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Background-—Antisense long noncoding RNAs (lncRNAs) are single-stranded RNAs that overlapped gene-coding regions on the
opposite DNA strand and play as critical regulators in cardiovascular diseases. The high conservation and stability may be good
advantages for antisense lncRNAs. However, the roles of antisense lncRNAs in cardiomyocyte proliferation and cardiac
regeneration are still unknown.

Methods and Results-—In this study, we found that Silent information regulator factor 2 related enzyme 1 (Sirt1) antisense lncRNA
expression was significantly increased during heart development. By gain and loss function of Sirt1 antisense lncRNA using
adenovirus and locked nucleic acid, respectively, we demonstrated that Sirt1 antisense lncRNA promoted cardiomyocyte
proliferation in vitro and in vivo, and the suppression of Sirt1 antisense lncRNA inhibited cardiomyocyte proliferation. Moreover,
overexpression of Sirt1 antisense lncRNA enhanced cardiomyocyte proliferation, attenuated cardiomyocyte apoptosis, improved
cardiac function, and decreased mortality rate after myocardial infarction. Furthermore, Sirt1 antisense lncRNA can bind the Sirt1
30-untranslated region, enhancing the stability of Sirt1 and increasing Sirt1 abundance at both the mRNA and protein levels. Finally,
we found that Sirt1 was involved in Sirt1 antisense lncRNA-induced cardiomyocyte proliferation.

Conclusions-—The present study identified Sirt1 antisense lncRNA as a novel regulator of cardiomyocyte proliferation and cardiac
regeneration by interacting and stabilizing Sirt1 mRNA, which may serve as an effective gene target for preventing myocardial
infarction. ( J Am Heart Assoc. 2018;7:e009700. DOI: 10.1161/JAHA.118.009700.)
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D uring the past decade, long noncoding RNAs (lncRNAs)
have been identified and found to play crucial roles in

cardiomyocyte proliferation,1 apoptosis,2 and so on as well as
to strictly regulate several human cardiovascular diseases,
such as cardiac hypertrophy,3 ventricular arrhythmias,4 and
myocardial infarction (MI).5 Although lncRNAs are highly
abundant in human transcripts, many lncRNAs are not
conserved at the sequence level and are expressed only in
primates.6 The low conservation of lncRNAs makes screening
for the biological properties of only primate-specific lncRNAs

in humanized models or organoid cultures extremely chal-
lenging. Antisense lncRNAs are transcribed from the opposite
direction of their specific sense protein-coding genes or a
sense strand-derived RNA.7 Global transcriptome analyses
have confirmed that several antisense lncRNAs are
evolutionarily conserved in mammals.8 The conserved expres-
sion of antisense lncRNAsmaybe related toconservedexpression
of the corresponding protein-coding genes.8 Moreover, antisense
lncRNAs are more stable than the head-to-head bidirectional
transcripts, intronic RNAs, and promote-associated lncRNAs on
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the basis of genome-wide analysis.9 The conservation and stability
of antisense lncRNAs might be good indicators for their potential
biological functions.

Previous studies have revealed that antisense lncRNAs are
involved in various types of cell proliferation, such as
Metastasis Associated In Colon Cancer 1–antisense 1 in
gastric cancer cells,10 Zinc Finger E-Box Binding Homeobox
1–antisense 1 in prostate cancer cells,11 and Hepatocyte
Nuclear Factor 1-Alpha–antisense 1 in colon cancer cells.12

Moreover, an antisense lncRNA was proved to participate in
bone regeneration.13 In addition, antisense lncRNAs are
potentially involved in heart development. For example,
Kcnq1ot1, transcribed from the Kcnq1 locus, is imprinted in
early cardiac development and experiences a loss of imprint-
ing during cardiac development,14 which has already been
associated with atherosclerotic plaques as well as arsenic
trioxide–induced long-QT syndrome.15 However, there is no
direct evidence of antisense lncRNA modulation in cardiomy-
ocyte proliferation and cardiac regeneration after MI.

Sirt1 antisense lncRNA is fully overlapping with the Sirt1
mRNA 30 untranslated region (30-UTR) by base complementary
pairing principle.16 Previous studies have demonstrated that
Sirt1 antisense lncRNA promotes myoblast17 and endothelial
progenitor cell proliferation.18 Antisense lncRNAs can increase
the stability of their sense mRNAs by forming an lncRNA-mRNA
duplex and affect the sense mRNA expression.19 Sirt1
antisense lncRNA can bind to Sirt1 mRNA 30-UTR, subse-
quently increasing the stability of Sirt1 mRNA and promoting
C2C12 cell proliferation.17 Recently, we successfully identified
that Sirt1 promotes cardiac regeneration and prevents MI
progression. On the basis of the relationship between Sirt1
antisense lncRNA and Sirt1 mRNA, we speculated that Sirt1
antisense lncRNA may induce cardiomyocyte proliferation by
interacting with Sirt1 mRNA and increasing Sirt1 abundance.

In this study, we used adenovirus or adeno-associated
virus 9 (AAV9) vectors to overexpress, and locked nucleic
acid (LNA) inhibitor to deplete, Sirt1 antisense lncRNA levels
to elucidate the function of Sirt1 antisense lncRNA in
cardiomyocyte proliferation and cardiac regeneration after
MI. In addition, we proposed to clarify the molecular
mechanism by which Sirt1 antisense lncRNA promotes
cardiomyocyte proliferation. Our study provides a novel
insight into antisense lncRNA, which could be used as an
effective therapeutic approach in cardiac regeneration after
MI.

Materials and Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure. Other
researchers can contact the corresponding authors about
methodological questions.

Ventricular Cardiomyocyte Isolation
C57BL/6J mice, aged 1 and 7 days old, were purchased from
the Laboratory Animal Center of Southern Medical University.
All animal care and experimental procedures were approved
by the Institutional Animal Care and Use Committee of
Southern Medical University and followed the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Neonatal mice were euthanized by 2%
isoflurane inhalation and cervical dislocation. Then, ventricles
from neonatal mice were separated from the atria, cut into
pieces, and digested in 0.25% trypsin (Gibco, CA) at 4°C
overnight. Digestion was performed 2 more times using
collagenase type II (Gibco) and BSA (Sigma, Darmstadt,
Germany) in PBS at 37°C for 15 minutes under constant
stirring. Digestion was performed at room temperature in 15-
minute steps, collecting the supernatant with fetal bovine
serum (Gibco) after each step. The collected supernatant was
centrifuged to harvest the cells, which were resuspended in
DMEM/nutrient F-12 Ham medium (1:1) (Hyclone, UT)
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin (Sigma), and 100 mg/mL streptomycin (Sigma).
The collected cells were seeded onto 100-mm plastic dishes
for 2 hours at 37°C in a humidified atmosphere of 5% CO2.
The supernatant, composed mostly of cardiomyocytes, was
then collected and pelleted. The cells were resuspended in
DMEM/nutrient F-12 Ham medium containing 10% fetal
bovine serum, counted, and plated at the appropriate
density. For insulin-like growth factor 1 treatment experi-
ments, cardiomyocytes were treated with 50 ng/mL recom-
binant insulin-like growth factor 1 (Invitrogen, CA) for
48 hours.

Clinical Perspective

What Is New?

• Sirt1 antisense long noncoding RNA promotes cardiomy-
ocyte proliferation in vitro and in vivo.

• Sirt1 antisense long noncoding RNA decreases infarct size,
suppresses cardiomyocyte apoptosis, and enhances cardiac
function in a mouse myocardial infarction model.

• Sirt1 antisense long noncoding RNA interacts and stabilizes
Sirt1 mRNA, thereby increasing Sirt1 protein expression in
cardiomyocytes.

What Are the Clinical Implications?

