
and AF [2, 3]. One of the most common pathways govern-
ing angiotensin-mediated cardiac remodeling and fibrosis is
the transforming growth factor beta (TGF-p) superfamily,
in particular TGF-B1 [4, 5]. TGF-B1 binds with its hetero-
meric receptor complex consistent type I receptor/activin
like kinase 5 (ALKS5) and type II receptor (TGF-BRII) [4,
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6]. The activation of ALKS5 phosphorylates downstream
effectors such as Smad-2 and Smad-3 and promotes their
translocation into the nucleus, leading to transcription of
pro-fibrotic genes [5, 7].

MicroRNAs (miRNAs) are a kind of endogenous, con-
served, small (22 nucleotides in length) and noncoding
RNAs s that regulate the target genes post-transcriptionally by
binding to the 3’ untranslated region (3’ UTR) [8]. Accumu-
lating evidences have unveiled the critical role of miRNAs
in the initiation and development of cardiovascular disease.
For instance, plasma level of miR-208b has been suggested
to be a diagnostic marker for myocardial infarction similar
to troponine T [9, 10]. Circulating miR-483 was associated
with the occurrence of postoperative AF [11]. Several stud-
ies have demonstrated higher level of miR-9, miR-374a,
miR-454, miR-152 and miR-64 in AF patients and lower
level of miR-99b, miR-150 and miR-328 [12—14], suggesting
these miRNAs may be promising biomarkers for AF. Also,
functional studies indicate that some miRNAs involve in
atrial fibrosis and AF. Lu et al. reported that upregulation of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13577-018-0208-z&domain=pdf

252

Y.Wang et al.

miR-328 with in vivo adenovirus reversed AF susceptibility
in atrial tachypacing (A-TP) dogs [15]. Bernardo et al. dem-
onstrated that inhibition of miR-154 with locked nucleic acid
(LNA)-based anti-miR-154 was associated with less atrial
fibrosis and improved cardiac function [16]. These findings
suggest that manipulation of miRNA can be a promising
therapeutic approach. In the current study, we provide the
first evidence identifying miR-27b as an essential regulator
of TGF-B1/ALKS5/Smad-2/3 pathway, atrial fibrosis and AF
by directly targeting ALKS. MiR-27b alleviated angiotensin
II (Angll)-induced atrial fibrosis and arrhythmias. Our data
indicate that miR-27b may be a novel therapeutic target for
the treatment of cardiac pathologies associated with cardiac
fibrosis and dysfunction.

Materials and methods
Materials and reagents

The adeno-associated virus (AAV) encoding miR-27b
(AAV-27b) or GFP (AAV-GFP) were packaged into cap-
sids from AAV-9 serotype by Oobio Company (Shang-
hai, China). Titers were 1.0 x 10'? viral genomes (vg)/ml.
Angiotensin II (Angll), Masson’s trichrome reagent, pento-
barbital sodium and paraformaldehyde were obtained from
Sigma (MA, USA). RPMI-1640 medium, fetal calf serum
(FCS), penicillin, streptomycin, OptiMEM I medium and
Lipofectamine 2000 were purchased from Invitrogen (CA,
USA). Antibodies against ALKS, phospho-Smad-1, Smad-1,
phospho-Smad-2/3, Smad-2/3 and GAPDH were obtained
from Santa Cruz (CA, USA).

Animal experiments

8-week-old male wild-type C57BL/6 mice were obtained
from the Jackson Laboratory (CA, USA) and housed in
cages under a 12 h/12 h light—dark cycle with free access
to water and to the diets. Before AngllI infusion, mice were
anesthetized with pentobarbital sodium (40 mg/kg, ip) and
chest cavity was opened by an incision. The pericardium
was carefully opened using ophthalmic tweezers. 1.0x 10"!
vg of AAV-GFP or AAV-27b in a final volume of 10 pl was
injected into the pericardial space using a 36-gauge needle.
After virus delivery, mice were implanted with an osmotic
minipump (Alzet pumps Model 1002, Alzet, CA, USA) con-
taining 200 pl of either phosphate buffered saline (PBS) or
AngllI at a dose of 2.0 mg/kg/day, for a period of 14 days.
Sham-operated mice underwent the same procedure with
the placement of osmotic minipumps containing PBS. All
mice (n=100) were randomly divided into 4 groups: Sham
(n=40), Angll (n=40), Angll AAV-GFP (n=10), Angll
AAV-27b (n=10). According to the time points (1, 5, 10
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and 14 days), the first two groups were further divided into
4 subgroups (n=10/group).

