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Long non-coding RNA AK055347 is upregulated
in patients with atrial fibrillation and regulates
mitochondrial energy production in myocardiocytes
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Abstract. The role of long non-coding RNAs (IncRNAs) in
atrial fibrillation remains to be fully elucidated. The current
study performed microarray analysis to investigate differen-
tial IncRNA expression profiling in atrial samples from the
pulmonary vein and the surrounding left atrial area (LA-PV)
and from the left atrial appendage (LAA) in 16 patients
with atrial fibrillation (AF). Microarray analysis identified
94 IncRNAs that were differentially expressed between the
LA-PV and LAA in patients with AF. AK055347 was one
of IncRNAs with the most significant alterations observed.
Knockdown of AK055347 inhibited cell viability of HOC2
cardiomyocytes, accompanied by downregulation of Cyp450
and ATP synthases. In addition, microarray analysis identi-
fied that MSS51 was a target of AK055347. Knockdown of
AKO055347 inhibited the expression of MSS51 in HOC2 cells.
The observations of the current study suggest that IncRNAs
are differentially expressed in the LA-PV and LAA in patients
with AF. AK055347 may contribute to the pathogenesis of AF
by dysregulating mitochondrial energy production via regula-
tion of Cyp450, ATP synthase and MSS51.

Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia, char-
acterized as an irregular and rapid heart rate. AF has been
identified to be associated with ischemic stroke, hyperten-
sion, and heart failure (1-3). The incidence of AF increases
with increasing age (4), and with the increasing population of
elderly patients, AF is predicted to cause increased morbidity
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and mortality. However, the etiology of AF is complex and
unclear, and inherited and environmental factors have been
reported to be involved (5,6).

The progression of AF is commonly accompanied with
alterations in gene expression, thus resulting in abnormal protein
expression expression (7,8). A previous study identified that long
non-coding RNAs (IncRNAs), endogenous RNAs >200 nucleo-
tides in length that do not code for functional proteins, regulate
the gene expression of numerous proteins (9). Several studies
have demonstrated that IncRNAs are associated with diseases
including cancer (10), endocrine diseases (11), liver diseases (12)
and heart diseases (13,14). IncRNAs are important in the regula-
tion of cardiogenesis (14) and associated with numerous cardiac
diseases such as myocardial infarction (15), heart failure (16)
and left ventricular hypertrophy (17). However, the association
between IncRNAs and AF has not been explored yet.

Previous studies have demonstrated that AF is associated
with a higher demand of energy in cardiomyocytes (18,19).
Additional studies have demonstrated that AF is associated
with impaired energy synthesis or consumption (20-22).
Therefore, alterations in the energy metabolism may contribute
to the pathogenesis of AF (22). IncRNAs have been observed
to serve a role in the energy metabolism in brown adipose
tissues (23). It remains unclear whether IncRNAs are involved
in energy metabolism in cardiomyocytes.

It has been reported that compared with the left atrial
appendage (LAA), the pulmonary vein and the surrounding
left atrial area (LA-PV) exhibited with 391 differentially
expressed genes thatincluded genes associated with arrhythmia
cell death and inflammation, suggesting that region-specific
gene expression may contribute to AF pathogenesis (8). In the
present study, microarray analysis was conducted to investigate
the differential IncRNA expression profiling in atrial samples
from the LA-PV and from the LAA in patients with AF. The
purpose of the present study was to identify region-specific
expression of IncRNAs in patients with AF and to define the
functional role of IncRNA in HOC?2 cells.

Materials and methods

Patients. The Medical Ethics Committee of the First Affili-
ated Hospital of Harbin Medical University (Harbin, China)
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approved the experiments of the present study, and all
patients gave their informed consent prior to the study. The
current study included paired LA-PV and LAA samples from
16 patients with persistent AF undergoing cardiac surgery. The
LA-PV samples were used as the experimental group and the
LAA samples were used as the control group. All patients had
a history of AF >6 months prior to surgery. AF was diagnosed
by evaluation of medical records and 12-lead electrocardio-
gram observations.