• Our results indicate that Sirt1 antisense long noncoding
RNA might be a novel effective therapeutic target for
treating myocardial infarction.
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Adenovirus and Small-Interfering RNA
Transfection
The adenovirus overexpression Sirt1 antisense lncRNA was
synthesized by Vigene (Shandong, China). Sirt1 siRNA was
synthesized by Ribobio (Guangzhou, China). Isolated mouse
cardiomyocytes were seeded at 70% confluence and cultured
for 48 hours. For adenovirus transfection, variousmultiplicity of
infection (MOI) of adenovirus–Sirt1 antisense lncRNA (Ad-SAS)
or adenovirus-negative control (Ad-NC) was added to cells. For
siRNA transfection, 5 lL of Lipofectamine 2000 (Invitrogen)
and 50 nmol/L siRNAs were added in Opti-MEM medium
(Gibco). Themixed solution was incubated at room temperature
for 20 minutes and then added to the cells. The medium
containing adenovirus or siRNA was replaced after 6 hours of
incubation at 37°C with an equal volume of DMEM/nutrient
F-12 Ham medium. After 48 hours, the cells were subjected to
RNA or protein isolation or immunofluorescence analysis.

Injection of LNA, AAV9, and Adenovirus Vectors
Into Neonatal and Adult Mice
The AAV9 overexpression Sirt1 antisense lncRNA and aden-
ovirus depletion Sirt1 were synthesized by Vigene (Shandong,
China), and the LNA GapmeR inhibition Sirt1 antisense
lncRNA was synthesized by Exiqon (MA). In the experiments
using LNA, neonatal C57BL/6J mice were randomly intracar-
dially injected with the LNA-control or LNA–Sirt1 antisense
lncRNA at a dose of 5 mg/kg per animal using an insulin
syringe and a 30-gauge needle (Becton, Dickinson and
Company, NJ) on postnatal days 1 and 5. The hearts of the
injected mice were collected 10 days after LNA injection. For
adult mouse hearts, AAV9 vectors were used for transduction
in vivo. Mice were anesthetized with 2% isoflurane. Then, the
AAV9 vectors (AAV9-negative control [AAV9-NC] or AAV9-
Sirt1 antisense lncRNA [AAV9-SAS]) at a dose of 191011 viral
genome particles were randomly injected into the left
ventricle of each animal using an insulin syringe with a 30-
gauge needle. The AAV9 vectors were injected into the heart
at 5 sites, and the total volume injected into each heart was
20 lL. After surgery, the skin was disinfected and the animals
were revived by being maintained on a thermal insulation
blanket. In the experiments using the adenovirus vectors,
neonatal mice were anesthetized by cooling on an ice bed
for 5 minutes. After the fourth intercostal was dissected,
mice received random intracardiac injection with adenovirus-
control, Ad-SAS, Ad-SAS+Ad-small-interfering-negative control
(Ad-si-NC), or Ad-SAS+Ad-small-interfering-Sirt1 (Ad-si-Sirt1) at
a dose of 291010 viral genome particles per animal using
an insulin syringe with a 30-gauge needle. The virus was
injected into the neonatal heart at 3 sites, and the total volume
injected into each heart was 20 lL. Then, mice were placed

under a heat lamp and warmed for several minutes until
recovery.

RNA Isolation and Real-Time Quantitative PCR
Total RNA from isolated cardiomyocytes or dissected ventric-
ular heart tissue samples was extracted using the E.Z.N.A. Total
RNA Kit II (Norcross, GA), according to the manufacturer’s
instructions. Cytoplasmic and nuclear RNAs were separated
using an RNeasy Midi Kit (Qiagen, MA). The RNAs were treated
with DNase I (Invitrogen) to exclude the possibility of DNA
contamination. Then, cDNA was reverse transcribed from 1 lg
of total RNA using the PrimeScript RT Master Mix (TaKaRa,
Dalian, China). For the reverse transcription of Sirt1 antisense
lncRNA, the strand-specific primers, reverse primer of Sirt1
antisense lncRNA as the reverse transcription primers, were
used. Real-time quantitative PCR (qPCR) was performed with
the SYBRs Premix Ex Taq Kit (TaKaRa) on the Lightcycler480
instrument (Roche, Basel, Switzerland). GAPDH was used as a
housekeeping control to normalize gene expression using the
DD cycle threshold (Ct) method. For the quantification of
miRNA expression, the miRNA First Strand cDNA Synthesis
(Sangon, Shanghai, China) and MicroRNAs Quantitation PCR Kit
(Sangon) were used, according to the manufacturer’s instruc-
tions. U6 was used as an endogenous control to normalize
miRNA expression. All primers were designed by Sangon
Biotech Co, Ltd (Shanghai, China). The primer sequences were
as follows: Sirt1 antisense lncRNA, 50-AATCCAGTCATTAA
ACGGTCTACAA-30 (forward) and 50-AATCCAGTCATTAAA
CGGTCTACAA-30 (reverse); Sirt1, 50-TTGGCACC GATCCTC-
GAAC-30 (forward) and 50-CCCAGCTCCAGTCAGAACTAT-30

(reverse); Runt Related Transcription Factor 1 (RUNX1), 50-
AACCAGGTAGCGAGATTCAACGAC-30 (forward) and 50-CAA
CTTGTGGCGGATTTGTAAAGA-30 (reverse); c-kit, 50-CGGGCT
AGCCAGAGACATCA-30 (forward) and 50-TCTCTGGTGCCATC
CACTTCA-30 (reverse); Differentially-Expressed Protein 2
(DAB2), 50-TAGTCCAACAGAAAGCAAAG-30 (forward) and 50-
GAGGTGACTCCATTTGTTAAG-30 (reverse); GAPDH, 50-TGCTGAG
TATGTCGTGGAGTCT-30 (forward) and 50-ATGCATTGCTGA-
CAATCTTGAG-30 (reverse); miR-34a, 50-GTCGTATCCAGTG-
CAGGGTCCGAGGTATTCGCACTGGATACGACACAACCA-30 (re-
verse transcription primer), 50-CACGCATGGCAGTGTCTTAGC-30

(forward) and 50-CAGTGCAGGGTCCGAGGTA-30 (reverse); and
U6, 50-GCTTCGGCAGCACATATACTAAAAT-30 (forward) and
50-CGCTTCACGAATTTGCGTGTCAT-30 (reverse).

Myocardial Infarction
Healthy 2- to 3-week-old male C57BL/6J mice were purchased
from the Laboratory Animal Center of Southern Medical
University and singly housed in a temperature-controlled
(�22°C) environment with a 12-hour light/dark cycle and food
and water available ad libitum. The animals were habituated to
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the animal facilities for at least 1 week before use. Animal care
and experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Southern Medical
University and followed the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. MI was
generated by ligating the left anterior descending (LAD)
coronary artery in mice at 4 weeks. For surgical MI, mice
were anesthetized with 2% isoflurane. An ALC-V8S rodent
ventilator (ALCBIO, Shanghai, China) was used to supply
oxygen during the surgical procedure. The chests were opened
via a horizontal incision through the muscle between the fourth
and fifth intercostal space. The pericardium was then removed
in mice only. The LAD coronary artery was permanently ligated
with a 5-0 silk suture (Ningbo Medical Needle Co, Ningbo,
China). After surgery, the thoracic wall and skin were closed
with a 5-0 silk suture. Myocardial ischemia was confirmed by
ECG ST-segment elevation using an Animal Bio Amp (Adin-
struments, NSW, Australia). After ligation, AAV9 vectors
(AAV9-NC or AAV9-SAS) were randomly injected immediately
into the myocardium bordering the infarct zone using an
insulin syringe and a 30-gauge needle. After surgery, the skin
was disinfected and the animals were revived, while being
maintained on a thermal insulation blanket. All animal
procedures were approved by the Institutional Animal Care
and Use Committee of Southern Medical University and
followed the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. Hearts were collected at
28 days after infarction, as described below.

Echocardiography
To evaluate cardiac function and dimensions, transthoracic 2-
dimensional electrocardiography was performed on mice
anaesthetized with 2% isoflurane at 7, 14, 21, and 28 days
after LAD ligation, using a Vevo 2100 Imaging System (Visual
Sonics, ON, Canada) equipped with a 40-MHz probe. M-mode
tracings in the parasternal short-axis view were used to
measure the left ventricular internal diameter at end diastole
and end systole, which were used to calculate the left
ventricular fractional shortening and ejection fraction.

