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Aims Long noncoding RNAs (lncRNAs) are critical regulators of cardiovascular lineage commitment and heart wall devel-
opment, but their roles in regulating endogenous cardiac regeneration are unclear. The present study investigated
the role of human-derived lncRNA in regulating endogenous cardiac regeneration as well as the underlying
mechanisms.

....................................................................................................................................................................................................
Methods
and results

We compared RNA sequencing data from human foetal and adult hearts and identified a novel lncRNA that was
upregulated in adult hearts (Genesymbol NONHSAG000971/NONHSAT002258 or ENST00000497710.5), which
was a splice variant of the AZIN2 gene (AZIN2-sv). We used quantitative PCR to confirm the increased expression
of AZIN2-sv in adult rat hearts. Coexpression network analysis indicated that AZIN2-sv could regulate prolifera-
tion. Loss- and gain-of-function approaches demonstrated that AZIN2-sv negatively regulated endogenous cardio-
myocyte proliferation in vitro and in vivo. Knockdown of AZIN2-sv attenuated ventricular remodelling and improved
cardiac function after myocardial infarction. Phosphatase and tensin homolog (PTEN) was identified as a target of
AZIN2-sv, their direct binding increased PTEN stability. Furthermore, AZIN2-sv acted as a microRNA-214 sponge
to release PTEN, which blocked activation of the PI3 kinase/Akt pathway to inhibit cardiomyocyte proliferation.

....................................................................................................................................................................................................
Conclusions The newly discovered AZIN2-sv suppressed endogenous cardiac regeneration by targeting the PTEN/Akt pathway.

Thus, AZIN2-sv may be a novel therapeutic target for preventing and treating heart failure.
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1. Introduction

Heart failure is a global public health problem, largely due to the irrever-
sible loss of cardiomyocytes (CMs).1 During the past decade, research
has focused on the development of novel therapeutic strategies to
induce cardiac regeneration.2 Exogenous stem cell transplantation has
emerged as a potential new approach for regenerative therapy, but the
results from clinical trials have not been encouraging.3 Currently, endog-
enous regenerative mechanisms have been studied for cardiac tissue
regeneration,4 which hold promise for regeneration during normal mam-
malian myocardial homeostasis and after ischemia or injury.5 Thus,
enhancements of these mechanisms might facilitate regeneration of the
injured myocardium. Gene-targeted therapies such as RNA interference

and small interfering RNA-mediated gene silencing are effective and safe
strategies for endogenous cardiac regeneration.6,7 However, limited
gene targets exist for true cardiac regeneration and adequate improve-
ment of heart function, so more effective targets need to be identified.

Long noncoding RNAs (lncRNAs), a class of RNA transcripts longer
than 200 nucleotides with weak protein-coding potential, regulate
mRNA and microRNA (miRNA) expression via multiple methods,8,9

and as such, may be novel targets for inducing cardiac regeneration. Base
complementary pairing between lncRNAs and miRNA seed sequences
competitively trigger their combination and restore transcription of
downstream target mRNA. Previous studies have indicated that
lncRNAs can affect mRNA by acting as an endogenous miRNA sponge
(ceRNA).10 For example, lncRNA-cardiac hypertrophy-related factor
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(CHRF) acts as an miR-489 sponge to affect the downstream target,
myeloid differentiation primary response 88 (Myd88), which regulates
cardiac hypertrophy in mouse myoblasts.11 In addition, lncRNA-
myocardial infarction (MI)-associated transcript affects the miR-150-5p
target gene, vascular endothelial growth factor, to regulate endothelial
cell function.12 Additional studies have indicated that lncRNAs can inter-
act with miRNAs involved in myocardial repair after MI.13,14 Thus,
lncRNAs may have important roles in the regulation of cardiac regenera-
tion; however, the mechanisms underlying their roles in endogenous car-
diac regeneration remain unclear.

In this study, high-throughput sequencing of foetal and adult human
hearts was used to identify a novel lncRNA that was upregulated in the
adult heart (Genesymbol NONHSAG000971/NONHSAT002258 or
ENST00000497710.5), which was a splice variant of the AZIN2 gene
(AZIN2-sv). AZIN2-sv suppressed endogenous cardiac regeneration
in vivo and in vitro. Loss of AZIN2-sv attenuated adverse remodelling and
improved cardiac function after MI. AZIN2-sv mediated these effects by
acting as a ceRNA of miR-214 and regulating the phosphatase and tensin
homolog (PTEN)-Akt pathway. Our results shed light on the roles of
lncRNA during the molecular regulation of endogenous cardiac
regeneration.