MiR-27b in situ hybridization

The probes for in situ hybridization of miR-27b and U6 were
purchased from Exiqon (Vedbaek, Denmark). 4-pum tissue
microarray (TMA) slides were prepared, deparaffinized,
deproteinized, and pre-hybridized with hybridization buffer
without probe. The hybridization was performed overnight
in hybridization buffer with pre-denatured miR-27b or U6
probes. After washing, the slides were incubated with an
alkaline phosphatase-conjugated anti-DIG Fab fragments
(1:1500, Roche, IN, USA) and visualized for color detection.

Histological analysis of fibrosis

Mice were anesthetized with pentobarbital sodium and the
whole hearts were excised. The tissues were immersed in 4%
paraformaldehyde, embedded in paraffin, sliced into 5-mm-
thick sections, and stained with Masson’s trichrome. The
photos were taken from the left atrium and analyzed using
quantitative image analysis software (Image J 1.57, NIH,
MD, USA) to compute the area of fibrosis as a percentage
of the full left atrium area.

Quantitative polymerase chain reaction (qPCR)

Total RNA from left atrium was isolated using RNAeasy
Mini Kit (Qiagen, NV, Netherlands) according to the manu-
facturer’s instructions and determined by UV spectrometry.
MiR-27a and miR-27b level was measured using TagMan®
Micro Assay Kit (Thermo Fisher Scientific, IL, USA). To
measure the mRNA expression of collagen I, collagen III,
plasminogen activator inhibitor type 1 (PAI-1) and alpha
smooth muscle actin (a-SMA), total RNA was reverse-
transcribed using a ReverTra ACE qPCR RT Kit (Toyobo,
Osaka, Japan). qPCR reactions were performed with ABI
7500 Real-Time PCR System (Applied Biosystems, CA,
USA) using Fast SYBR® Green Master Mix Kit (Applied
Biosystems). The relative mRNA expression index was
normalized with U6 or GAPDH. The primer sequences
for qPCR of gene expression were as follows: collagen I,
5'-CTAGCCAACCGTGCTTCTCA-3" and 5-TTGGTC
AGCACCACCAATGT-3'; collagen III, 5'-ACGTAAGCA
CTGGTGGACAG-3' and 5'-GGAGGGCCATAGCTGAAC
TG-3'; PAI-1, 5'-AGCTTTGTGAAGGAGGACCG-3' and
5'-CAGGGATGCAGACCCCAAAT-3"; a-SMA, 5'-CCT
GGCCTAGCAACACTGAT-3' and 5'-CGCAAGGCTTGA
TGCAAGTT-3'; ALKS, 5'-TAAAGACAACTGCCAGCC
CT-3' and 5'-CGCCTCCACGAGGTCATATT-3'; GAPDH,
5'-GGGCACGAAGGCTCATCATT-3' and 5'-AGAAGG
CTGGGGCTCATTTG-3".
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Echocardiography

On day 14, cardiac function was evaluated by transtho-
racic echocardiography (RMV 707B, Visual Sonics, ON,
Canada). A 30-MHz linear array transducer was used to
record the parasternal long- and short-axis views and guide
M-mode analysis. The left ventricular fractional shorten-
ing (LVES), left ventricular ejection fraction (LVEF), left
ventricular end-diastolic diameter (LVDA), left ventricular
end-systolic diameter (LVDs) and left ventricular posterior
wall (LVPW) were determined.