Tissue Collection
Mice were anaesthetized with 2% isoflurane and then
euthanized by an injection of 10% KCl. Their hearts and lungs
were excised, briefly washed in 0.9% NaCl, weighed, and fixed
in 10% formalin at room temperature. Then, the hearts were
embedded in paraffin and further processed for histological or
immunofluorescence analysis.

Triphenyl Tetrazolium Staining
The hearts were sliced into 4 sections and incubated in 1%
triphenyl tetrazolium (Macklin, Shanghai, China) for

15 minutes at room temperature away in the dark. The
staining samples were fixed in 10% neutral-buffered formalde-
hyde, and slices were then photographed. The areas of infarct
size were measured digitally using ImageJ software (National
Institutes of Health, Bethesda, MD).

Immunofluorescence Analysis
For in vitro cultured cardiomyocytes, the culture medium
was washed with PBS. Then, the cells were fixed with 4%
paraformaldehyde (Leagene, Beijing, China). For terminal
deoxynucleotidyl transferase–mediated dUTP nick end label-
ing staining, hearts were embedded in optimal cutting
temperature compound (Sakura Finetek, CA). Frozen sec-
tions of heart tissue were fixed with acetone, permeabilized
with 0.2% Triton X-100 PBS, and blocked with PBS
containing 1% BSA. For tissue paraffin slices, formalin-fixed
tissue slides were deparaffinized and antigen retrieval was
performed by microwaving in citrate buffer (0.1 mol/L, pH
6.0) for 14 minutes. Then, the cells or slides were incubated
with primary antibodies, including cardiac troponin T (cTnT)
(mouse; Abcam, Cambridge, UK), vimentin (chicken; Abcam),
ki67 (rabbit; Abcam), and histone H3 phosphorylated at
serine 10 (pH3) (rabbit; Abcam), for 2 hours at room
temperature. This was followed by incubation with goat
anti-mouse IgG/Alexa Fluor 488, goat anti-rabbit IgG/Alexa
Fluor 594, or goat anti-chicken IgG/Alexa Fluor 647
secondary antibodies (Biosynthesis, Beijing, China) for
1 hour at room temperature. The cells or slides were
subsequently washed and incubated with Hoechst 33 342
(Bioworld, MN). Cardiomyocyte borders were defined by
staining tissues with wheat germ agglutinin conjugated to
Alexa Fluor 555 (Invitrogen) in PBS. Apoptotic cell death was
determined by terminal deoxynucleotidyl transferase–medi-
ated dUTP nick end labeling staining (Roche), according to
the manufacturer’s instructions. Image acquisition was
performed with an LSM 880 confocal microscope (Zeiss,
Oberkochen, Germany).

Western Blotting
Isolated cardiomyocytes or dissected mouse ventricular heart
tissue samples were lysed in ice-cold radioimmunoprecipitation
assay buffer (Dingguo Changsheng, Beijing, China) with
protease and phosphatase inhibitors. Protein concentrations
were determined with the BCA Protein Quantitative Analysis kit
(Fudebio-tech, Hangzhou, China). Protein samples were sepa-
rated by 8% to 12% SDS-PAGE and transferred onto polyvinyli-
dene difluoride membranes (Millipore). The membranes were
incubated at room temperature for 2 hours in blocking buffer
(5% BSA in Tris-buffered saline and Tween 20 buffer). After
blocking, the membranes were incubated with primary
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antibodies overnight at 4°C. The following primary antibodies
were used: Sirt1 (Cell Signaling Technology, MA) and b-actin
(Biosynthesis, Beijing, China). After the membranes were

washed 3 times with Tris-buffered saline and Tween 20, they
were incubated with a donkey anti-rabbit IgG horseradish
peroxidase (Abcam) for 1 hour at room temperature. The

Figure 1. fesbSirt1 antisense (AS) long noncoding RNA (lncRNA) induces cardiomyocyte (CM) proliferation
in neonatal mice. A, Real-time quantitative PCR (qPCR) results of Sirt1 AS lncRNA between embryonic day 16.5
(E16.5), postnatal day 1 (P1), and postnatal day 18 (P28) mice hearts (n=6mice per group). B, Isolated P1 CMs
transfected with adenovirus-control (Ad-NC) or Ad–Sirt1 AS lncRNA (SAS) were immunostained for ki67 and
quantification of ki67-positive CMs (652 CMs from 4 mice in Ad-NC group, 857 CMs from 4 mice in Ad-SAS
group). Bar=50 lm. C, Quantification of pH3-positive CMs in isolated P1 CMs transfected with Ad-NC or Ad-
SAS (440 CMs from 4 mice in Ad-NC group, 678 CMs from 4 mice in Ad-SAS group). Bar=30 lm. D,
Immunofluorescence of cTnT and quantification of the counts of P1 CMs transfected with Ad-NC or Ad-SAS
(n=3 mice per group). Bar=500 lm. E, Real-time qPCR results of Sirt1 AS lncRNA level in isolated P7 CMs
transfected with Ad-NC and Ad-SAS (n=3 mice per group). F, P7 CMs transfected with Ad-NC or Ad-SAS were
immunostained for ki67 and quantification of ki67-positive CMs (419 CMs from 4 mice in Ad-NC group, 421
CMs from 4 mice in Ad-SAS group). Ki67-positive CMs were indicated by arrows. Bar=100 lm. G,
Immunofluorescence of cTnT and quantification of the counts of P7 CMs transfected with Ad-NC or Ad-SAS
(n=3mice per group). Bar=500 lm.H, Immunofluorescence of cTnT andHoechst 33 342 and quantification of
the CMarea andCMsarcomeric status in isolated P7CMs transfectedwith Ad-NC or Ad-SAS. Bars: 50 lm (left
panels); 10 lm (right panels). I, Quantification of CM sarcomeric status in isolated P7 CMs transfected with
Ad-NC or Ad-SAS (713 CMs from 3 mice in Ad-NC group, 752 CMs from 3 mice in Ad-SAS group). J,
Quantification of CM area in isolated P7 CMs transfected with Ad-NC or Ad-SAS (90 CMs from 3mice in Ad-NC
group, 103 CMs from 3 mice in Ad-SAS group). K, Cell apoptosis was detected by terminal deoxynucleotidyl
transferase–mediated dUTP nick end labeling (TUNEL) staining in Ad-NC– and Ad-SAS–transfected isolated P1
CMs and quantitative analysis of TUNEL-positive CMs (727 CMs from 3mice in Ad-NC group, 764 CMs from 3
mice in Ad-SAS group). TUNEL-positive CMs were indicated by arrows. Bar=50 lm. Statistical significance
was calculated using 1-way ANOVA, followed by least significant difference post hoc test in A and 2-tailed
unpaired Student t test in B through G and I through K. Data represent mean�SEM. *P<0.05.
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membranes were developed using the enhanced chemilumi-
nescencemethod, according to themanufacturer’s instructions
(Millipore), and detected on the chemiluminescence imager
GeneGnome XRQ (Syngene, MD). To calculate the relative
density, ImageJ software was used and the intensity of each
protein was normalized to that of b-actin.

RNA Fluorescence in Situ Hybridization
Isolated cardiomyocytes grown on coverslips were fixed in 4%
paraformaldehyde and washed 3 times with PBS. The cells
were permeabilized in 0.2% Triton X-100 PBS, hybridized with
a hybridization solution, and then incubated with a labeled
Sirt1 antisense lncRNA probe overnight at 37°C. The Sirt1
antisense lncRNA probe was synthesized by Sangon. The cells
were washed with 29, 19, and 0.59 standard saline citrate
and then incubated with a mouse antidigoxin antibody
conjugated with alkaline phosphatase (Sigma). Then, the
cells were incubated with 4’,6-diamidino-2-phenylindole (Best-
bio, Shanghai, China). Image acquisition was performed with
an LSM 880 confocal microscope.