2. Methods

The animal experiments in this study were approved by the Animal
Research Committee at Southern Medical University, and all procedures
were in accordance with the Institutional Guidelines for Animal
Research and complied with the Guide for the Care and Use of
Laboratory Animals published by the US NIH (2011).15

2.1 Analysis of RNA-seq data
RNA-seq datasets were acquired from the European Nucleotide
Archive (http://www.ebi.ac.uk/ena) (also see details in the
Supplementary material online).

2.2 Analysis of the lncRNA-mRNA regula-
tory network
The lncRNA-mRNA regulatory network was constructed as described
previously (also see details in the Supplementary material online).16,17

2.3 Correlation between lncRNA and
nearby coding gene expression
Coding gene data were referenced to analyse the co-ordinates of the
lncRNAs (also see details in the Supplementary material online).

2.4 Cell isolation, culture, and transfection
CMs for the in vitro experiments were isolated from D1 and D7 Sprague-
Dawley (SD) neonatal rats, obtained from the Laboratory Animal
Center of the Southern Medical University. Neonatal rats were anesthe-
tized using 2% inhaled isoflurane. Isolation and culture of ventricular
CMs were performed as previously described.18 CMs and cardiac fibro-
blasts (CFs) were cultured via differential adhesion. The AC16 human
CM-like cells19 and human cardiac fibroblasts (HCFBs) were donated by
Mingkong Bio Co. Ltd. (Guangzhou, China). Cells were incubated in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) with
10% foetal bovine serum (Gibco, Life Technologies, Australia) at 37�C
with 5% CO2. Adenovirus vectors harbouring plasmid or 4-in-1 shRNA
(Vigene Biosciences, Shandong, China) were added to overexpress or

inhibit AZIN2-sv with a multiplicity of infection (MOI) = 100. The
AZIN2-sv RNA interference target sequences are shown in
Supplementary material online, Table S1. A scrambled form was the con-
trol. After 24 h, cells were maintained in normal fresh medium for 48 h
before the experiments and subsequent analysis. Small interfering RNA
of AZIN2 and vector harbouring PTEN were generated by Kidan Bio
Co. Ltd. (Guangzhou, China). Transfections were performed with a
Lipofectamine 2000 kit (Invitrogen, ThermoFisher Scientific,
Bridgewater, NJ) according to the manufacturer’s instructions. miR-214
mimic and inhibitor were transfected at a final concentration of 50 nM
for 6 h. Actinomycin D (Sigma, St. Louis, MO) was added at a concentra-
tion of 50 lM.

2.5 Quantitative real-time polymerase
chain reaction
Total RNA was extracted from the CMs using E.Z.N.A.R Total RNA Kit
II (Norcross, GA). Related mRNAs were quantified with the SYBR
Green PCR Kit (Takara) and the Light Cycler 480 II (Roche Diagnostics,
Basel, Switzerland). The primers are shown in Supplementary material
online, Table S2. The qPCR reactions were performed as described pre-
viously.18 A stem-loop kit (Sangon Biotech, Shanghai, China) was applied
to qPCR reactions of miRNA according to the instructions. The RT
primers used for reverse transcription and the PCR primers are shown
in Supplementary material online, Table S2. PCR was performed as
described above.

2.6 50- and 30-rapid amplification of cDNA
ends
The transcriptional initiation and termination sites of AZIN2-sv were
determined using the 50- and 30-rapid amplification of cDNA ends
(RACE) System for Rapid Amplification of cDNA Ends (Version 2.0,
18374058, ThermoFisher Scientific) according to the manufacturer’s
instructions. The gene-specific primers used for PCR for RACE analysis
were as follows: 50-CAGGTAGCCAGCCATGCCTTGC-30 (50-RACE)
and 50-GGCATGGCTGGCT ACCTG-30 (30-RACE).

2.7 RNA FISH analysis
RNA FISH was used to identify the location of AZIN2-sv (also see details
in the Supplementary material online). Slides were mounted and
analysed using the Carl Zess LSM880 confocal microscope (Zess
Corporation, Germany).

2.8 Cytoplasmic and nuclear fraction
separation
Subcellular fractions were isolated using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents (ThermoFisher Scientific) according to
the manufacturer’s instructions (also see details in the Supplementary
material online).

2.9 Luciferase reporter assay
AZIN2-sv-wt and AZIN2-sv-mut were amplified using qPCR and cloned
into the luciferase vector psiCHECK-2 (Saicheng Bio Co. Ltd.,
Guangzhou, China). For luciferase reporter assays, the miR-214 mimic
was co-transfected into HEK293 with the luciferase constructs described
above. Transfection was performed using Lipofectamine 2000
(Invitrogen, ThermoFisher Scientific) according to the manufacturer’s
instructions. Firefly and Renilla luciferase activity was measured using the
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Dual Luciferase Reporter Assay System (Promega, Madison, WI) and
each well had three replicates.

