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Adult hearts are hard to recover after cardiac injury due to the
limited proliferative ability of cardiomyocytes. Emerging evi-
dence indicates the induction of cell cycle reentry of cardiomyo-
cytes by special treatment or stimulation,whichoffers adult heart
regenerative potential. Herein, a microRNA (miRNA) screening
in cardiomyocytes identified miR-301a enriched specially in the
neonatal cardiomyocytes from rats and mice. Overexpression
ofmiR-301a in primary neonatal cardiomyocytes andH9C2 cells
induced G1/S transition of the cell cycle, promoted cellular pro-
liferation, and protected cardiomyocytes against hypoxia-
induced apoptosis. Adeno-associated virus (AAV)9-mediated
cardiac delivery of miR-301a to the mice model with myocardial
infarction (MI) dramatically promoted cardiac repair post-MI
in vivo. Phosphatase and tensin homolog (PTEN)/phosphatidyli-
nositol 3-kinase (PI3K)/AKT signaling pathway was confirmed
to mediate miR-301a-induced cell proliferation in cardiomyo-
cytes. Loss of functionof PTENmimicked themiR-301a-induced
phenotype, while gain of function of PTEN attenuated the miR-
301a-induced cell proliferation in cardiomyocytes. Application
of RG7440, a small molecule inhibitor of AKT, blocked the func-
tionofmiR-301a in cardiomyocytes.The current study revealed a
miRNA signaling in inducing the cell cycle reentry of cardiomyo-
cytes in the injured heart, and it demonstrated the miR-301a/
PTEN/AKT signaling as a potential therapeutic target to recon-
stitute lost cardiomyocytes in mammals.
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INTRODUCTION
After heart injury in adults, the regeneration of cardiomyocytes is
very limited due to the “terminated” cell proliferative ability and
“lack” of cardiac stem cells.1,2 Myocardial infarction (MI) occurs
mostly from coronary artery disease in which heart blood flow is
blocked, causing damage to the cardiomyocytes. MI may cause heart
failure, heart arrhythmia, cardiogenic shock, or cardiac arrest. There
are two potential strategies for restoring the lost cardiomyocytes
caused byMI. One is to apply cardiomyocytes differentiated from em-
bryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs).3,4

The other is to induce the cell cycle reentry of cardiomyocytes.5,6
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During heart development, a high rate of the cell cycle activity in car-
diomyocytes occurs during fetal life, but the proliferative rate of car-
diomyocytes gradually declines during later stages of embryogenesis
in mammals.7 Shortly after birth, most cardiomyocytes exit the cell
cycle, becoming “terminally” differentiated cells.8 Due to the limited
rate of cardiomyocyte regeneration responding to injury and stress,
most insults ultimately lead to cardiomyocyte hypertrophy or cardi-
omyocyte dropout induced by necrosis and/or apoptosis.9–11

Emerging evidence indicates that adult heart may still maintain
regenerative potential because of the cell cycle reentry of cardiomyo-
cytes, which promotes cardiomyocyte replacement after injury.12,13

Although the increased cardiomyocyte cell division is expected after
special treatment, the overall effect is still rather limited. As such,
developing a new strategy for inducing the cell cycle reentry of cardi-
omyocytes in the heart is urgently required.

MicroRNAs (miRNAs) are a class of highly conserved small non-cod-
ing RNAs regulating the stability or translational efficiency of targeted
messenger RNAs through base-pairing interactions mostly within the
30 untranslated region (UTR).14 miRNAs have been well demon-
strated to regulate diverse biological and pathological processes,
including tissue development, cell cycle progression, stem cell self-
renewal and differentiation, and tumorigenesis.15–17

Several miRNAs, including miRNA-1, miR-133, miR-208, and miR-
499, have been reported to be involved in cardiac cell differentiation,
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cell proliferation, heart development, and cardiac remodeling.18–20 As
the most abundant miRNAs in heart, the miR-1/133a bicistronic clus-
ters are critical regulators of cardiac development. miR-1 can induce
cardiac cell differentiation of ESCs both in vitro and in vivo.21 Post-
MI transplantation with ESCs overexpressing miR-1 significantly
enhanced their differentiation into cardiomyocytes.21 The absence
of miR-133a in heart led to ectopic expression of smooth muscle
genes and aberrant cardiac cell proliferation. The mice carrying a
miR-133a-1/miR-133a-2 double mutation suffered dilated cardiomy-
opathy and heart failure.22,23 In addition, miR-15,24 miR-199a,6 and
the miR-17-92 cluster25 have been reported to promote cardiomyo-
cyte proliferation in vitro and/or in vivo.