Microarray analysis. Total RNAs were isolated from atrial
samples in the experimental and control groups using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) according to manufacturer's protocol.
The mRNAs were purified from total RNA subsequent to
removal of rRNA (mRNA-Only Eukaryotic mRNA Isola-
tion kit; Epicenter; Illumina, Inc., San Diego, CA, USA).
Each sample was then and transcribed into cRNA along the
entire length of the transcripts without 3' bias using a Super-
Script Double-Strand Synthesis kit (Invitrogen; Thermo
Fisher Scientific, Inc.). The cDNAs were labeled with Cy3
using Quick-Ampl labeling kit (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Labeled miRNAs were hybrided
to the human microarray chip (Human LncRNA Micro-
array V2.0). Hybridization signals were detected using an
Agilent scanner. Images were quantified using the Agilent
Feature Extract software, version 11.0 (Agilent Technologies,
Inc.). Differential expression of IncRNA between the experi-
mental and control groups was identified by volcano plot. The
IncRNAs with =2 fold changes between the experimental and
control groups were selected.

Analysis of the association of IncRNAs with target mRNAs.
Pearson correlation analysis was used to determine the
association of the IncRNA AKO055347 with direct regulated
expression of target mRNAs. mRNAs with high Pearson's
correlation coefficients (>0.75) were selected as the targets of
IncRNA AK055347.

Cell culture. HOC2 cells, a clonal cell line of cardiomyocytes
derived from embryonic rat heart tissues, were obtained from
the American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco's modified Eagle's medium
(Invitrogen; Thermo Fisher Scientific, Inc.) containing 10%
fetal bovine serum (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA), 100 U/ml penicillin and 100 mg/ml strepto-
mycin. The cells were maintained in a humidified atmosphere
with 5% CO, at 37°C. Cells were subcultured at 1:3 ratio every
3 days.

Small interfering RNA (siRNA). The rat cDNA sequence was
analyzed for potential siRNA target sequences. Three oligo-
nucleotides were analyzed for the inhibition of the expression
of AKO055347. The siRNAs tested were as follows: siRNA #1,
5'-gaggaucuac uguuaacaga-3' (sense) and 5'-cuccuagaugac
aauuguucu-3' (antisense); siRNA #2, 5'-cauaccaccaagccu
ucuu-3' (sense) and 5'-guauggugguucggaagaa-3' (antisense);
siRNA #3, 5'-cguguccucucugcugucucc-3' and 5'-gcacaggagacg
acagagg-3'. H9C2 cells were transfected with siRNAs using
Lipofectamine 2000.
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Cell viability. Cell viability was analyzed using the Cell
Counting Kit 8 (CCK-8) assay (Dojindo Molecular Technolo-
gies, Inc., Shanghai, China). Cells were seeded into a 96-well
plate at a density of 10* cells/well. Cells were transfected with
siRNAs and cultured in 5% CO, at 37°C for 48 h. CCK-8
solution (10 ul) was added to each well and cultured for an
additional 2 h. Absorbance was measured at 490 nm using
a MultiSkan 3 microplate reader (Thermo Fisher Scientific,
Inc.).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was isolated from H9C2 cells
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. RNA was
reverse transcribed into cDNA using the reverse transcriptase
of Moloney murine leukemia virus (Promega Corporation,
Madison, WI, USA). RT-qPCR was performed in a final
volume of 20 ul containing 2 ul cDNA, 1 ul of each primer,
and 10 ¢l SYBR Green (Applied Biosystems; Thermo Fisher
Scientific, Inc.). Primers used for amplification of AK055347
were 5'-AACTCCTAACACATCTCT-3' (sense) and 5'-CTA
AGGTAGTCAGTCTCA-3' (antisense). U6 was used as a
housekeeping gene. The reaction conditions were as follows:
95°C for 10 min; 95°C for 15 sec, 55°C for 1 min with
40 cycles. Melting curve analyses were performed to verify the
amplification specificity. The gene expression ACq values of
AKO055347 from each sample were calculated by normalizing
with internal control U6. The relative expression of AK055347
was calculated using 2-22°4 method (24).