2.10 Pull-down assay and mass
spectrometry
lncRNA-AZIN2-sv and its antisense RNA were transcribed in vitro from
the pGEM-T vector, biotin-labelled with the Biotin RNA Labeling Mix
(Roche Diagnostics, Indianapolis, IN) and T7 RNA polymerase (Roche),
and purified using the RNeasy Mini Kit (Qiagen, Valencia, CA). Then, bio-
tinylated probes were mixed with proteins or RNA obtained from P7
CMs, and incubated with streptavidin-coated magnetic beads (SA10004;
Invitrogen). RNase-free BSA and yeast tRNA (Sigma, Shanghai, China)
were used to prevent the non-specific binding of RNA and protein com-
plexes. Finally, RNA complexes bound to beads were purified by Trizol
for RT-PCR analysis, and proteins were resolved by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis. The specific bands were
extracted followed by mass spectrometry analysis (Supplementary mate-
rial online, Table S3) (Luming Bio Co. Ltd., Shanghai, China).

2.11 RNA immunoprecipitation
The RNA immunoprecipitation (RIP) experiment was performed
with the Magna RIPTM RNA-binding protein Immunoprecipitation Kit
(Millipore, Stafford, VA) according to the protocol. The PTEN antibody
(1:20, ab79156; Abcam) was used to co-precipitate RNA. RNA quantity
was detected by qPCR.

2.12 Western blot analysis
Western blot analysis was performed as previously reported (also see
details in the Supplementary material online).20 Protein expression was
measured using Image J Analysis software (NIH, Bethesda, MD).

2.13 Immunofluorescence
Immunofluorescence staining was performed as previously described
(also see details in the Supplementary material online).20,21 Positive cells
were counted from five randomly selected fields in non-consecutive sec-
tions using confocal microscopy (CarlZess, LSM880). The CM area was
quantified using Image J Analysis software (NIH).

2.14 MI model establishment
Rat MI was induced by ligation of the left anterior descending coronary
artery as previously described (also see details in the Supplementary
material online).20 Adult SD rats (180–200 g) were intraperitoneally
anesthetized with 3% pentobarbital sodium (40 mg/kg). The left coro-
nary artery was ligated with silk suture 2 mm distal from the ascending
aorta. For sham-operated animals, an analogous surgical operation was
performed without occlusion of the coronary artery. Immediately post-
ligation, adenovirus vectors (1� 1011 viral genome particles per animal)
containing shAZIN2-sv or control vector were injected into the myocar-
dium bordering the infarct zone (single injection), using an insulin syringe
with a 30-gauge needle. Animal chests were closed and rats were
warmed for several minutes until recovery. EdU was administered intra-
peritoneally every 2 days for 10 days. All rats were sacrificed by an over
dose of pentobarbital sodium anaesthesia (150 mg/kg intraperitoneal
injection) or cervical dislocation at different time points.

2.15 Measurement of lung weight
Lungs were weighed to evaluate the degree of heart failure as previously
described.22 Thirty days after MI, lungs were removed and weights were

normalized to body weight. Then, the lungs were soaked in 4% parafor-
maldehyde in a fixed shape.

2.16 Evaluation of infarct and fibrosis area
The infarct and fibrotic area was evaluated as previously described.18,20,23

After MI (14 and 60 days), hearts were cut into six sections and incu-
bated in 1% triphenyl tetrazolium chloride (TTC) for 10 min at room
temperature (white indicates infarct area; red indicates normal myocar-
dium). Infarct areas were measured digitally using Image-Pro Plus 6.0
(Media Cybernetics, Bethesda, MD). The Masson trichrome stain was
used to evaluate cardiac fibrosis as described elsewhere (blue indicates
fibrosis area; red indicates normal myocardium).23 The percent area of
cardiac fibrosis was measured in five random images from each animal,
and calculated as the ratio of the Masson trichrome-stained area to the
total optical field using Image J Analysis software (NIH).

2.17 Assessment of capillary density
The capillary density was assessed as previously described (also see
details in the Supplementary material online).20

2.18 Cardiac function evaluation
Cardiac dimensions and function were evaluated by echocardiography
with the Sequoia 512 system and a 17 L-5 probe (Siemens, Berlin,
Germany) before infarction (pre-MI), and at 1, 14, 30, and 60 days post-
MI (also see details in the Supplementary material online).