Our previous study on miRNA screening in cardiomyocytes revealed
the enrichment of miR-708 andmiR-301a in the heart of neonatal rats
and mice.2,26 miR-708 has been demonstrated to promote differenti-
ation of cardiac progenitor cells and promote cardiac myocyte prolif-
eration.2,26 However, the function of miR-301a in cardiomyocytes re-
mains unknown.

In the current study, the neonatal cardiomyocyte-enriched miR-301a
was demonstrated to induce cell cycle reentry, promote cellular pro-
liferation, and protect cells against hypoxia-induced apoptosis in
H9C2 and primary cardiomyocytes. Adeno-associated virus (AAV)
9-mediated cardiac delivery of miR-301a into the mice subjected to
MI promoted myocardial regeneration and cardiac repair in vivo.
The phosphatase and tensin homolog (PTEN)/AKT/cyclin D1
pathway was proven to mediate the cell cycle reentry of cardiomyo-
cytes induced by miR-301a. These findings provide a novel strategy
for promoting cardiac repair post-MI.

RESULTS
miRNA Screening Identified miR-301a Overexpressed in the

Mammalian Neonatal Cardiomyocytes

During cardiac development and heart morphogenesis in mammals, a
high rate of DNA synthesis and cell cycles occurs only in the fetal and
neonatal periods, which were associated with cardiomyocyte prolifer-
ation and hypertrophic myocardial growth. The cardiomyocyte
proliferation rate gradually declines during the late stage of embryo-
genesis, and it terminates shortly after birth. As such, in contrast with
the adult heart, cardiomyocytes in the neonatal heart remain active
for rapid growth. In order to identify key genes regulating prolifera-
tion and growth of cardiomyocytes, quantitative real-time PCR-based
miRNA profiling analyses were performed to compare miRNA
expression between the neonatal and adult hearts of mice, and rats
as well. Two sets of miRNAs with high expression in neonatal and
decrease in the adult hearts were identified from mice (Figure 1A)
and rats (Figure 1B). Notably, we found the enrichment of miR-
301a in the neonatal cardiomyocytes from both mice and rats, around
20-fold higher in expression compared to adults (Figures 1C and 1D).

In order to confirm the reliability of the miRNA screening results,
miR-15b and miR-199a were selected for comparison between our
screening data and literature. As mentioned above, these two miR-
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NAs have been reported to promote cardiomyocyte proliferation.
Consistent with literature, both miRNAs showed significant higher
expression in neonatal cardiomyocytes than that in adult rat (Fig-
ure S1), alongside with miR-301a (Figure 1).

In order to determine the cell type highly expressing miR-301a in the
heart, cardiomyocytes and fibroblast cells were separated from the
neonatal hearts of rats as described previously.22 Identity and purity
of the primary cardiomyocytes were confirmed by immunofluores-
cence staining of cardiac muscle troponin T (cTnT). As shown in Fig-
ures S2A and S2B, the purity of cTnT+ cardiomyocytes reached
�80%. Three cardiomyocyte-specific miRNAs, including miR-1,
miR-133a, and miR-499a, were applied to validate the cell type of car-
diomyocytes and fibroblasts (Figure S2C). miR-301a showed 3-fold
more enrichment in cardiomyocytes than in fibroblast cells
(Figure 1E).