Electrophysiological studies of perfused hearts

At the end of experimental period, ex vivo electrophysi-
ological studies were performed in isolated perfused hearts
using Langendorff apparatus as described previously [17,
18]. After dissecting the surrounding tissues, the hearts
were stabilized for 10 min by perfusion via the aorta with
a constant flow of Tyrode’s solution (pH 7.4) containing
140 mM NacCl, 5.4 mM KCl, 2 mM MgCl,, 1.8 mM CaCl,,
10 mM glucose and 10 mM HEPES at 37 °C. A silver
bipolar electrode was placed on the appendages of the left
atrium and right atrium, and bipolar cardiac electrograms
were recorded using a bio-amplifier system (PowerLab 8/30,
AD Instruments, New South Wales, Australia). The effective
refractory period (ERP) of the left atrium was determined
by programmed atrial electrical stimulation with shortening
of one extra S2 stimulus using 8 regularly paced beats with
cycle lengths (CLs) of 90, 120 and 150 ms. The interatrial
conduction time (IACT) was measured when the inter-elec-
trode distance between left atrium and right atrium was set
at 10 mm. AF inducibility was examined by S3 extrastimulus
pacing method, of which the intervals of S1-S2 and S2-S3
were the same.

Cell culture and miRNA transfection

HEK?293T cells were obtained from the Cell Bank of Chi-
nese Academy of Medical Science (Shanghai, China) and
maintained in RPMI-1640 medium containing with 10%
FCS, 100 U/ml penicillin and 100 U/ml streptomycin at
37 °C, 5% CO,, and 95% O,. For miRNA transfection, miR-
27b mimics or miR-27b inhibitor, mimics negative control or
inhibitor negative (Rio Biotechnology, Guangzhou, China)
were diluted with OptiMEM I medium and transfected
into cells with Lipofectamine 2000 according to supplier’s
instructions.

Luciferase assay

The predicted binding sites of ALKS were retrieved using
a computational mRNA target analysis database (http://

www.microRNA.org). The 3’ UTR of ALKS, which con-
tains the predicted binding site for miR-27b, was cloned into
the pMIR vector (RiboBio Co., Ltd, Guangzhou, China),
referred to as wild-type ALKS 3’ UTR. The mutant 3' UTR
of ALKS gene by substitution of 5 bp from seed region of
miR-27b was synthesized and inserted into the equivalent
reporter vector. HEK293T cells (2 x 10°/well) were seeded
in 24-well plates and then cotransfected with luciferase
reporter (ALKS5 3" UTR or mutant ALKS 3’ UTR) and miR-
27b mimics or miR-27b inhibitor using Lipofectamine 2000
for 48 h. Luciferase activity were quantified using a dual
luciferase reporter system (Promega, WI, USA) according
to the manufacturer’s protocols.

Western blotting analysis

The left atrium tissues or HEK293T cells were lysed in
RIPA lysis buffer (Beyotime Institute of Biotechnology,
Shanghai, China) containing 1% protease and phosphatase
inhibitors (Pierce Biotechnology, IL, USA). Protein concen-
tration of each sample was quantified using a bicinchoninic
acid kit (BioRad, CA, USA). Equal proteins were electro-
phoresed on 8-10% SDS polyacrylamide gel and transferred
to nitrocellulose membranes (Millipore, MA, USA). Blots
were blocked with 5% skim milk in TBS and then incubated
with primary antibodies. Afterwards, the membranes were
washed with PBS three times and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Beyo-
time Institute of Biotechnology) for 1 h at room temperature.
The membranes were exposed to enhanced chemilumines-
cence kit (Thermo Fisher Scientific) and quantified by Image
J software.

Statistical analysis

Data were reported as mean value + standard error of mean
(SEM) and compared by two-tailed Student’s ¢ test or one-
way ANOVA, followed by the Bonferroni multiple compari-
son test. Statistical analysis was performed by SPSS 18.0
software (SPSS Inc., IL, USA). P<0.05 was considered
statistically significant.