2.19 Statistical analysis
Quantitative data are expressed as the means± SEM. The differences
between two groups were evaluated using the two-tailed unpaired
Student’s t-test, and multiple comparisons were analysed by one-way anal-
ysis of variance (ANOVA), followed by Bonferroni tests with equal varian-
ces and Dunnett’s C test with unequal variances (SPSS 16.0; SPSS Inc.,
Chicago, IL). For all tests, P< 0.05 was considered statistically significant.

3. Results

3.1 A human-derived lncRNA is upregu-
lated in the adult heart
After comparing RNA sequencing (RNA-seq) data from foetal and adult
hearts, we selected five differentially expressed lncRNAs that correlated
with cell cycle-related protein-coding genes (r > 0.9) (Supplementary
material online, Figure S1A). Gene expression was confirmed by quantita-
tive PCR (qPCR) in foetal and adult heart specimens (Supplementary
material online, Figure S1B). Of these lncRNAs, NONHSAG000971,
which is located on chromosome 1 near the coding gene AZIN2 and has
six exons, was the most significantly differentially expressed (Figure 1A
and Supplementary material online, Figure S1C). We evaluated the
expression of NONHSAG000971 in AC16 human CMs and HCFBs, the
qPCR results suggested that expression in AC16 cells was higher
(Supplementary material online, Figure S1D). NONHSAG000971 had
weak protein-coding capability based on online coding probability
prediction (Supplementary material online, Figure S1E). Next, conserva-
tion analysis suggested that the exons were highly conserved across
different mammalian species such as the chimp, rhesus, mouse, and
rat (Supplementary material online, Figure S1F). In SD rats,
NONHSAG000971 expression was greater in the adult heart than in
the foetal heart (P< 0.05; Figure 1B) and progressively increased from
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..Day 1 (D1) to D7 after birth (P< 0.05; Figure 1C). Moreover,
NONHSAG000971 expression was higher in CMs than in CFs
(Supplementary material online, Figure S1G). NONHSAG000971 was
detected in various tissues and was enriched in the heart, followed
by the kidney, liver, and lung (P< 0.05; Figure 1D). Full-length of
NONHSAG000971, which was amplified by 50- and 30-RACE, was 839

base pairs (Figure 1E and Supplementary material online, Table S1). We
also identified the gene sequence in rats (Supplementary material online,
Figure S1H and Table S1). Coexpression network analysis indicated that
NONHSAG000971 was associated with many cell cycle–related
mRNAs such as CCNT2, PDS5A, CDKN1B, and ANAPC1 (Figure 1F). The
qPCR results suggested that several cell cycle genes increased after

Figure 1 AZIN2-sv is upregulated in adult hearts. (A) Cluster analysis identified upregulated AZIN2-sv in adult hearts. (B) qPCR in foetal and adult rats.
*P< 0.05 vs. foetal rat group; n = 6 per group (Student’s t-test). (C) Gene expression of AZIN2-sv from D1 to D7 neonatal rats by qPCR. *P< 0.05 vs. D1
group; #P< 0.05 vs. D3 group; $P< 0.05 vs. D5 group; n = 6 per group (one-way ANOVA analysis with Dunnett C’s multiple comparison test). (D)
Expression of AZIN2-sv in different tissues of D7 rats using qPCR. *P< 0.05 vs. brain; #P< 0.05 vs. lung; $P< 0.05 vs. liver; n = 6 per group (one-way
ANOVA analysis with Dunnett C’s multiple comparison test). (E) A representative image of PCR products from 50- and 30-RACE. The major PCR product
is indicated by arrow. (F) Coexpression network analysis of AZIN2-sv. Pink represents cell cycle-related mRNAs; red represents mRNAs regulating the cell
cycle; green represents cell growth-related mRNAs; grey represents other unrelated mRNAs. (G) qPCR for several cell cycle-related mRNAs from coex-
pression analysis. *P< 0.05 vs. control; n = 6 per group (Student’s t-test).
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NONHSAG000971 knockdown (Figure 1G). This novel gene was named
AZIN2-sv.