miR-301a Promoted Cardiomyocyte Proliferation In Vitro

In order to determine the effect of miR-301a on the cell proliferation
ability in cardiomyocytes, multiple proliferation assays, including a
Cell Counting Kit-8 (CCK-8) assay, a cell cycle analysis, Ki67 staining,
5-ethynyl-20-deoxyuridine (EdU) staining, and Aurora B staining,
were carried out in primary neonatal cardiomyocytes and H9C2 cells
as well. As shown in Figures S3A and S3B, overexpression of miR-
301a was confirmed in the miR-301a mimic-transfected cells.
Increased cell proliferation by enforced expression of miR-301a in
H9C2 cells was demonstrated by a CCK-8 assay (Figure 2A).
Increased G1/S transition of the cell cycle bymiR-301a overexpression
was confirmed using propidium iodide staining and fluorescence-
activated cell sorting (FACS) analysis (Figures 2B and 2C). In addi-
tion, co-stainings of cardiac marker a-actinin and cell proliferation
markers Ki67, EdU and Aurora B were applied to H9C2 cells (Figures
2D and 2E; Figures S4A–S4C) and/or primary neonatal cardiomyo-
cytes (Figures 2F–2I), respectively. The co-stained cells by a-actinin
and Ki67 or EdU or Aurora B were considered as proliferating cardi-
omyocytes. As shown in Figures 2F–2I, both Aurora B and EdU stain-
ing on primary neonatal cardiomyocytes demonstrated the induction
of the cardiomyocyte proliferation rate from 1.5%–2% to 3.5%–4% by
overexpression of miR-301a.

miR-301a Protected Cardiomyocytes against Hypoxia-Induced

Cell Apoptosis and Death

Commonly known as a heart attack, MI occurs when a portion of the
heart myocardial tissue is damaged after blockage of a coronary ar-
tery, causing insufficient oxygen supply. Hypoxia in vitro can mimic
the situation of MI in vivo. In order to determine the effect of miR-
301a on cardiomyocytes in response to hypoxia, H9C2 cells were
transfected with miR-301a and cultured under the hypoxia condition
of 1% oxygen for 24 h, followed by annexin V analysis. The quantities
of living cells, early apoptotic cells, late apoptotic cells, and dead cells
are shown in Figures 3A and 3B. Quantitative analysis indicated that
miR-301a significantly decreased the percentage of apoptotic cells
(Figure 3C), while it increased the percentage of surviving cells (Fig-
ure 3D) under the hypoxia condition.



Figure 1. Enrichment of miR-301a in the Mammalian Neonatal Cardiomyocytes

(A) miRNA screening identified a subset of miRNAs with higher expression in the hearts from neonatal mice than adults. (B) miRNA screening identified a subset of miRNAs

with higher expression in the hearts from neonatal rats than adults. (C and D) Validation of miR-301a enrichment in the neonatal cardiomyocytes of mice (C) and rats (D) by

qRT-PCR analysis. (E) miR-301a showed more enrichment in primary cardiomyocytes compared to cardiac fibroblasts in neonatal rats. Data are mean ± SEM (n = 3). *p <

0.05, **p < 0.01.
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AAV9-Mediated miR-301a Delivery of Promoted Post-MI Repair

In Vivo

In order to determine the effect ofmiR-301a on post-MI repair in vivo,
the coronary artery ligation model in mice was applied to mimic hu-
man MI. AAV9 virus carrying miR-301a was tail vein-injected to the
MI mice at day 3 after surgery for coronary artery ligation. The mice
were subsequently monitored for functional recovery of the heart
(Figure 4A). In order to confirm the efficiency of cardiac delivery
by the AAV9 virus, AAV9-GFP was applied to the control mice
following exactly the same protocol as for AAV9-miR-301a adminis-
tration. In 2 weeks, GFP signals were examined in the heart and liver.
Immunofluorescence staining of a-actinin in heart was performed to
indicate cardiomyocytes. As shown in Figures 4B and Figure S5, GFP
was delivered by the AAV9 system to cardiomyocytes in the heart
with an efficiency of about 25%.

For the AAV9-miR-301a-treated MI mice, echocardiography exami-
nations were performed at day 0 before surgery, day 3 before miRNA
injection, day 15 after miRNA injection, and day 30 before animal
sacrifice (Figures 4A and 4C). All mice survived before sacrifice.
The analyses revealed substantial improvement in functional recovery
of hearts after AAV9-miR-301a treatment, compared to the control
mice (Figures 4C–4I). miR-301a treatment led to significant improve-
ments of the ejection fraction (EF, �40% in the miR-301a group
versus 20% in the negative control [NC] group, Figures 4D–4F), frac-
tional shortening (FS,�35% in the miR-301a group versus 15% in the
NC group, Figure S6A), and left ventricular posterior wall (LVPW)
end diastole and end systole (Figure 4G; Figure S6B). Meanwhile,
miR-301a treatment partly rescued the change of the left ventricular
internal diameter (LVID) end diastole and end systole induced by MI
(Figures 4H and 4I).