Western blotting. H9C2 cells were homogenized on ice in
lysis buffer. Lysates were centrifuged at 13,000 x g at 4°C for
20 min. The supernatants were collected and protein concen-
trations were determined using a Bicinchoninic Acid Protein
Quantitation kit (Abcam, Cambridge, MA, USA). Proteins
were resolved using 10-12% SDS-PAGE, and transferred
onto polyvinylidene fluoride membranes by electroblotting.
Membranes were incubated with primary antibodies against
Cyp450 (ab196836; rabbit anti-rat; monoclonal; 1:100; Abcam),
adenosine triphosphate (ATP) synthase (ab54880; mouse
anti-rat; monoclonal; 1:100; Abcam) and MSS51 (ab63801;
mouse anti-rat; monoclonal; 1:100; Abcam). The antibodies
were incubated at 4°C overnight. GAPDH (cat. no. BM1623;
Wuhan Boster Biological Technology, Ltd., Wuhan, China)
was used as a loading control. Membranes were then incu-
bated with horseradish peroxidase-conjugated goat anti-mouse
(cat. no. ab6789) or anti-rabbit (cat. no. ab6721) secondary
antibodies (1:10,000; Abcam) at room temperature for 40 min.
Bands were visualized by exposure to X-ray film (Kodak,
Rochester, NY, USA). Images were acquired by scanning
the films, and band gray values were analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij/index.html).

Immunofluorescence staining. H9C2 cells were grown on glass
coverslips in sterile 6-well plates until confluence was reached.
Cells were then rinsed with phosphate-buffered saline (PBS)
three times, and fixed in 4% paraformaldehyde for 15 min at
room temperature. The cells were then permeabilized with
0.5% Triton X-100 for 20 min. Subsequent to three washes with
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Figure 1. Microarray analysis of the long non-coding RNA expression profile between the LA-PV and LAA in patients with AF. LA-PV, pulmonary vein and
the surrounding left atrial area; LAA, left atrial appendage; AF, atrial fibrillation.

PBS, cells were incubated with primary antibodies against
MSS51 (abl65144; mouse anti-rat; polyclonal; 1:100; Abcam)
at 4°C overnight. PBS without primary antibodies was used as
anegative control. After the primary antibody was removed by
washing in PBS, immunoreactivity was detected by incubation
in fluorescein isothiocyanate-coupled secondary antibodies
(goat anti-mouse IgG; 1:100; cat. no. ab6785; Abcam) at room
temperature for 1 h. Cells were counterstained with DAPI.
Following washing of the coverslips with PBS, the cells were
examined and photographed with a fluorescence microscope
(Olympus Corporation, Tokyo, Japan).

Statistical analysis. Analyses were performed using SPSS
software, version 13.0 (SPSS, Inc., Chicago, IL, USA). All
values are presented as the mean + standard deviation.
One-way analysis of variance followed by Bonferroni's test
was used to compare the differences. P<0.05 was considered
to indicate a statistically significant difference.

Results

IncRNAs are abnormally expressed in patients with
AF. In order to investigate the role of IncRNAs in AF,
microarray-based profiling analysis was conducted using
LA-PV and LAA tissue samples in patients with AF. By
comparing the expression profiles between LA-PV and LAA
tissue samples, 94 IncRNAs were identifed that were either
significantly upregulated or downregulated (>2 fold change) in
LA-PV samples compared with LAA samples (Fig. 1). Table I
presents the top 10 IncRNAs including AK055347, AK310040,
AK026494, BC010527, AK027294, AB007979, AK091573,
UC003gev.1, AK125186 and U9981. AK055347 was selected
for further analysis.

Knockdown of IncRNA AK055347 inhibited cell viability in
H9C?2 cells. The role of IncRNA AKO055347 in cell viability
in HOC2 cells was investigated using siRNA to knockdown
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Table I. The expression levels of the top ten IncRNAs with the
most significant changes between LA-PV and LAA tissues.