3.2 AZIN2-sv suppresses CM proliferation
in vitro
To explore the role of AZIN2-sv in CM proliferation, we reduced
AZIN2-sv in D7 CMs and overexpressed AZIN2-sv (OE) in D1 CMs
using adenovirus transfection technology (Supplementary material
online, Figure S2A–D). In D7 CMs, AZIN2-sv reduction increased the
ratio of 5-ethynyl-20-deoxyuridine (EdU) and Ki-67-positive CMs from
2.3% to 9.1% (P< 0.05; Figure 2A and B), which indicated their prolifera-
tion potential. In D1 CMs, AZIN2-sv overexpression reduced the ratio
of EdU and Ki-67-positive CMs from 13.3% to 6.4% (P< 0.05; Figure 2C
and D). The mitosis markers, phosphorylated histone 3 (pH3) and
Aurora B, were used to evaluate the effects of AZIN2-sv on prolifera-
tion. Compared to the controls, pH3- and Aurora B-positive CMs
increased in D7 CMs when AZIN2-sv was knocked down, and
decreased in D1 CMs when AZIN2-sv was overexpressed (P< 0.05;
Figure 2E and F). In addition, loss of AZIN2-sv caused an increase in pH3
protein in D7 CMs, whereas the enrichment of AZIN2-sv decreased
pH3 protein expression in D1 CMs (P< 0.05; Figure 2G and H). Finally,
immunofluorescence data showed that the reduction or enrichment of
AZIN2-sv did not increase the proliferation of CFs (Figure 2I and J). Thus,
AZIN2-sv inhibited CM but not CF proliferation in vitro.

3.3 AZIN2-sv suppresses CM proliferation
in vivo
To assess the effects of AZIN2-sv on CM proliferation in vivo, adenovirus
vectors containing single hairpin AZIN2-sv (shAZIN2-sv) or AZIN2-sv
(OE) were injected into the hearts of D7 or D1 neonatal rats, respec-
tively (Supplementary material online, Figure S3A and B). Three days after
injection, cells were labelled with Ki-67 (Supplementary material online,
Figure S3C). Compared to the control, Ki-67-positive CMs were signifi-
cantly increased in D7 rats injected with shAZIN2-sv (from 1.3% to
8.67%, P< 0.05; Figure 3A and B) and were decreased in D1 rats injected
with AZIN2-sv (from 8.25% to 3.82%, P< 0.05; Figure 3C and D).
Similarly, the ratio of pH3- and Aurora B-positive CMs was greater in D7
rats with AZIN2-sv knockdown and lower in D1 rats with AZIN2-sv
overexpression compared to their respective controls (P< 0.05; Figure
3E–I). Western blot analysis indicated that pH3 protein increased in D7
rats injected with shAZIN2-sv and decreased in D1 rats injected with
AZIN2-sv (P< 0.05; Supplementary material online, Figure S3D and E).
After 12 days, hearts injected with shAZIN2-sv were morphologically
normal, but were significantly enlarged compared to those that received
single hairpin negative control (shNC) (P< 0.05; Figure 3J). Wheat germ
agglutinin (WGA) staining showed that CMs were not enlarged in the
shAZIN2-sv group compared to the shNC group (Figure 3K and L).
Moreover, no difference in collagen content was observed between rats
injected with shAZIN2-sv or shNC (Figure 3M). These data show that
AZIN2-sv repressed CM proliferation in vivo without causing myocardial
hypertrophy and fibrosis, in accordance with the in vitro results.

3.4 Reduction of AZIN2-sv attenuates
cardiac remodelling after MI
Next, we assessed the effects of AZIN2-sv on cardiac remodelling after
MI (Supplementary material online, Figure S4A). AZIN2-sv knockdown
was performed in the MI model (Supplementary material online, Figure
S4B and C). From days 14 to 60 after MI, the left ventricular ejection

fraction (LVEF), left ventricular fractional shortening (LVFS), left ventric-
ular end systolic diameter (LVESd), and left ventricular end diastolic
diameter (LVEDd) were significantly preserved in rats injected with
shAZIN2-sv compared to those treated with shNC (P< 0.05; Figure 4A
and B). At 6 weeks post-MI, lung weights were significantly decreased in
the knockdown group compared to the shNC group (P< 0.05; Figure
4C), indicating improved cardiac function. At 14 and 60 days after MI,
TTC and masson trichrome staining showed that infarct areas (white)
and fibrotic scars (blue) were significantly reduced in rats treated with
shAZIN2-sv compared to those treated with shNC (P< 0.05; Figure 4D–
G). Furthermore, CM proliferation around the infarct area was con-
firmed. At 7 days after vector delivery, EdU-positive and pH3-positive
CMs increased in the peri-infarct and remote areas in the shAZIN2-sv
group (P< 0.05; Figure 4H–K, Supplementary material online, Figure
S4D–G). The effects on myocardial angiogenesis were investigated.
CD31 and CD34 were used to stain the blood vessels. At 7 days after
MI, rats injected with shAZIN2-sv had more CD31 and CD34 staining
than those injected with shNC in the infarct and remote areas (P< 0.05;
Supplementary material online, Figure S4H and I), indicating higher vascu-
lar density. Thus, loss of AZIN2-sv after MI exerts protective effects on
cardiac function possibly by stimulating endogenous CM proliferation
and angiogenesis.