miR-301a Protected Myocardium and Promoted Myocardium

Regeneration In Vivo

Additional analyses were performed on the heart of those MI mice
treated with AAV9-miR-301a or control. Quantitative analysis of
miR-301a indicated an �2.5-fold increase in expression in the heart
of miR-301a group, compared to the control group (Figure S6C).
Masson’s trichrome staining to the slides demonstrated myocardial
fibrosis generated by the coronary artery ligation, while miR-301a
treatment protected myocardium from fibrosis as shown in Figures
4J and 4K. In order to examine the size change of cardiomyocytes,
cross-sectional areas were analyzed using wheat germ agglutinin
(WGA) staining to the heart tissues. As shown in Figures 4L and
4M, MI-induced cardiomyocyte hypertrophy can be partly rescued
by the application of miR-301a.
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Figure 2. miR-301a Promoted Cardiomyocyte Proliferation

(A) Overexpression of miR-301a promoted cell proliferation in H9C2 cells. (B) The cell cycle analysis indicated an increased G1/S transition in H9C2 cells by miR-301a

overexpression. (C) Quantitative analysis of the cells in the S phase before (0 h) and after (12 h) serum release of the cells with or without overexpression of miR-301a. (D) Ki67

and a-actinin co-staining on H9C2 cells with or without overexpression of miR-301a indicating increased double-positive cell percentage by miR-301a. (E) Quantitative

analysis of Figure D. (F) Aurora B and a-actinin co-staining on the primary cardiomyocytes from neonatal rat with or without overexpression of miR-301a indicating increased

proliferating cardiomyocytes by miR-301a. (G) Quantitative analysis of Figure F. (H) EdU and a-actinin co-staining on the primary cardiomyocytes further demonstrated the

cell proliferation induction by miR-301a. (I) Quantitative analysis of Figure H. Data are mean ± SEM (n = 3). *p < 0.05, **p < 0.01.
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To determine the effect of miR-301a on cell proliferation of adult car-
diomyocytes in vivo, co-staining for a-actinin and Ki67 was applied to
the slides from the paraffin-embedded heart tissues. As seen in Fig-
ures 4N and 4O and Figure S6D, �1.5%–2.0% of adult cardiomyo-
cytes in the miR-301a-treated mice were double positive to a-actinin
and Ki67, compared to �0.5%–1.0% in the control mice, indicating
254 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
the improved proliferative ability of cardiomyocytes by miR-301a
in vivo.

In view of the cardiac cellular protection against hypoxia stimulation by
miR-301a in vitro (Figure 3), several apoptotic factors were examined in
the heart of MI mice with or without treatment by miR-301a,



Figure 3. miR-301a Protected Cardiomyocytes against Hypoxia-Induced

Cell Apoptosis

(A and B) H9C2 cells were transfected with RNA oligonucleotide negative control

(NC) (A) or miR-301a mimic (B) and cultured under the hypoxia condition with 1%

oxygen for 24 h followed by annexin V analysis. The percentages of living cells, early

apoptotic cells, late apoptotic cells, and dead cells are indicated. (C) Quantitative

analysis indicated fewer apoptotic cells in the miR-301a group compared to the NC.

(D) Quantitative analysis indicated more survived cells in the miR-301a group

compared to the NC. Data are mean ± SEM (n = 3). *p < 0.05.
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determining the cardiac protectionbymiR-301a in vivo. As shown inFig-
ure S7, upregulation of anti-apoptotic factor Bcl2 and downregulation of
apoptotic factor Bax aftermiR-301a treatment were detected in the heart.

PTEN Is a Target Gene of miR-301a in Cardiomyocytes

In order to determine the mechanism by which miR-301a protects
myocardium and regulates myocardial regeneration, a bioinformatics
analysis using miRNA target prediction tools, including TargetScan
and miRanda, identified 2,209 predicted target genes of miR-301a
in rats and 2,345 in mice. Meanwhile, 487 heart development-related
genes were identified from a public database. 21 genes were overlap-
ped among the three sets of the identified genes (Figures 5A and 5B).
Further validation assays by quantitative RT-PCR analyses demon-
strated 4 of the 21 genes showing downregulation in cardiomyocytes
by miR-301a, including PTEN, SMAD4, TIMP2, and TGFBR2 (Fig-
ure 5C). In consideration of the function of PTEN in regulating cell
survival and proliferation, the interactions between miR-301a,
PTEN, and cardiac cell proliferation were further determined. As
shown in Figure 5D, three binding sites to miR-301a were identified
from the 30 UTR of rat PTENmRNA. Luciferase reporter vectors car-
rying either wild-type (WT) or point-mutated (MU) PTEN 30 UTR
were assayed, demonstrating the direct interaction between PTEN
30 UTR andmiR-301a (Figure 5E). The inhibition of PTEN at the pro-
tein level by miR-301a in vivowas validated in the hearts fromAAV9-
miR-301a-treated mice (Figure 6). Notably, our recent work also
demonstrated downregulation of PTEN by miR-301a in the mouse
ESC-differentiated cardiomyocytes27.