Ribonuclease Protection Assay
To detect the sense-antisense RNA duplex, ribonuclease
protection assay (RPA) and real-time qPCR analyses were
performed on total RNA from isolated postnatal day 1 (P1)
mouse cardiomyocytes. The sequences of oligonucleotides
used for RPA were as follows: Sirt1 nonoverlapping,
50-CTAGGTGGTGAATATGCCAAAC-30 (forward) and 50-TCCGAAA
TATGAAGAGGTGTTG-30 (reverse); Sirt1 overlapping, 50-GGTA-
GAGCCTGCATAGATCTT-30 (forward) and 50-ATTTATCTTATGA
CTTTGGGACTT-30 (reverse); and b-actin, 50-TGCTGTCCCTGT
ATGCCTCTG-30 (forward) and 50-TTGATGTCACGCACGATTTCC-
30 (reverse). Cytoplasmic RNA was orderly digested by DNaseI
and RPA-grade RNase A (Applied Biosystems, CA) to remove all
genomic DNA contamination and single-stranded RNAs. Then,
cDNA synthesis and real-time qPCR were performed, as
described above.

RNA Stability Assay
To detect the stability of Sirt1 mRNA, isolated P1 mouse
cardiomyocytes were treated with 2 lg/mL actinomycin D
(MCE, Princeton, NJ), which suppresses transcription. The
cells were harvested at 0, 2, 4, 6, 8, and 10 hours after
treatment, and total RNA was extracted to detect the residual
mRNAs by real-time qPCR. GAPDH mRNA served as the
internal control, because its expression is stable within
32 hours.

Statistical Analysis
All data are presented in graphs as the mean�SEM.
Statistical analyses were performed using SPSS 20.0 soft-
ware. For the statistical comparison of 2 groups, an unpaired,
2-tailed, Student t test was used. For the comparison of ≥3
groups, a 1-way ANOVA, followed by the least significance
difference post hoc test, was used. Survival rate was
determined using the Kaplan-Meier method. The difference
between survival curves was determined using the log-rank
(Mantel-Cox) test. We calculated the significance of each
treatment as a P value, and P<0.05 was considered statis-
tically significant.

Results

Sirt1 Antisense lncRNA Promotes Neonatal
Cardiomyocyte Proliferation
We first examined the expression patterns of Sirt1 antisense
lncRNA in embryonic, neonatal, and adult mice hearts. Real-
time qPCR revealed a high level of Sirt1 antisense lncRNA
expression in mouse embryonic day 16.5 cardiomyocytes and
a sharp reduction in mouse P1 cardiomyocytes, which was
further reduced in mouse postnatal day 28 cardiomyocytes
(Figure 1A). Previous studies have identified that insulin-like
growth factor signaling is required for cardiomyocyte prolif-
eration during cardiac development.20–22 We found that Sirt1
antisense lncRNA levels were increased in insulin-like growth

Figure 1. Continued.
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factor 1–treated cardiomyocytes (Figure S1), which sug-
gested that cardiomyocyte proliferation may involve an
increase in the endogenous Sirt1 antisense lncRNA expres-
sion. To elucidate a potential role of Sirt1 antisense lncRNA
in cardiomyocyte proliferation, we transfected isolated
cardiomyocytes with various MOIs of Ad-SAS (Figure S2A),
and the real-time qPCR revealed that Sirt1 antisense
lncRNA was overexpressed to 38.7�9.8-fold and
117.0�10.6-fold in the MOI=100 and MOI=200 groups,
respectively (Figure S2B). Then, we used MOI=100 of Ad-
SAS to overexpress Sirt1 antisense lncRNA in the following
overexpression experiments in vitro. We examined car-
diomyocyte proliferation after Sirt1 antisense lncRNA over-
expression using the cell cycle activity marker ki67 and the
mitosis marker pH3. Sirt1 antisense lncRNA overexpression
significantly increased the number of ki67-positive car-
diomyocytes (Figure 1B). We also observed an induction of
cardiomyocyte proliferation in the Sirt1 antisense lncRNA
overexpression cardiomyocytes, as quantified by the
increase in pH3-positive cardiomyocytes (Figure 1C and
Figure S2C). In addition, the cardiomyocyte number was
increased in Sirt1 antisense lncRNA overexpression car-
diomyocytes (Figure 1D). We next investigated the role of
Sirt1 antisense lncRNA in isolated postnatal day 7 (P7)
cardiomyocytes. We successfully overexpressed Sirt1 anti-
sense lncRNA 28.5�2.4-fold in P7 cardiomyocytes (Fig-
ure 1E), which increased the percentage of ki67-positive P7
cardiomyocytes to 2.38�0.58% (Figure 1F). Moreover,
overexpression of Sirt1 antisense lncRNA increased the
number of P7 cardiomyocytes (Figure 1G). Previous studies
have revealed that proliferating cardiomyocytes in zebrafish
and mouse regenerative models undergo dedifferentiation
characterized by partial disassembly of sarcomeres.23,24

Partially disassembled sarcomeric structures were
observed in Sirt1 antisense lncRNA overexpression P7
cardiomyocytes (Figure 1H and 1I). It has been recently
shown that the stem/progenitor markers RUNX1, c-kit, and
DAB2 identify dedifferentiated cardiomyocytes.24,25 Real-
time qPCR results revealed that Sirt1 antisense lncRNA
promotes RUNX1, c-kit, and DAB2 expression in isolated P7
cardiomyocytes (Figure S2D). Sirt1 antisense lncRNA
overexpression decreased P7 cardiomyocyte area and
cardiomyocyte apoptosis (Figure 1H, 1J, and 1K).
Collectively, these data suggested that Sirt1 antisense
lncRNA regulates neonatal cardiomyocyte proliferation
in vitro.

Sirt1 Antisense lncRNA Is Required for Neonatal
Cardiomyocyte Proliferation
To further elucidate the role of Sirt1 antisense lncRNA in
cardiomyocyte proliferation, we knocked down Sirt1

antisense lncRNA using LNA in P1 mice cardiomyocytes
in vitro. Transfecting P1 cardiomyocytes with LNA targeting
Sirt1 antisense lncRNA decreased Sirt1 antisense lncRNA
expression to 42.3�10.9% (Figure 2A). The depletion of
Sirt1 antisense lncRNA significantly inhibited the number of
ki67-positive P1 cardiomyocytes (Figure 2B). In addition,
knockdown of Sirt1 antisense lncRNA using LNA in P1 mice
decreased the number of P1 cardiomyocytes (Figure 2C).
Sirt1 antisense lncRNA depletion increased cell area and
apoptosis in isolated P1 cardiomyocytes (Figure 2D and 2E).
Next, we depleted Sirt1 antisense lncRNA to 53.7�16.2% in
isolated P7 cardiomyocytes using LNA (Figure 2F). The
inhibition of Sirt1 antisense lncRNA levels also decreased
the cardiomyocyte cell cycle activity, determined by assay-
ing ki67 immunofluorescence in P7 cardiomyocytes (Fig-
ure 2G). The cardiomyocyte number was decreased in Sirt1
antisense lncRNA depletion P7 cardiomyocytes (Figure 2H).
These results indicated that Sirt1 antisense lncRNA is an
endogenous regulator of neonatal cardiomyocyte prolifera-
tion in vitro.

Depletion of Sirt1 Antisense lncRNA Inhibits
Cardiomyocyte Proliferation in Vivo
Next, we detected whether Sirt1 antisense lncRNA is required
for cardiomyocyte proliferation in vivo. At 3 days after the
intracardial injection of LNA targeting Sirt1 antisense lncRNA,
Sirt1 antisense lncRNA expression was decreased to
51.6�12.4% in neonatal mouse hearts (Figure 3A), which
had no significant effect on heart/body weight ratio (Fig-
ure 3B). The cardiomyocyte size was increased in Sirt1
antisense lncRNA depletion hearts (Figure 3C), and the
inhibition of Sirt1 antisense lncRNA levels also decreased
the cardiomyocyte cell cycle activity, as determined by
assaying ki67 and pH3 immunofluorescence in vivo (Fig-
ure 3D and 3E). These results indicated that Sirt1 antisense
lncRNA is required for neonatal cardiomyocyte proliferation
in vivo.