Results

MiR-27b expression is decreased in left atrium
by Angll

MiR-27 family comprises 2 miRNAs: miR-27a and miR-
27b. qPCR results displayed that the expression of miR-27b
was about fivefold higher than that of miR-27a in left atrium
(Fig. 1a). MiR-27a expression in left atrium was not signifi-
cantly influenced by Angll infusion (Fig. 1b). Interestingly,
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Fig. 1 Decreased expression
of miR-27b in left atrium of a 6
Angll-treated mice. a qPCR
analysis of miR-27a and miR-
27b in left atrium. b, ¢ C57BL/6
mice were infused with AnglIl

at a dose of 2.0 mg/kg/day,

for 1, 5, 10 and 14 days. The
total RNA was isolated from
left atrium, and the expres- 0-
sion of miR-27a (b) miR-27b
(c) was determined by qPCR.
**P <0.01 vs. corresponding
Sham group, n=>5. d Repre-
sentative ISH staining images
showing decreased miR-27b
expression in left atrium after
AnglI treatment for 14 days
compared with Sham group.
The U6 was detected by ISH as
an internal control
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with regard to miR-27b expression, Angll infusion deceased
miR-27b expression level by a time-dependent manner
(Fig. 1c). Consistently, in situ hybridization analysis with
miR-27b DIG probe also showed that the expression of miR-
27b was significantly lower in left atrium of Angll-infused
mice than those of Sham mice (Fig. 1d). These data sug-
gest that the change of miR-27b may be associated with the
pathogenesis of atrial fibrosis and AF.

Elevation of miR-27b expression blocks
Angll-induced atrial fibrosis

To investigate the effects of miR-27b on the sequelae of
Angll-induced atrial dysfunction, mice were infected with
specific AAV encoding miR-27b followed by 14-day Angll
infusion. Masson’s trichrome staining of left atrium showed
that Angll treatment significantly increased atrial fibrosis
compared with Sham mice. However, miR-27b overexpres-
sion resulted in a reduction in atrial fibrosis (Fig. 2a, b).
We next examined the expressions of collagen I, collagen
III, PAI-1 and a-SMA, which are well known as important
factors of heart fibrosis. gPCR analysis showed that AnglIl
induced a marked increase in the mRNA expression of col-
lagen I, collagen III, PAI-1 and a-SMA, which was inhibited
by upregulation of miR-27b (Fig. 2c—f).

MiR-27b overexpression reduces atrial arrhythmias
Based on the inhibitory effects of miR-27b on atrial fibrosis,

we subsequently aimed to determine the role of miR-27b in
AF. The physiological and echocardiographic parameters are
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shown in Table 1. Compared with Sham mice, body weight
was significantly lower in Angll-infused mice. AAV-27b had
no effect on the loss of body weight. However, overexpres-
sion of miR-27b reversed Angll-induced increase of heart
weight and the ratio of heart weight to body weight. Echo-
cardiographic analysis showed that left ventricular fractional
shortening, left ventricular ejection fraction and left ven-
tricular end-systolic diameter remained unchanged among
the 4 groups. Angll infusion led to concentric hypertrophy,
evidenced by a decrease in left ventricular end-diastolic
diameter and an increase in left ventricular posterior wall.
No significant differences were observed between AnglI-
infused and AAV-27b-treated Angll-infused mice. In addi-
tion, there were also no significant differences in left-atrial
effective refractory period among the 4 groups (Fig. 3a). But
the interatrial conduction time was significantly increased
in Angll-infused mice. This prolongation was attenuated
after AAV-27b infection (Fig. 3b). In Angll-infused mice,
the incidence of AF induced by S3 extrastimuli was 63%
(5/8 mice). However, this incidence was decreased to 38%
(3/8 mice) after AAV-27b infection (Fig. 3¢). Moreover,
AF duration was also shorter in 3 of 8 AAV-27b-treated
AngllI-infused mice compared with 5 of 8 Angll-infused
mice (Fig. 3d).