PTEN/PI3K/AKT Mediated miR-301a Regulation of Cardiac Cell

Proliferation

In order to determine the function of PTEN in miR-301a-regulated
cell proliferation in cardiomyocytes, PTEN small interfering RNA
(siRNA) was applied to H9C2 cells followed by EdU staining to deter-
mine the change of cell proliferation rate. miR-301a transfection was
applied for comparison. Among the three siRNA candidates, si-1 and
si-3 showed �70% knockdown of PTEN (Figure S8). As such, a
mixture of si-1 with si-3 (1:1) was used for experiments thereafter.
As seen in Figures 6A and 6B, PTEN knockdown can mimic the
miR-301a overexpression in cardiomyocytes, promoting cell prolifer-
ation from�10% to�25%. Moreover, reintroduction of PTEN back-
attenuated the cell proliferative induction by miR-301a in H9C2 cells
(Figures 6C and 6D), demonstrating that PTEN mediates the miR-
301a function in promoting cell proliferation in cardiomyocytes.

It has been well confirmed that PTEN is frequently mutated in tumors
and functions as a tumor suppressor arresting the cell cycle at the G1

phase mostly through the phosphatidylinositol 3-kinase (PI3K)/AKT
pathway. The PTEN/PI3K/AKT signaling pathway is involved not
only in tumorigenesis, but also in a wide variety of heart diseases,
including myocardial hypertrophy, heart failure, and precondition-
ing.28,29 In order to determine whether the PI3K/AKT pathway is
involved in the miR-301a-PTEN regulation of cardiomyocyte prolif-
eration, proteomic analysis was applied to the miR-301a-treated
mouse heart, as well as H9C2 cells. As shown in Figure 6E, downre-
gulation of PTEN was accompanied with upregulation of phosphor-
ylated (p-)AKT and p-GSK-3b in the heart tissues of miR-301a-
treated mice. Similar results were confirmed in the miR-301a overex-
pressed H9C2 cells, leading to increased expression of cyclin D1 (Fig-
ures S9A and S9B). These in vitro and in vivo data strongly suggest the
involvement of PTEN/PI3K/AKT signaling in mediation of miR-
301a-induced cell proliferation in cardiomyocytes.

In order to further determine the mechanism through which PI3K/
AKT mediates miR-301a-induced cardiomyocyte proliferation, a
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 255
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highly selective small molecule inhibitor of AKT, RG7440, was
applied to H9C2 cells. RG7440 binds to and blocks the activation of
AKT, resulting in cell cycle arrest and cell proliferation suppression.
RG7440 induced an increase in AKT phosphorylation. Despite this
increase in p-AKT, downstream AKT signaling activity was in-
hibited.30 Herein, an increase of p-AKT, a decrease of p-GSK-3b,
and a decrease of cyclin D1 were detected in H9C2 cells after treat-
ment with 5 nM RG7440 (Figure 6F). Moreover, RG7440 treatment
not only suppressed cell proliferation via inhibiting endogenous
AKT activity (Figure 6G, control [Ctrl] groups), but it also blocked
miR-301a-induced cell proliferation (Figure 6G, miR-301a groups),
further demonstrating that AKT signaling mediated miR-301a-
induced cell proliferation in cardiomyocytes.

DISCUSSION
Cardiovascular diseases, including heart failure, heart arrhythmia,
cardiogenic shock, cardiac arrest, and others, are becoming the lead-
ing cause of death all over the world. They remain incurable due to the
limited ability to replace damaged or lost cardiomyocytes after injury
in the heart. Activation of endogenous cardiomyocyte renewal may
provide a new approach for cardiac repair after injury. In mammals
shortly after birth, a transition from hyperplastic to hypertrophic
myocardial growth is associated with ceased DNA synthesis and an
exited cell cycle in cardiomyocytes.31,32 Although the vast majority
of adult cardiomyocytes grow predominantly in cell size, not in cell
number, emerging evidence has demonstrated that adult cardiomyo-
cytes can reenter the cell cycle and produce new cardiomyocytes after
ischemic injury.2,3,33 However, the mechanisms regulating cardiogen-
esis remain to be understood. Approaches for induction of the cell cy-
cle reentry and regeneration of new cardiomyocytes remain to be
developed.