Sirt1 Antisense lncRNA Induces Cardiomyocyte
Proliferation in Adult Mouse Hearts
To investigate whether Sirt1 antisense lncRNA promotes
cardiomyocyte proliferation in adult mice, we induced Sirt1
antisense lncRNA overexpression in adult mouse hearts by
the intracardial injection of AAV9 vectors (Figure 4A). The
heart/body weight ratios of the Sirt1 antisense lncRNA
overexpression mice were not significantly different from
those of the AAV-NC group hearts (Figure 4B). The
cardiomyocyte size was not altered in Sirt1 antisense
lncRNA overexpression hearts (Figure 4C). Increased cell
proliferation in Sirt1 antisense lncRNA overexpression
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hearts was further confirmed by ki67 immunofluorescence
and quantification (Figure 4D). The mitosis marker pH3 was
also enhanced in Sirt1 antisense lncRNA overexpression
hearts (Figure 4E). These data showed that Sirt1 antisense
lncRNA significantly increases cardiomyocyte proliferation in
adult mice.

Overexpression of Sirt1 Antisense lncRNA
Improves Cardiac Function in Adult Mouse Hearts
After MI
To test whether Sirt1 antisense lncRNA is involved in the
regulation of cardiac repair in response to ischemic injury, an
MI model was established. We performed LAD permanent

Figure 2. Sirt1 antisense (AS) long noncoding RNA (lncRNA) is required for cardiomyocyte (CM)
proliferation in neonatal mice. A, The mRNA levels of Sirt1 AS lncRNA in isolated postnatal day 1 (P1) CMs
transfected with si-NC or si-SAS (n=3 mice per group). B, Ki67 immunofluorescence staining in isolated P1
CMs transfected with si-NC or si-SAS and quantification of ki67-positive CMs (738 CMs from 4 mice in
locked nucleic acid–control [LNA-NC] group, 699 CMs from 4 mice in LNA–Sirt1 AS lncRNA [SAS] group).
Bar=50 lm. C, Immunofluorescence of cTnT and quantification of the counts of P1 CMs transfected with si-
NC or si-SAS (n=3 mice per group). Bar=500 lm. D, Immunofluorescence of cTnT and Hoechst 33 342 and
quantification of the CM area in isolated P1 CMs transfected with si-NC or si-SAS (105 CMs from 3 mice in
LNA-NC group, 82 CMs from 3 mice in LNA-SAS group). Bar=50 lm. E, Cell apoptosis was detected by
terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling (TUNEL) staining in si-NC– and si-
SAS–transfected isolated P1 CMs and quantitative analysis of TUNEL-positive CMs (771 CMs from 3 mice
in LNA-NC group, 772 CMs from 3 mice in LNA-SAS group). TUNEL-positive CMs were indicated by arrows.
Bar=50 lm. F, Real-time quantitative PCR results of Sirt1 AS lncRNA level in isolated postnatal day 7 (P7)
CMs transfected with si-NC and si-SAS (n=3 mice per group). G, P7 CMs transfected with si-NC or si-SAS
were immunostained for ki67 and quantification of ki67-positive CMs (556 CMs from 4 mice in LNA-NC
group, 562 CMs from 4 mice in LNA-SAS group). Ki67-positive CMs were indicated by arrows. Bar=100 lm.
H, Immunofluorescence of cTnT and quantification of the counts of P7 CMs transfected with si-NC or si-SAS
(n=3 mice per group). Bar=500 lm. Statistical significance was calculated using 2-tailed unpaired Student t
test in A through H. Data represent mean�SEM. Ad-NC indicates adenovirus-control. *P<0.05.
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ligation on 4-week-old mice (Figure S3A), and ST-segment
elevation was observed via ECG when LAD was ligated
(Figure S3B). We then injected AAV9 vectors expressing Sirt1
antisense lncRNA or a control vector into the peri-infarcted
area. At 4 weeks after MI, we noted a significantly higher
cumulative survival rate in the AAV9-SAS group than in the
AAV9-NC group (P=0.0334, Figure 5A). A ki67 immunofluo-
rescence assay showed that the ki67 signal in cardiomyocytes
of the border zones of Sirt1 antisense lncRNA overexpression
hearts was markedly increased (Figure 4F). A significant
number of pH3-positive cardiomyocytes were detected in the
infarct border zone of Sirt1 antisense lncRNA overexpression
hearts (Figure 4G). To evaluate left ventricular function,
transthoracic 2-dimensional echocardiography was performed
on mice at 7, 14, 21, and 28 days after MI (Figure 5A and
Figure S3A). As evaluated by echocardiography, significantly
less ventricular chamber dilation, both in diastole and systole,
was observed in Sirt1 antisense lncRNA overexpression hearts
(Figure 5B and 5C). The preserved chamber dimensions of
Sirt1 antisense lncRNA overexpression hearts were associated
with significantly better left ventricular function, as reflected by
preserved fractional shortening and ejection fractions (Fig-
ure 5D and 5E). Analysis of triphenyl tetrazolium staining and
Masson’s trichrome staining clearly showed that the infarct
size was significantly reduced in Sirt1 antisense lncRNA
overexpression hearts (Figure 5F). Overexpression of Sirt1
antisense lncRNA inhibited cardiomyocyte apoptosis after MI,
as determined by terminal deoxynucleotidyl transferase–
mediated dUTP nick end labeling assays (Figure 5G). Sirt1
antisense lncRNA also decreased the cardiomyocyte size after
MI (Figure 5H). These results suggested that Sirt1 antisense
lncRNA upregulation contributes to endogenous regeneration
in adult hearts after ischemic injury.

Sirt1 Antisense lncRNA Increases the Stability of
Sirt1 mRNA
Because Sirt1 antisense lncRNA transcribed from and over-
lapped with the Sirt1 mRNA 30-UTR, we next investigated the
possible relationship between Sirt1 antisense lncRNA and Sirt1

in cardiomyocytes. The expression of Sirt1 mRNA was signif-
icantly decreased during heart development and was consis-
tent with the expression patterns of Sirt1 antisense lncRNA
(Figure 6A). Sirt1 antisense lncRNA knockdown decreased the
Sirt1 mRNA and protein levels (Figure 6B and 6C). We
previously demonstrated that diverse Sirt1 overexpression
could have different effects on cardiomyocyte proliferation;
thus, we detected how Sirt1 changes when we overexpressed
Sirt1 antisense lncRNA. We found that Sirt1 protein level was
significantly increased when MOI=50 of Ad-SAS, and main-
tained 2.81-fold to �3.25-fold when MOI of Ad-SAS increased
to 100 to 300 (Figure 6D and 6E). Moreover, Sirt1 antisense
lncRNA promoted Sirt1 mRNA and protein levels in MI mouse
hearts (Figure S4A and Figure 6F). To further elucidate the
functional mechanisms, we examined the cellular location of
Sirt1 antisense lncRNA in cardiomyocytes. Real-time qPCR
revealed that Sirt1 antisense lncRNA was mainly located in the
cytoplasm of cardiomyocytes (Figure 6G). Moreover, Sirt1
antisense lncRNA was shown to locate in the cytoplasm of
cardiomyocytes using the fluorescence in situ hybridization
assay (Figure 6H). We used an RPA on RNA from isolated
cardiomyocytes to test the possibility of RNA duplex formation.
Real-time qPCR data showed that the overlapping part of both
transcripts was protected from degradation (Figure 6I and 6J),
indicating that Sirt1 antisense lncRNA and Sirt1 mRNA form an
RNA duplex. Then, isolated cardiomyocytes were treated with
actinomycin D to suppress transcription, and the loss of Sirt1
mRNA expression was measured. Sirt1 antisense lncRNA
elongated the half-life of Sirt1 mRNA (Figure 6K), suggesting
that Sirt1 antisense lncRNA is required for the regulation of
Sirt1 mRNA stability. These results demonstrated that Sirt1
antisense lncRNA increases the stability of Sirt1 mRNA and
upregulates Sirt1 expression.