MiR-27b directly targets at ALK5 3' UTR

To understand the mechanism by which miR-27b protects
against Angll-induced atrial fibrosis and AF, we used com-
putational mRNA target analysis online software to search
the potential target gene of miR-27b. The results showed
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Fig.2 MiR-27b upregulation a b
ameliorates Angll-induced Sham
atrial fibrosis. a Mice were 3 Sham
injected with adeno-associated HEl An g Il
virus (AAV) encoding miR-27b 3 An g I+AAV-GFP
(AAV-27b) or GFP (AAV-GFP)
followed by infusion of Angll 3 An g I+AAV-27b
for 14 days. Representative — 30~ *%
images revealed Masson’s X %k T
trichrome staining of left atrium : .L
each group. b The degree o 20+
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morphometric analysis. ¢—f ‘®» 10-
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that ALKS, a gene known to be involved in the regulation
of cardiac fibrosis, may be the target of miR-27b. A 8-bp
fragment of ALKS5 3" UTR is complementary to the miR-27b
seed sequence (Fig. 4a). By cotransfection with miR-27b
mimics or miR-27b inhibitor and ALKS 3’ UTR luciferase
reporter into HEK293T cells, the luciferase assay showed
that overexpression of miR-27b decreased, while inhibition
of miR-27b reduced the luciferase activity of ALKS 3' UTR.
When cells were transfected with the mutant ALKS 3" UTR

luciferase reporter, neither miR-27b mimics nor inhibitor
influenced the luciferase activity (Fig. 4b, c¢). In agreement
with the above observations, miR-27b mimics effectively
decreased the mRNA expression of ALKS, whereas oppo-
site results were obtained in cells transfected with miR-27b
inhibitor (Fig. 4d, e). Furthermore, the effect of miR-27b
on endogenous ALKS5 protein expression was determined.
Consistently, the protein expression of ALKS after miR-27b
mimics or inhibitor transfection showed the similar changes
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Table 1 Physiological and

) ! Parameter Sham Angll
echocardiographic parameters
- AAV-GFP AAV-27b

Body weight (g) 25.6+0.6 21.7 +1.4%* 22.0+£0.9%* 22.3+0.8%*
Heart weight (mg) 104.5+1.9 145.1 £5.4%* 1523 £6.1%* 134.2+3.3"
Heart/body weight (mg/g) 4.1+0.2 6.5+0.3%* 6.7+0.5%* 5.8+0.2%
LVFES (%) 551+1.7 523+28 53.3+0.6 S51.5+2.1
LVEF (%) 75.6+09 76.4+1.1 77.5+1.5 76.7+0.8
LVDd (mm) 3.13+012 2.64+0.11%* 2.77+0.24%% 2.72+0.18%*
LVDs (mm) 1.62+0.11 1.65+0.22 1.71+0.09 1.61+0.14
LVPW (mm) 0.63+0.08 0.89+0.12%%* 0.84 +0.04** 0.86+0.10%*

LVFS left ventricular fractional shortening, LVEF left ventricular ejection fraction, LVDd left ventricular
end-diastolic diameter, LVDs left ventricular end-systolic diameter, LVPW left ventricular posterior wall

##P <0.01 vs. Sham; #P <0.01 vs. Angll, n=8

-3- Sham

Fig.3 Enforcing miR-27b a
-3- Angll

expression inhibits atrial

arrhythmias. a—d Electro-

physiological study of isolated

perfused hearts. Effective 70+

=~ Angll+AAV-GFP
=7 Angll+AAV-27b

b -3- Sham
-=- Angll
-4~ Angl+AAV-GFP
=7 Angl+AAV-27b
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interatrial conduction time — 654 — E\E\E
(IACT) (b), incidence of AF g g 50
(¢) and AF duration (d) were ~ 50- = ?‘ T T
determined. BCLs basic cycle % 5 #4 L I i
lengths. **P <0.01 vs. Sham; W 55 < 404 g-__ = o
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in the mRNA expression (Fig. 4f, g). These data indicate that
miR-27b negatively regulates ALKS expression.