As reviewed previously,34,35 different approaches have been applied
to regenerate new cardiomyocytes, including induction of the cell
cycle reentry, activation of endogenous cardiac stem cells or progen-
itor cells, and stimulation of endogenous heart regeneration through
reprogramming cardiac fibroblasts into cardiomyocytes. Emerging
evidence has demonstrated that non-coding miRNAs are capable
of maintaining cardiac organ homeostasis and repairing injured
Figure 4. AAV9-Mediated miR-301a Delivery Promoted Post-MI Repair In Vivo

(A) Schematic representation of the procedure for tail vein injection of AAV9-miR-301a to

applied to the mice by tail vein injection following the exact same protocol as for AAV9-

2 weeks indicating the GFP delivery to cardiomyocytes in vivo. The a-actinin+ cells an

efficiency. Data are mean ± SEM (n = 3). **p < 0.01. (C) Representative echocardiograph

The ejection fraction change of the individual mice in the control group (n = 10) from day 0

30 before animal sacrifice. (E) The ejection fraction change of the individual mice inmiR-3

the mice in the PBS control group, the miR-301a-treatedMI group, and the NC-treated M

control group, the miR-301a-treatedMI group, and the NC-treated MI group. (H and I) Le

the PBS control group, the miR-301a-treated MI group, and the NC-treated MI group.

descending (LAD) artery sites demonstrating that mir-301a treatment protected myoca

analysis of (J). (L) Cross-sectional areas analysis by WGA staining to the heart slides dem

hypertrophy. (M) Quantitative analysis of (L). (N) Ki67 and a-actinin co-staining on the s

cardiomyocytes in the AAV9-miR-301a group. Representative proliferating cardiomyoc

SEM (n = 10). *p < 0.05, **p < 0.01.
heart in adult mammals.6,24–26 A recent publication reported miR-
128 serving as a critical regulator of endogenous cardiomyocyte pro-
liferation.36 Deletion of miR-128 promoted cell cycle re-entry in
adult cardiomyocytes, and thereby reduced the levels of fibrosis
and attenuated cardiac dysfunction in response to MI.36 The miR-
17-92 cluster, as a critical regulator of cardiomyocyte proliferation,
is required and sufficient to induce cardiomyocyte proliferation in
the postnatal and adult hearts.25 The miR-302–367 cluster encour-
aged embryonic cardiomyocyte proliferation. The infarcted mouse
hearts treated with the miR-302–367 cluster exhibited decreased
cardiac fibrosis and improved heart function.37 A miRNA prosur-
vival cocktail including miR-21, miR-24, and miR-221 was demon-
strated to improve the engraftment of transplanted cardiac progen-
itor cells and therapeutic efficacy for treatment of ischemic heart
disease.38 Our current study demonstrated that overexpression of
miR-301a is able to induce cardiomyocytes proliferation. Cardiac
delivery of miR-301a promoted regeneration of damaged heart
in vivo. In addition, miR-301a protects cardiomyocytes against hyp-
oxia-induced apoptosis.

In view of the importance of endocardium and cardiac endothelial
cells in regulating cardiomyocyte proliferation and myocardium
regeneration, we are curious whether miR-301a has expression and
regulating function in cardiac endothelial cells. McCall et al.39

screened miRNA profiling of diverse endothelial cell types including
human aorta endothelial cells (HAECs), human coronary artery
endothelial cells (HCECs), human umbilical vein endothelial cells
(HUVECs), as well as epithelial cells and hematologic cells. They
found that miR-301a is expressed only in epithelial cells and hemato-
logic cells, but not endothelial cells, which is consistent with our
finding that heart delivery of miR-301a in vivo promoted cardiac
repair post-MI through regulating cell proliferation and/or survival
in cardiomyocytes.