3.5 AZIN2-sv directly and specifically binds
to miR-214
We detected subcellular AZIN2-sv and confirmed that it was localized in
the cytoplasm (P< 0.05; Figure 5A and B). Using the RNAhybrid bioinfor-
matics program, we screened miRNAs that may bind to AZIN2-sv and
found that the seed sequence of miR-214 was complementary to that of
AZIN2-sv (Figure 5C). In further, only miR-214 expression significantly
increased when AZIN2-sv expression was reduced (Figure 5D). A lucifer-
ase construction of AZIN2-sv (Luc-AZIN2-sv-wt) and a mutated form
with a derivative devoid of the miR-214 binding site (Luc-AZIN2-sv-mut)
were produced (Figure 5E). The luciferase assay revealed that miR-214
could suppress the luciferase activity of Luc-AZIN2-sv-wt, but had less
effect on the Luc-AZIN2-sv-mut (P< 0.05; Figure 5F), indicating that
AZIN2-sv directly bound to miR-214. Moreover, a biotin–avidin pull-
down assay showed that miR-214 could be co-precipitated from the cyto-
plasm, but not from the nucleus by AZIN2-sv (Figure 5G). In addition, the
binding sites of AZIN2-sv with miR-214 were conserved between human
and rats (Supplementary material online, Figure S1F). These data show that
AZIN2-sv directly binds to miR-214 at specific sites in the cytoplasm.

3.6 miR-214 participates in the regulation
of CM proliferation
The effect of miR-214 on CM proliferation was measured using a mimic
and an inhibitor. The results showed that enhanced miR-214 promoted
CM proliferation and reduced miR-214 had inhibitory effects compared
to their respective controls (P< 0.05; Figure 6A and B). Moreover, miR-
214 was higher in foetal hearts than in adult hearts and no change in
AZIN2 was observed (P< 0.05; Figure 6C, Supplementary material online,
Figure S5A). In addition, miR-214 expression was higher in CMs than in
CFs, with no difference in AZIN2 expression between them
(Supplementary material online, Figure S5B and C). We predicted several
downstream target genes of miR-214 using miRTarBase and found that
PTEN had complementary pairing with the seed sequence of miR-214
(Figure 6D). qPCR showed that PTEN expression significantly decreased
when miR-214 expression increased (P< 0.05; Figure 6E). Western blot
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ANOVA analysis with Bonferroni’s multiple comparison test).
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analysis also confirmed that miR-214 could suppress PTEN protein levels
and that cyclin D1 positively correlated with miR-214 (P< 0.05; Figure
6F). Finally, subcellular localization data indicated that miR-214 was pri-
marily located in the cytoplasm, and no difference was for AZIN2
between cytoplasm and nucleus (P< 0.05; Figure 6G, Supplementary
material online, Figure S5D). These results suggest that cytoplasmic miR-
214 regulates CM proliferation in vitro and that PTEN is a potential target.

3.7 AZIN2-sv regulates CM proliferation
through the miR-214/PTEN/Akt pathway
Next, we determined if AZIN2-sv regulates the PTEN/Akt pathway.
Cyclin D1 was used to reflect cell cycle activity. When AZIN2-sv was
inhibited, PTEN levels decreased, and phosphorylated Akt (p-Akt) and
cyclin D1 levels significantly increased compared with the respective
control, whereas overexpressing AZIN2-sv had the opposite effect
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..(P< 0.05; Figure 7A). Moreover, overexpressing AZIN2-sv counteracted
the inhibitory effects of miR-214 on PTEN (P< 0.05; Figure 7B). In addi-
tion, loss of AZIN2-sv had no effect on AZIN2 and inhibition of AZIN2
had no effect on miR-214 and PTEN levels (P< 0.05; Supplementary
material online, Figure S5E–I). Furthermore, enforced miR-214 released