MiR-27b upregulation inhibits activation
of Smad-2/3 signaling

We next measured the activation of Smad signaling as down-
stream of ALKS. Although Angll caused a marked increase
in Smad-1 phosphorylation, this phosphorylation level
remained unchanged after AAV-27b infection (Fig. 5a, b).
Of note, miR-27b overexpression inhibited Angll-induced
increase of Smad-2/3 phosphorylation (Fig. 5c, d). These

@ Springer

d =3 sham
El Angll
3 Angll+AAV-GFP
= Angll+AAV-27b

20
/U? 5 *k
~1 Hok
c
<}
£ 10 T
3, 1 .
z
0

results suggest that miR-27b attenuates ALKS-Smad-2/3
signaling in Angll-induced atrial fibrosis and AF.

Discussion

The central finding of this study is that miR-27b was the only
member of the miR-27 family that was significantly down-
regulated in left atrium from Angll-infused mice. In support,
using gain-function strategy, we found that miR-27b amelio-
rated atrial fibrosis and AF by directly targeting ALKS, an
effect that inhibited activation of Smad-2/3 signaling. Taken
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a , b 3 ALK5 3 ALK5
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Fig.4 MiR-27b directly targets ALKS 3" UTR. a Predicted miR-27b
seed matches to the sequence in the 3’ UTR of ALKS. b, ¢ Dual lucif-
erase activity assay was performed by co-transfection of luciferase
reporter containing ALKS 3'-UTR or the mutant one with miR-27b

mimics (miR-27b-m) (b) or miR-27b inhibitor (miR-27b-i) (¢) in

Fig.5 MiR-27b overexpression
attenuates Angll-induced Smad-
2/3 signaling activation in left
atrium. a Smad-1 phosphoryla-
tion and total Smad-1 protein
expression were determined

in left atrium isolated from
Sham, Angll, and Angll-treated
with AAV-GFP or AAV-27b.

b Densitometric analysis of
phosphorylated level of Smad-1.
¢ Smad-2/3 phosphorylation
and total Smad-2/3 protein
expression were determined

by western blotting. d Densi-
tometric analysis of Smad-2/3
phosphorylation was performed.
#%P<(.01 vs. Sham; #P<0.01
vs. Angll, n=>5

Angll
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6‘\,6 / v?,

P-Smad-1 S S— a— —
GAPDH w— s cm— a—w
Smad-1 m— c— — —

GAPDH “e s S— S—

& A°
N N\
B

%‘\&“ s
D-SMad-2/3 e —

GAPDH w— s < <

SMAC-2/3 | e c— — —

GAPDH e s < <—

HEK?293T cells. d, e qPCR analysis of ALKS mRNA expression in
cells transfected with miR-27b mimics (d) and miR-27b inhibitor
(e) for 48 h. f, g The protein expression of ALKS was determined by
western blotting. **P < (.01 vs. control, n=6
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together, our study indicates that miR-27b may serve as an
important negative regulator of atrial fibrosis and AF.