Sirt1 Is Involved in Sirt1 Antisense lncRNA-
Induced Cardiomyocyte Proliferation
A previous study revealed that Sirt1 promotes cardiomy-
ocyte proliferation. We also detected whether the depletion
of Sirt1 in isolated cardiomyocytes inhibits their

Figure 2. Continued.
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Figure 3. Inhibition of Sirt1 antisense (AS) long noncoding RNA (lncRNA) suppresses cardiomyocyte
(CM) proliferation in vivo. A, Real-time quantitative PCR analyses of Sirt1 AS lncRNA levels in locked
nucleic acid–control (LNA-NC) or LNA–Sirt1 AS lncRNA (SAS) injected neonatal mouse hearts 10 days
after injection (n=6 mice per group). B, Ratios of heart weight/body weight in neonatal mouse hearts
injected with LNA-NC or LNA-SAS (n=5 mice per group). C, Wheat germ agglutinin (WGA) staining of heart
sagittal sections for LNA-NC and LNA-SAS adult mice hearts and quantification of CM size (167 CMs from
5 mice in LNA-NC group, 167 CMs from 5 mice in LNA-SAS group). Bar=25 lm. D, Immunofluorescence
of ki67 in neonatal hearts injected with LNA-NC or LNA-SAS and quantification of ki67-positive CMs (1627
CMs from 5 mice in LNA-NC group, 1671 CMs from 5 mice in LNA-SAS group). Ki67-positive CMs were
indicated by arrows. Bars: 50 lm (left panels); 20 lm (right panels). E, Immunofluorescence of pH3 in
neonatal hearts injected with LNA-NC or LNA-SAS and quantification of pH3-positive CMs (6244 CMs
from 5 mice in LNA-NC group, 7416 CMs from 5 mice in LNA-SAS group). pH3-positive CMs were
indicated by arrows. Bars: 50 lm (left panels); 20 lm (right panels). Statistical significance was
calculated using 2-tailed unpaired Student t test in A through E. Data represent mean�SEM. *P<0.05.
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Figure 4. Sirt1 antisense (AS) long noncoding RNA (lncRNA) drives cardiomyocyte (CM) proliferation in
adults. A, Real-time quantitative PCR analyses of Sirt1 AS lncRNA levels in adeno-associated virus 9–
negative control (AAV9-NC) or AAV9–Sirt1 AS lncRNA (SAS) injected adult mice hearts 28 days after
injection (n=6 mice per group). B, Ratios of heart weight/body weight in neonatal mouse hearts injected
with AAV9-NC or AAV9-SAS (n=5 mice per group). C, Wheat germ agglutinin (WGA) staining of heart sagittal
sections for AAV9-NC and AAV9-SAS adult mice hearts and quantification of CM size (175 CMs from 5 mice
in AAV9-NC group, 175 CMs from 5 mice in AAV9-SAS group). Bar=25 lm. D, Ki67 immunofluorescence
staining in AAV9-NC and AAV9-SAS adult mice hearts and quantification of ki67-positive CMs (2591 CMs
from 5 mice in AAV9-NC group, 2680 CMs from 5 mice in AAV9-SAS group). Ki67-positive CMs were
indicated by arrows. Bar=20 lm. E, pH3 immunofluorescence staining in AAV9-NC and AAV9-SAS adult
mice hearts and quantification of pH3-positive CMs (5714 CMs from 5 mice in AAV9-NC group, 5870 CMs
from 5 mice in AAV9-SAS group). pH3-positive CMs were indicated by arrows. Bar=20 lm. F, Ki67
immunofluorescence staining in AAV9-NC and AAV9-SAS adult mice hearts 28 days after myocardial
infarction (MI) and quantification of ki67-positive CMs (2690 CMs from 5 mice in AAV9-NC group, 2695
CMs from 5 mice in AAV9-SAS group). Ki67-positive CMs were indicated by arrows. Bar=20 lm. G, pH3
immunofluorescence staining in AAV9-NC and AAV9-SAS adult mice hearts 28 days after MI and
quantification of pH3-positive CMs (6778 CMs from 5 mice in AAV9-NC group, 6858 CMs from 5 mice in
AAV9-SAS group). pH3-positive CMs were indicated by arrows. Bar=20 lm. Statistical significance was
calculated using 2-tailed unpaired Student t test in A through G. Data represent mean�SEM. *P<0.05.
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Figure 5. Sirt1 antisense (AS) long noncoding RNA (lncRNA) induces cardiac regeneration after
myocardial infarction (MI) in adult mice. A, Kaplan-Meier survival curves in adeno-associated virus 9–
negative control (AAV9-NC) and AAV9–Sirt1 AS lncRNA (SAS) adult mice after MI (n=30 mice per
group). B through F, The M-mode ultrasonic cardiography change of mice hearts detected by
echocardiography in AAV9-NC and AAV9-SAS adult mice at pre-MI and 7, 14, 21, and 28 days after
MI and quantitative analyses of left ventricular internal diameter at end diastole (LVEDd; C), left
ventricular internal diameter at end systole (LVESd; D), left ventricular fractional shortening (LVFS; E),
and left ventricular ejection fraction (LVEF; F) (n=5 mice per group). G, Triphenyl tetrazolium (TTC)
staining of mice ventricular cross sections in AAV9-NC and AAV9-SAS adult mice 28 days after MI and
quantitative analyses of TTC staining infarct size (n=5 mice per group). H, Cell apoptosis was detected
by terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling (TUNEL) staining in AAV9-
NC and AAV9-SAS adult mice 28 days after MI and quantitative analyses of TUNEL-positive
cardiomyocytes (CMs; 1343 CMs from 5 mice in AAV9-NC group, 1387 CMs from 5 mice in AAV9-
SAS group). TUNEL-positive CMs were indicated by arrows. Bar=20 lm. I, Wheat germ agglutinin
(WGA) staining in AAV9-NC and AAV9-SAS adult mice 28 days after MI and quantitative analyses of
CM size (139 CMs from 5 mice in AAV9-NC group, 139 CMs from 5 mice in AAV9-SAS group).
Bar=25 lm. Statistical significance was calculated using log-rank (Mantel-Cox) test in A, 1-way ANOVA
followed by least significant difference post hoc test in C through F, and 2-tailed unpaired Student t
test in G through I. Data represent mean�SEM. *P<0.05.
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Figure 6. Sirt1 antisense (AS) long noncoding RNA (lncRNA) increases stability of Sirt1 mRNA. A, Real-
time quantitative PCR (qPCR) analysis of Sirt1 mRNA levels in embryonic day 16.5 (E16.5), postnatal day 1
(P1), and postnatal day 28 (P28) mouse hearts (n=6 mice per group). B, Real-time qPCR analysis of Sirt1
mRNA levels in isolated cardiomyocytes (CMs) transfected with locked nucleic acid–control (LNA-NC) or
LNA–Sirt1 AS lncRNA (SAS) (n=3 mice per group). C, Western blotting analysis and quantitative analyses of
Sirt1 protein levels in isolated CMs transfected with LNA-NC or LNA-SAS. b-Actin was used as a loading
control (n=3 mice per group). D, Real-time qPCR analysis of Sirt1 mRNA levels in isolated CMs transfected
with various multiplicities of infection (MOIs) of adenovirus (Ad)–SAS (n=3 mice per group). E, Western
blotting analysis and quantitative analyses of Sirt1 protein levels in isolated CMs transfected with various
MOIs of Ad-SAS. b-Actin was used as a loading control (n=3mice per group). F, Western blotting analysis and
quantitative analyses of Sirt1 protein levels in adeno-associated virus 9 (AAV9)–NC– or AAV9-SAS–injected
adult mice hearts 28 days after injection. b-Actin was used as a loading control (n=6 mice per group).
G, Real-time qPCR of cytoplasmic and nuclear fractions to detect Sirt1 AS lncRNA expression in isolated
CMs (n=3 mice per group). H, RNA fluorescence in situ hybridization assay of Sirt1 AS lncRNA
immunofluorescence detection in isolated CMs. Bar=20 lm. I, Nonoverlapping and overlapping primer
positions for ribonuclease protection assay (RPA). J, RPA performed on RNA samples from isolated CMs (n=3
mice per group). K, RNA stability assay of Sirt1 mRNA expression in isolated CMs transfected with Ad-NC or
Ad-SAS (n=3 mice per group). Statistical significance was calculated using 1-way ANOVA followed by least
significant difference post hoc test in A, D, E, J, and K, and 2-tailed unpaired Student t test in B, C, F, and G.
Data represent mean�SEM. DAPI indicates 4’,6-diamidino-2-phenylindole. *P<0.05.
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proliferation. An siRNA targeting Sirt1 was transfected to
isolated cardiomyocytes and inhibited ki67-positive car-
diomyocytes to 3.26�0.79% compared with cardiomyocytes
transfected with small-interfering-negative control (si-NC)
(Figure 7A). To explore whether Sirt1 antisense lncRNA
promotes cardiomyocyte proliferation via inducing Sirt1
expression, we cotransfected Sirt1 antisense lncRNA and