IncRNAs LAA LA-PV P-values
AKO055347 5.178 6.565 <0.00001
AK310040 3.736 4.823 0.0006
AK026494 6.273 7.159 0.004
BC010527 5.309 6.156 <0.0001
AK027294 5708 6.515 0.00187
AB007979 4.898 3.710 <0.0001
AKO091573 6.428 5.196 <0.0001
UCO003qev.1 9.524 8.210 <0.0001
AK125186 6.391 4969 <0.0001
U9981 8.788 7.069 <0.0001

IncRNAs, long non-coding RNAs; LA-PV, pulmonary vein and the
surrounding left atrial area; LAA, left atrial appendage.

Table II. The proteins that are targets of AK055347 predicted
by Pearson correlation analysis.

Proteins AKO055347
FAM78B 0.991284
MSS51 0.916019
PPMIE 0.886859
CCDC19 0.865633
AKRI1BI10 0.850339
OSBPL6 0.823617
GALNTLS 0.80761
CENPN 0.778999
NUP62CL 0.775631
BODIL2 0.766192

IncRNA AKO055347. RT-qPCR results demonstrated that
siRNA#1, #2 and #3 significantly downregulated AK055347
expression in H9C2 cells (Fig. 2A). Knockdown of AK055347
significantly reduced cell viability of HOC2 cells (Fig. 2B).

Knockdown of IncRNA AK055347 inhibited the expression
of Cyp450 and ATP synthase in H9C2 cells. The protein
expression of Cyp450 and ATP synthase was measured in
HOC2 cells treated with siRNAs against AK055347. Western
blotting indicated that knockdown of AK055347 inhibited
the expression of Cyp450 and ATP synthases in HOC2 cells

(Fig. 3).

Knockdown of IncRNA AK055347 inhibited the
metabolism-associated protein MSS51 in H9C2 cells. Micro-
array analysis indicated that MSS51 protein was associated
with the expression of the IncRNA AKO055347 (Table II). It
was further investigated whether IncRNA AKO055347 regu-
lated the expression of the metabolism-associated protein
MSS51 in HOC2 cells treated with siRNAs against IncRNA
AKO055347, using immunofluorescence and western blotting.
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Figure 2. Knockdown of AK055347 inhibited cell viability in HOC2 cells.
(A) The expression of AK055347 in HOC2 cells treated with NC, siRNA#I,
siRNA#2 and siRNA#3 against AK055347. (B) The viability of H9C2 cells
treated with NC, siRNA#1, siRNA#2 and siRNA#3 against AK055347.
“P<0.05 vs. NC. NC, negative control; siRNA, small interfering RNA.

Immunofluorescence staining indicated that knockdown of
AKO055347 reduced the expression of MSS51 in HOC2 cells
(Fig.4A). Consistent with immunofluorescence results, western
blotting results indicated that knockdown of AK055347 inhib-
ited the expression of MSS51 in HOC2 cells (Fig. 4B).

Discussion

Increasing evidence has demonstrated that IncRNAs serve
an important role in the control of the gene regulatory
network via transcriptional and post-transcriptional regula-
tion and epigenetic targeting (25,26). The tissue-specific gene
expression programs are finely controlled during heart devel-
opment (27). Previously, IncRNAs have been demonstrated to
be important for cardiac lineage commitment and heart devel-
opment (28,29). The important role of IncRNAs in the heart is
further supported by several studies indicating that IncRNAs
are associated with numerous cardiac diseases including
myocardial infarction (15), heart failure (16) and left ventric-
ular hypertrophy (17). However, it remains unclear whether
IncRNAs are involved in AF. In the present study, microarray
analysis was used to investigate the IncRNA expression profiles
between two left atrial regions, LA-PV and LAA in patients
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Figure 3. Representative western blot showing the expression of Cyp450 and ATP synthase in HOC2 cells treated with NC, siRNA#1, siRNA#2 and siRNA#3
against AK055347. ATP, adenosine triphosphate; NC, negative control; siRNA, small interferring RNA.
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Figure 4. Knockdown of AK055347 inhibited MSS51 in HOC2 cells. (A) Representative immunofluorescence staining for MSS51 in H9C2 cells treated with
NC, siRNA#1, siRNA#2 and siRNA#3 against AK055347. (B) Representative western blot showing the expression of MSS51 in HOC2 cells treated with NC,
siRNA#1, siRNA#2 and siRNA#3 against AK055347. NC, negative control; siRNA, small interfering RNA.