the inhibitory effects of PTEN on CM proliferation, and overexpression
of AZIN2-sv reduced CM proliferation, which was also blocked by an
Akt inhibitor (P< 0.05; Figure 7C and D). Therefore, the regulatory
effects of AZIN2-sv on CM proliferation are achieved by regulating miR-
214, PTEN, and its downstream target Akt.
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3.8 AZIN2-sv binds to PTEN directly and
increases its stability
Previous studies have suggested that cytoplasmic lncRNAs can regulate
signalling pathways through interactions with specific proteins.
Therefore, RNA pull-down assays were performed to identify AZIN2-
sv-interacting proteins in D7 CMs. The bands specific to AZIN2-sv were
excised and subjected to mass spectrometry. PTEN could be detected
by mass spectrometry and western blotting confirmed expression
(Figure 8A). We performed RIP to demonstrate that AZIN2-sv could
bind to PTEN in vivo. AZIN2-sv was enriched by the PTEN antibody
compared to a non-specific IgG antibody (Figure 8B). The RNA level of
PTEN could be positively regulated by AZIN2-sv (Figure 8C). In addition,
fluorescence in situ hybridization (FISH) and immunofluorescence stain-
ing of PTEN showed that they were both located in the cytoplasm
(Figure 8D). The forecast results showed that binding sites of AZIN2-sv
with PTEN were conserved between human and rats (Supplementary
material online, Figures S1F and S5J). These data suggest that AZIN2-sv
may regulate the stability of PTEN. To further determine the effects of
AZIN2-sv on the synthesis or degradation of PTEN mRNA, AZIN2-sv
was overexpressed or reduced in CMs treated with actinomycin D or
dimethylsulfoxide (DMSO) over a period of 24 h to block new RNA syn-
thesis, after which the loss of PTEN, GAPDH, and 18sRNA were meas-
ured at different time points. The results showed that AZIN2-sv was
positive correlated with PTEN stability (Figure 8E). These data suggest
that AZIN2-sv can increase PTEN levels through direct binding (Figure
8F).

4. Discussion

We identified a novel upregulated lncRNA in rat hearts, namely AZIN2-
sv, and found that its expression progressively increased after birth. Loss
of AZIN2-sv promoted rat cardiac regeneration in vitro and in vivo and
attenuated adverse ventricular remodelling post-MI. Also AZIN2-sv
acted as a ceRNA of miR-214 to increase its target PTEN, which inhib-
ited the phosphorylation of Akt and reduced CM proliferation.
Moreover, AZIN2-sv directly bound to PTEN and increased its stability.
Thus, our newly discovered AZIN2-sv may serve as a novel target for
preventing and treating heart failure.

Numerous lncRNAs have important functions in developmental proc-
esses such as chromatin modification,24 RNA processing,25 structural
scaffolds,26 and modulation of proliferation and apoptosis.27 Here, we
show that lncRNAs can also participate in cardiac regeneration as
AZIN2-sv negatively regulated rat CM proliferation in vitro and in vivo.
AZIN2-sv knockdown significantly promoted CM proliferation in rats
7 days after birth, a time at which most cells have exited the cell cycle.
This suggests a solution for non-regeneration after myocardial necrosis.
Then, DNA synthesis and the appearance of mitotic feature in CMs
were enhanced, which not only demonstrated the reliability of prolifera-
tion but also indicated that proliferation occurred in partially differenti-
ated CMs, an event that occurs in zebrafish and neonatal mice. In
addition, AZIN2-sv knockdown did not induce the proliferation of CFs,
which may be due to participation in different signalling pathways.
Furthermore, the repair capacity of AZIN2-sv in MI was proved and loss
of AZIN2-sv improved ventricular remodelling after MI. CM prolifera-
tion and angiogenesis in the infarct zone are critical for the rescue of
necrotic myocardium and improvements in post-MI prognosis.28 We
observed that with AZIN2-sv loss, EdU- and pH3-labeled CMs increased
in the peri-infarct and remote areas, higher vascular density was

observed, infarct size was reduced, and cardiac function was improved.
Thus, AZIN2-sv may be a key regulator of regeneration/repair capacity
in the heart, and as such, may be harnessed for enhancing endogenous
repair mechanisms in the adult heart after MI.

lncRNAs exert their various effects by interacting with miRNA as
endogenous sponge RNAs, which is the most common interaction
described.29,30 To determine if AZIN2-sv functioned through this model,
we assessed its cytoplasmic localization, expression abundance, binding
sites, and free energy. It has been reported that miRNA target accessibil-
ity is a critical factor in determining miRNA function.31 AZIN2-sv and
miR-214 were mainly located in the cytoplasm according to FISH and
RNA pull-down assays, and RNA hybrid analysis showed that AZIN2-sv
had paired seven consecutive bases with the seed sequence of miR-214
and had a minimum free energy of –15.8 kcal mol-1, which made accessi-
bility to miRNA and binding force more reliable. RNA crosstalk between
AZIN2-sv and miR-214 was validated with luciferase and pull-down
assays. Luciferase activity significantly increased after a mutation at the
binding site of AZIN2-sv and miR-214, and the pull-down experiment
confirmed their direct combination. Thus, we confirmed the miRNA
sponge adsorption effect of lncRNA.10,13,29 We also showed that miR-
214 was downstream of AZIN2-sv and participated in the regulation of
CM proliferation. To date, more miRNAs, such as miR-199a and miR-
34a, have been reported to be involved in myocardial regeneration.7,32