small-interfering-Sirt1 (si-Sirt1) in isolated cardiomyocytes.
Western blot analysis results showed that Sirt1 protein
expression was increased 3.06�0.38-fold in Sirt1 antisense
lncRNA overexpression cardiomyocytes and decreased to
1.24�0.22-fold in cardiomyocytes cotransfected with Sirt1
antisense lncRNA and si-Sirt1 (Figure 7B). We also used the
ki67 immunofluorescence to verify the coeffects of Sirt1

Figure 7. Sirt1 is involved in Sirt1 antisense (AS) long noncoding RNA (lncRNA)–regulated cardiomyocyte
(CM) proliferation. A, Ki67 immunofluorescence staining in isolated postnatal day 1 CMs transfected with si-
NC or si-Sirt1 and quantification of ki67-positive CMs (349 CMs from 4 mice in si-NC group, 308 CMs from
4 mice in si-Sirt1 group). Bar=50 lm. B, The protein levels of Sirt1 in isolated CMs transfected with
adenovirus-control (Ad-NC), Ad–Sirt1 AS lncRNA (SAS), Ad-SAS+si-NC, or Ad-SAS+si-Sirt1 and quantitative
analyses of protein intensity. b-Actin was used as a loading control (n=3 mice per group). C, Ki67
immunofluorescence staining in CMs transfected with Ad-NC, Ad-SAS, Ad-SAS+si-NC, or Ad-SAS+si-Sirt1
and quantification of ki67-positive CMs (391 CMs from 4 mice in Ad-NC group, 399 CMs from 4 mice in Ad-
SAS group, 413 CMs from 4 mice in Ad-SAS+si-NC group, 347 CMs from 4 mice in Ad-SAS+si-Sirt1 group).
Ki67-positive CMs were indicated by arrows. Bar=50 lm. D, Western blotting analysis and quantitative
analysis of Sirt1 protein levels in neonatal hearts injected with Ad-NC, Ad-SAS, Ad-SAS+Ad-si-NC, or Ad-
SAS+Ad-si-Sirt1. b-Actin was used as a loading control (n=5 mice per group). E, Immunofluorescence of
ki67 in neonatal hearts injected with Ad-NC, Ad-SAS, Ad-SAS+Ad-si-NC, or Ad-SAS+Ad-si-Sirt1 and
quantification of ki67-positive CMs (1722 CMs from 5 mice in Ad-NC group, 1733 CMs from 5 mice in Ad-
SAS group, 1769 CMs from 5 mice in Ad-SAS+Ad-si-NC group, 1666 CMs from 5 mice in Ad-SAS+Ad-si-
Sirt1 group). Ki67-positive CMs were indicated by arrows. Bar=50 lm. F, The schematic model of Sirt1 AS
lncRNA interacted and stabilized Sirt1, thereby regulating CM proliferation and cardiac regeneration after
myocardial infarction. Statistical significance was calculated using 2-tailed unpaired Student t test in A and
1-way ANOVA followed by least significant difference post hoc test in B through E. Data represent
mean�SEM. *P<0.05.
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antisense lncRNA and si-Sirt1 on cardiomyocyte prolifera-
tion. The overexpression of Sirt1 antisense lncRNA increased
the number of ki67-positive cardiomyocytes, and this effect
was decreased in cardiomyocytes cotransfected with Sirt1
antisense lncRNA and si-Sirt1 (Figure 7C). To further clarify
whether Sirt1 antisense lncRNA promotes cardiomyocyte
proliferation through Sirt1 in vivo, we injected the aden-
ovirus mixture of Sirt1 antisense lncRNA and si-Sirt1 into
neonatal mouse hearts. Overexpression of Sirt1 antisense
lncRNA significantly promoted Sirt1 protein levels, and this
effect was significantly attenuated by transfecting with Ad-
SAS and Ad-si-Sirt1 (Figure 7D). The ki67-positive cardiomy-
ocytes were increased to 1.62�0.17% in the Ad-SAS group,
and this number was decreased to 0.78�0.18% in the Ad-
SAS+Ad-si-Sirt1 group (Figure 7E). These results showed
that Sirt1 is involved in Sirt1 antisense lncRNA-induced
cardiomyocyte proliferation.

Discussion
In the present study, we demonstrated that Sirt1 antisense
lncRNA drives cardiomyocyte proliferation and cardiac regen-
eration afterMI. Sirt1 antisense lncRNAwas a positive regulator
of cardiomyocyte proliferation and contributed to protecting
cardiac function, attenuating cardiac remodeling after MI. Our
data further showed that Sirt1 antisense lncRNA directly bound
Sirt1 mRNA 30-UTR, increased the stability of Sirt1 mRNA, and
upregulated Sirt1mRNA and protein expression; Sirt1mediated
cardiomyocyte proliferation induced by Sirt1 antisense lncRNA
(Figure 7F). More important, Sirt1 antisense lncRNA is poten-
tially more conducive to the precise regulation of Sirt1,
consequently overcoming the barrier of the bidirectional effect
of Sirt1 on the regulation of cardiomyocyte proliferation, which
might provide a potential target for treating MI.

Previous studies have revealed that antisense lncRNAs
play as critical regulators in cardiovascular diseases, including

heart development,14 cardiac hypertrophy,26 and coronary
atherosclerosis.27 Herein, we extended the role of antisense
lncRNA into cardiomyocyte proliferation by reporting that
Sirt1 antisense lncRNA can positively regulate cardiomyocyte
proliferation in vitro and in vivo. We examined cardiomyocyte
proliferation using ki67 and pH3 immunofluorescence, which
are classic markers of cell cycle activity and mitosis,
respectively, used in previous studies.24,28 More important,
we used diverse primary antibodies to distinguish cardiomy-
ocytes and cardiac fibroblasts in our in vivo data, performed
high magnification (9100) using confocal microscopy, and
provided high-magnification z-stack images, which place more
emphasis on clearly demonstrating that the induction of
cardiomyocyte proliferation in vivo is true. Our data suggested
that Sirt1 antisense lncRNA overexpression increased the
number of ki67- and pH3-positive cardiomyocytes, and led to
cardiomyocyte dedifferentiation characterized by sarcomere
disassembly and increased expression of cardiomyocyte
dedifferentiation markers. In contrast, suppression of Sirt1
antisense lncRNA inhibited cardiomyocyte proliferation. More-
over, Sirt1 antisense lncRNA overexpression significantly
regenerated cardiomyocytes, reduced the fibrotic area, inhib-
ited cardiomyocyte apoptosis, improved left ventricular func-
tion, and decreased mortality rate after MI. Previous studies
have shown that Sirt1 antisense lncRNA can promote cell
proliferation in myoblasts17 and endothelial progenitor cells18

and upregulate the expression of cell cycle genes, such as
CCNB, CCND, and CCNE, in C2C12 cells.17 Herein, we
confirmed that the induction of Sirt1 antisense lncRNA
expression accounts for cardiomyocyte proliferation and
protecting hearts from MI injury.