with AF. A total of 94 IncRNAs were identified to be differen-
tially expressed between the LA-PV and LAA in patients with
AP. AK055347 was one of IncRNAs with the most significant
alterations, thus the function of A055347 in H9C2 cardiomyo-
cytes was assessed using siRNA to knock down AK055347.
Knockdown of AK055347 inhibited cell viability of HOC2

cells, accompanied by downregulation of Cyp450 and ATP
synthases. Furthermore, microarray analysis identified that
MSS51 was a target of AK055347. The microarray result was
confirmed by immunofluorescence and western blot analysis
results indicating knockdown of AKO055347 inhibited the
expression of MSS51 in HOC2 cells. The results of the current
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study suggest that the IncRNA AKO055347 may contribute to
the pathogenesis of AF.

It has been reported that LA-PV is an important region for
AF (30). Yeh et al (8) reported that 391 genes were differen-
tially expression between the LA-PV and LAA in patients with
persistent AF, including genes associated with arrhythmia,
cell death, inflammation and hypertrophy. Similarly, it was
identified that IncRNAs also exhibited this region-specific
expression between LA-PV and LAA. A total of 94 IncRNAs
that were differentially expressed between the two regions
were identified. In addition, it was observed that knockdown
of AK055347 inhibited cell viability in HOC2 cells, suggesting
that AK055347 may be associated with cell survival in cardio-
myocytes.

Previous studies have demonstrated that AF is associated
with energy synthesis or consumption (20-22). Mitochondria
produce energy via the process of oxidative phosphorylation,
and mitochondrial dysfunction has been identified to be
associated with AF (31,32). It has been reported that mito-
chondrial ATP synthase is upregulated in an animal model of
AF (19). In the present study, it was demonstrated that IncRNA
AKO055347 was upregulated in the LA-PV in patients with AF,
and knockdown of AK055347 significantly downregulated
the expression of ATP synthase in H9C2 cells, suggesting
that AK055347 may regulate mitochondrial energy produc-
tion during AF. This hypothesis was further supported by
the observations that knockdown of AK055347 reduced the
expression of Cyp450, the terminal oxidase enzymes in elec-
tron transfer chain.

MSS51 is a specific mitochondrial cytochrome ¢ oxidase
(COX) regulator that is important for COX1 assembly (33,34).
It has been reported that MSS51 promotes COX1 translation
via interaction with the 5'-UTR of COXI1 and inhibits trans-
lation via interaction with newly synthesized COX1 (35,36).
This dual effect of MSS51 is important for correct assembly
of COX in the respiratory complex (37). In the present study,
microarray analysis demonstrated that MSS51 was the target
of IncRNA AKO055347. Furthermore, the expression of MSS51
was significantly downregulated in H9C2 cells subsequent
to knockdown of AK055347. The current study suggests that
AKO055347 may regulate COX1 assembly via targeting its
regulator MSS51.

In summary, a total of 94 IncRNAs were identified
that were differentially expressed between the LA-PV and
LAA in patients with AP. In addition, it was demonstrated
that AK055347 was important for cell survival, due to the
fact that knockdown of AKO055347 significantly inhib-
ited viability of H9C2 cells. Furthermore, knockdown of
A055347 inhibited the expression of mitochondrial Cyp450,
ATP synthase, and MSS51, suggesting that AK055347 may
inhibit mitochondrial energy production. The present study
suggests that IncRNAs may contribute to AF pathogenesis,
and the IncRNA AKO055347 may regulate mitochondrial
energy production via regulation of Cyp450, ATP synthase
and MSS51.
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