Previous studies have shown that miR-214 can serve as a cardioprotec-
tive molecule by attenuating CM death and promote proliferation in vari-
ous cancers.33,34 Moreover, miR-214 plays an important role in
myogenesis35 and muscle fate.36 Consistent with these conclusions, our
results showed that miR-214 could promote CMs proliferation in vitro.
Moreover, its expression was related to cyclin D1, which indicated its
effects on cell cycle activity. Thus, we confirmed the interaction between
AZIN2-sv and miR-214 and expanded the role of miR-214 in CM
proliferation.

miRNAs inhibit the transcription of target mRNAs. PTEN, a docu-
mented target of miR-214, regulates cell proliferation and survival
through inhibition of PI3K/Akt pathway.37,38 Activation of the PI3K/Akt
signalling pathway is essential for cardiac cell proliferation and survival.39

Previous works have indicated that PTEN blocks activation of the down-
stream PI3K/Akt signalling pathway to promote CM death during ische-
mic heart disease.40,41 Our study confirmed that PTEN is a negative
regulator of CM proliferation. Transfection of plasmids containing PTEN
significantly reduced CM proliferation. More importantly, AZIN2-sv
modified PTEN abundance and regulated CM proliferation via the
PTEN-Akt pathway. An Akt inhibitor offset the proliferation effects
caused by AZIN2-sv loss. Many lncRNAs are reported to absorb
miRNA and release its targeted mRNA by competitive binding with
miRNA seed sequences.42 We found that AZIN2-sv regulated PTEN by
binding to miR-214. Overexpression of miR-214 reduced PTEN, which
was increased by overexpressed AZIN2-sv. In addition, our results indi-
cated that AZIN2-sv also bound directly to PTEN and increased its
stability, which is a common mechanism underlying the roles of cytoplas-
mic lncRNAs. Thus, the effects of AZIN2-sv on PTEN occur through its
absorption of miR-214 and interaction with PTEN.

Our study had some limitations. The open reading frame of AZIN2-sv
partially overlaps with AZIN2, so it is possible that a short AZIN2 pep-
tide was produced. However, there are currently no specific antibodies
against this short peptide. In the future, a specific antibody should be cus-
tomized to evaluate this possibility. Then, we found that AZIN2-sv could
directly bind to miR-214, but in the future, AGO2 immunoprecipitation
is needed to confirm the presence of miR-214, AZIN2-sv, and PTEN in
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Figure 8 AZIN2-sv binds to PTEN and increase its stability. (A) Silver-stained SDS-PAGE gel of proteins immunoprecipitated by AZIN2-sv and its anti-
sense RNA. The arrow indicates the region of the gel excised for mass spectrum determination. PTEN protein was assayed by western blotting. (B) RIP
experiments were performed using an antibody against PTEN or negative IgG. The purified RNA was used for qPCR analysis, and enrichment of the
lncRNA-AZIN2-sv was normalized to the input. *P< 0.05 vs. IgG; n = 5 per group (Student’s t-test). (C) PTEN mRNA level after reducing or overexpressing
AZIN2-sv. *P< 0.05 vs. shNC or vector; n = 6 per group (Student’s t-test). (D) FISH and immunofluorescence showed colocalization of AZIN2-sv and
PTEN when AZIN2-sv was knocked down and overexpressed (bars, 40lm). (E) PTEN and GAPDH mRNA levels measured by qPCR when AZIN2-sv was
overexpressed and knocked down. Actinomycin (50 lM) or DMSO (negative control) was used to block new RNA synthesis. *P< 0.05 vs. vector
(Actinomycin D) or shNC (Actinomycin D); n = 6 per group (one-way ANOVA analysis with Bonferroni’s multiple comparison test). (F) Illustration of the
mechanism underlying AZIN2-sv regulation of CM proliferation through the PTEN/Akt pathway.
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the complex. In addition, the detailed mechanism underlying the role of
AZIN2-sv in increasing PTEN stability should be examined. Finally,
although we evaluated the expression of AZIN2-sv in CMs and CFs, fur-
ther studies are needed to measure AZIN2-sv levels in endothelial cells
and to explore its role in blood vessels.

In conclusion, loss of human AZIN2-sv can induce cardiac regenera-
tion and attenuate cardiac adverse remodelling after MI by targeting the
PTEN/Akt pathway. Thus, this newly discovered AZIN2-sv may be a
potential therapeutic target for promoting endogenous cardiac regener-
ation and preventing heart failure.
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