We subsequently showed that Sirt1 antisense lncRNA
bound to Sirt1 mRNA 30-UTR and formed the antisense
lncRNA/mRNA duplex, thereby increasing Sirt1 mRNA and
protein levels. Sirt1 antisense lncRNA was located more in
the cytoplasm than in the nucleus, suggesting that Sirt1

Figure 7. Continued.
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antisense lncRNA is mostly involved in mRNA stability at the
epigenetic level. RPA assays further confirmed that the Sirt1
antisense-sense pair prevented Sirt1 mRNA from RNase
degradation. In addition, the RNA stability assay indicated that
Sirt1 antisense lncRNA extended the Sirt1 mRNA half-life.
Actually, antisense lncRNA and its sense mRNA transcripts can
hybridize and form an lncRNA/mRNA duplex because of their
ability to base pair, and this hybrid complex in the cytoplasm
can further alter mRNA stability and modulate translation.19,29

Consistent with our results, previous researchers have also
shown that antisense lncRNAs, such as Beta-Site Amyloid
Precursor Protein Cleaving Enzyme 1 (BACE1)-antisense, Type
II Mesothelial Keratin K7 (KRT7)-antisense, and Fibroblast
Growth Factor Receptor 3 (FGFR3)–antisense 1, interact with
the sense target genes BACE1, KRT7, and FGFR3, respectively,
to exert their functions.30–32 In this study, we identified that
Sirt1 antisense lncRNA stabilized Sirt1 to increase its expres-
sion at both the mRNA and protein levels in cardiomyocytes.
Furthermore, the antisense lncRNA/mRNA duplex may also
cover microRNA-binding sites, thus prohibiting the inhibitory
role of microRNAs.19,33 Previous studies have found that the
miR-34a target sequence on the Sirt1 mRNA 30-UTR overlaps
with the corresponding region of Sirt1 antisense lncRNA on the
Sirt1 mRNA 30-UTR, and Sirt1 antisense lncRNA increases the
stability of Sirt1 mRNA by competing with miR-34a.17 Actually,
miR-34a was confirmed to regulate cardiomyocyte proliferation
and cardiac regeneration after MI.34 Thus, we suspected that
Sirt1 antisense lncRNA may also block the miR-34–binding site
on Sirt1 mRNA 30-UTR in cardiomyocytes, despite the fact that
Sirt1 antisense lncRNA may have no effect on miR-34a
expression in cardiomyocytes (Figure S4B). Collectively, our
mechanistic findings indicated that Sirt1 antisense lncRNA
stabilizes Sirt1 mRNA by forming an lncRNA/mRNA duplex,
which subsequently upregulates Sirt1 overexpression in
cardiomyocytes.

Interestingly, Sirt1 antisense lncRNA was found to over-
come the Sirt1 bidirectional regulation problem in cardiomy-
ocyte proliferation. In a previous study, low (2.5-fold) to
moderate (7.5-fold) overexpression of Sirt1 in the heart could
protect against oxidative stress, attenuate cardiomyocyte
apoptosis, and attenuate the appearance of age-related
cardiomyopathy involving hypertrophy. In contrast, high levels
(12.5-fold) of Sirt1 increased oxidative stress and induced
cardiomyopathy in the heart.35 We previously reported that low
Sirt1 overexpression (2.1-fold to ~2.8-fold) may promote
cardiomyocyte proliferation. On the other hand, high Sirt1
overexpression (~25-fold) may have no proliferative effect in
cardiomyocytes. The reason may be that low overexpression of
Sirt1 reduces reactive oxygen species production and then
promotes cardiomyocyte proliferation, whereas high overex-
pression of Sirt1 decreases nicotinamide-adenine dinucleotide,
oxidized form, levels and induces reactive oxygen species

production in cardiomyocytes. In the present study, we
overexpressed Sirt1 antisense lncRNA using various MOIs of
adenovirus in cardiomyocytes. We found that, although Sirt1
antisense lncRNA was overexpressed up to 160-fold, Sirt1
protein levels were increased barely no more than 3.2-fold in
cardiomyocytes. In a previous study, Sirt1 antisense lncRNA
was overexpressed �200-fold, and the Sirt1 protein levels
were increased 1.5-fold in myoblast cells.17 These could be
explained by another regulator, such as miR-34a or miR-449a,
that could also regulate Sirt1 expression in cardiomyocytes.
Considering the interesting data, Sirt1 antisense lncRNA could
potentially constitute a therapeutic target that is well suited to
modulate Sirt1 expression, thus facilitating cardiomyocyte
proliferation.

Our experimental study did have the following limitations.
First, the intramyocardial injectionof virus vectorswas validated
as an efficient gene delivery tool in vivo.36,37 Of course, gene
editing, like CRISP/Cas9, and transgenic technology may also
be the good methods. Second, although we identified that Sirt1
antisense lncRNA plays a role in cardiomyocyte proliferation by
regulating the stability of Sirt1, 2 questions remain: (1) Is Sirt1
involved inotherSirt1 antisense lncRNA-regulatedphysiological
and pathological cardiomyocyte processes, such as cardiomy-
ocyte apoptosis and cardiomyocyte hypertrophy? (2) Do other
regulators, such as splicing factors, transcription factors, and
microRNAs, participate in the binding process between Sirt1
antisense lncRNA and Sirt1 mRNA? These questions need to be
addressed in future studies.

In conclusion, our findings characterized a long noncoding
antisense transcript for Sirt1, Sirt1 antisense lncRNA, which
functions as a regulator of Sirt1 gene expression and further
affects cardiomyocyte proliferation. Specifically, Sirt1 anti-
sense lncRNA exerts these functions by forming an lncRNA-
mRNA duplex with Sirt1 mRNA, enhancing the stability of
Sirt1 mRNA and increasing Sirt1 protein levels. Our findings
suggested that Sirt1 antisense lncRNA may be an effective
gene target for treating MI.
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Supplemental Material 
 



 

 

Figure S1. Expression of Sirt1 AS lncRNA in PBS- or IGF-1-treated CMs.  

 

Real-time qRCR analyses of Sirt1 AS lncRNA levels in isolated P1 CMs treated with PBS or IGF-1 (n=3 mice 

per group). Statistical significance was calculated using two-tailed unpaired Student’s t-test. *p<0.05; error 

bars represent mean ± s.e.m.  

 

  



 

 

Figure S2. Sirt1 AS lncRNA promotes CM proliferation and dedifferentiation in vitro.  

 

(A) Infection efficiency of various MOI of Ad-SAS transfected into isolated P1 CMs. Scale bar, 500μm. (B) Real-time 

qPCR analysis of Sirt1 AS lncRNA levels in isolated P1 CMs transfected with various MOI of Ad-SAS (n=3 mice per 

group). (C) CMs in prophase, prometaphase, metaphase, anaphase and cytokinesis in the Sirt1 AS lncRNA 

overexpression group immunostained for pH3. Scale bar, 30 μm, (D) Isolated P7 CMs were transfected with Ad-NC or 

Ad-SAS. mRNA expression levels of CM dedifferentiated markers (RUNX1, c-kit, DAB2) were detected by Real-

time qPCR (n=3 mice per group). Statistical significance was calculated using one-way ANOVA followed by LSD 

post hoc test in B, and two-tailed unpaired Student’s t-test in D. *p<0.05, error bars represent mean ± s.e.m.  



 

 

 

Figure S3. Schematic of the MI experiments in adult mice.  

 

(A) Schematic of in vivo experiments in adult mice with MI surgery. Echo, echocardiography, IF, 

immunofluorescence. (B) Elevation of ST-segment from ECG in MI model.  

  



 

 

Figure S4. Sirt1 AS lncRNA induces Sirt1 mRNA levels in MI hearts and has no effect on miR-34a 

expression in CMs.  

 

(A) Real-time qRCR analyses of Sirt1 mRNA levels in AAV9-NC- or AAV9-SAS-injected adult mice hearts 

28 days after injection (n=6 mice per group). (B) Real-time qRCR analyses of miR-34a levels in isolated P1 

CMs transfected with Ad-NC or Ad-SAS (n=3 mice per group). Statistical significance was calculated using 

two-tailed unpaired Student’s t-test in A-B. *p<0.05; error bars represent mean ± s.e.m.  

 