In the last two decades, precise miRNA regulation is
emerging as an important mechanism that involves in the
pathogenesis of various diseases. Since several specific miR-
NAs expressions were found to be changed in cardiac hyper-
trophy and heart failure of experimental models, miRNA
regulation was first described in 2006 in cardiovascular
diseases [19]. Importantly, miRNAs are more stable than
many mRNA moieties and even some proteins. Therefore,
this stability has been indicated to exploit to function as a
novel gene therapeutic approach in some diseases, includ-
ing atrial fibrosis [8, 20]. MiR-27b belongs to the miR-27
family, which include 2 mature miRNAs: miR-27a and miR-
27b. This miRNA family has been well recognized as an
important regulator of cardiovascular events. MiR-27a/b
overexpression was able to inhibit adipocytes differentia-
tion, which is closely associated with the initiation of obesity
[21, 22]. Furthermore, miR-27a/b regulated the metabolism
of cellular cholesterol in THP-1 macrophages by targeting
lipoprotein lipase and thus prevented atherosclerosis [23,
24]. With regard to cardiac function, miR-27b is cardiopro-
tective and pro-angiogenic in a mouse model of myocardial
infarction [20]. Previous study reported that miR-27b dis-
played an overt myocardial expression during heart devel-
opment [25]. In the present study, we found that miR-27b
is the dominant miR-27 family member expressed in left
atrium. This result is consistent with the reports that miR-
27b is highly expressed in the adult heart by microarrays [26,
27]. Interestingly, its expression was dramatically decreased
after Angll infusion indicating a potential role of miR-27b
atrial fibrosis and AF. Here, we investigated whether restora-
tion of TIMP3 expression by local delivery of adenoviral in
left atrium, could ameliorate AnglI-induced atrial dysfunc-
tion. We found that elevation of TIMP3 attenuated AnglI-
induced atrial fibrosis, accompanied by inhibition of pro-
fibrotic genes expression. Moreover, the improvement in AF
by miR-27b upregulation may be attributed to the reduced
atrial fibrosis, it does not appear that these are regulated by
normalizing left intra-atrial pressure because left ventricu-
lar end-diastolic diameter and left ventricular posterior wall
remained unchanged after AnglI infusion.

To investigate the mechanisms which allow miR-27b to
ameliorate atrial fibrosis and AF in vivo, a computational
mRNA target analysis database was used to predict the tar-
gets of miR-27b. The potential targets of miR-27b that could
be involved in inflammation led us to focus on ALKS, also
known as TGF-BRI, which regulates cardiac remodeling and
fibrosis [6]. It has been well documented that TGF-p1 partic-
ipates in the progressive remodeling of cardiac fibrosis and
heart failure [5, 28, 29]. The pro-fibrotic effects of TGF-f1
are exerted via TGF-B1 receptors (ALKS5 and TGF-BRII) and
their downstream effector Smad signaling [7]. Therefore,
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ALKS may be a promising target to block cardiac fibrosis.
Increasing evidences have demonstrated that ALKS5 regu-
lates cardiac fibrosis via miRNA-dependent mechanism, as
shown for miR-98, miR-22 and miR-101 [30-32]. In this
study, we found an inverse regulation of ALK5 by miR-27b.
Overexpression of miR-27b was associated with suppression
of ALKS expression and luciferase activity, whereas inhibi-
tion of miR-27b obtained opposite results. This data suggest
that miR-27b directly targets the 3’ UTR of ALKS. In addi-
tion, our findings provide the evidences for the first time
that miR-27b inhibited Smad-2/3 signaling by suppressing
ALKS expression. Overexpression of miR-27b did not affect
AngllI-induced Smad-1 phosphorylation, but was associated
with inhibition of Smad-2/3 phosphorylation. These obser-
vations was in line with a previous study, in a certain extent,
showing that lack of ALK1 expression decreased Smad1l
activity without altering Smad3 activity after transverse aor-
tic constriction [33]. Interestingly, a recent study found that
independent of TGF-f1/ALKS pathway, activation of activin
A/ALK4 signaling also contributed to the pathogenesis of
AngllI-induced atrial fibrosis [34]. It is generally accepted
that TGF-B1/ALKS and activin A/ALK4 signaling path-
ways share the same downstream effectors, Smad-2/3 [35].
Thus, further study to clarify the different pathways such as
activin A/ALK4 involved in the regulation of miR-27b in
atrial fibrosis and AF is warranted.

In conclusion, miR-27b limits atrial fibrosis and AF
through ALKS5/Smad-2/3 signaling by targeting ALKS.
These results reveal a novel anti-fibrotic role of miR-27b
in left atrium, suggesting that miR-27b may be a promising
therapeutic target for the treatment of cardiac dysfunction.
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