It has to be taken into account that emerging evidence indicated the
oncogenic function of miR-301a in regulating cancer-related differen-
tiation, apoptosis, and pathogenesis in multiple tumor types.40 High
expression of miR-301a has been reported in gastric cancer,41 pancre-
atic cancer,42 hepatocellular cancer,43 and colorectal cancer,44 which
the MI model of mice, followed by echocardiographymonitoring. (B) AAV9-GFP was

miR-301a administration. GFP signaling and a-actinin staining on the heart tissue in

d GFP+/a-actinin+ cells were counted under a microscope to quantify the delivery

y images of normal control mice, as well as MI mice treated with miR-301a or NC. (D)

before surgery, day 3 before miRNA injection, day 15 after miRNA injection, and day

01a group (n = 10). (F) The average ejection fraction values at the above time points of

I group. (G) Left ventricular posterior wall (LVPW) end diastole of the mice in the PBS

ft ventricular internal diameter (LVID) end diastole (H) and end systole (I) of the mice in

(J) Masson’s trichrome staining to the heart slides from the apex to the left anterior

rdium from scar fibrosis generated by the coronary artery ligation. (K) Quantitative

onstrating that miR-301a treatment protected cardiomyocytes against MI-induced

lides from paraffin-embedded MI heart tissue demonstrating more double-positive

ytes are indicated with red arrows. (O) Quantitative analysis of (N). Data are mean ±
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Figure 5. PTEN is a Target Gene of miR-301a in Cardiomyocytes

(A) Comparison between 2,209 predicted target genes of miR-301a in rats, 2,345 predicted target genes of miR-301a in mice, and 487 genes related to heart development.

(B) The list of 21 genes overlapped in Figure A. (C) qRT-PCR analysis validated downregulation of PTEN, SMAD4, TIMP2, and TGFBR2 expression by miR-301a in car-

diomyocytes. (D) Sequence BLASTN analysis identified three binding sites to miR-301a at the 30 UTR region of PTEN mRNA. The three binding sites are highly conserved

between humans, mice, and rats. Luciferase reporter vectors carrying either wild-type (WT) or point-mutated (MU, mutated nucleotides are indicated with red font) PTEN 30

UTR were cloned. (E) Luciferase reporter assays demonstrated the increased luciferase activity in the MU vector compared to the WT. Co-transfection of miR-301a inhibited

luciferase activity in the WT, but not MU, vector. Data are mean ± SEM (n = 3). *p < 0.05, **p < 0.01.
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correlated with the invasion andmigration of the disease. As such, the
risk assessment of tumorigenesis is fully required before clinical appli-
cation of miR-301a in treatment of patients with heart injury. Devel-
opment of novel materials or methods for local delivery to the heart or
cardiomyocyte-specific overexpression of miR-301a will be a solution
to avoid the tumorigenic side effect. In particular, seeing that heart is
the organ that rarely grows primary tumors, the cardiomyocyte-tar-
geted delivery of miR-301a is a relatively safe and applicable
approach.

Herein, the tumor suppressor gene PTEN is identified as a direct
target of miR-301a in regulating cardiomyocyte proliferation. It
has been well confirmed that PTEN plays essential roles in the con-
trol of tumorigenesis.45,46 The focal adhesion kinase (FAK) pathway,
the mitogen-activated protein kinase (MAPK) pathway, and the
PI3K/AKT pathway have been demonstrated to be downstream
signaling of PTEN.47–49 Mostly PTEN dephosphorylates PIP3
(phosphatidylinositol (3,4,5)-trisphosphate) to PIP2 (phosphatidy-
linositol (4,5)-bisphosphate), thereby arresting the cell cycle at the
G1 phase through the PI3K/AKT pathway,49 which has been re-
ported to be involved in a wide variety of cardiovascular diseases,
regulating survival, proliferation, apoptosis, hypertrophy, and
contractility of cardiac cells.50 In the current study, PTEN was iden-
tified as a target gene of miR-301a in cardiomyocytes. Suppression
of PTEN was responsible for activating PI3K/AKT signaling by
258 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
miR-301a, thereby promoting cell proliferation in cardiomyocytes
(Figure 6H). Cyclin D1, as a key gene downstream of PI3K/AKT,
showed significant upregulation by miR-301a in cardiomyocytes.
Application of RG7440 (a small molecule inhibitor of AKT) to car-
diomyocytes not only resulted in the inactivation of AKT signaling,
but it also reversed the miR-301a-induced cell proliferation. As
such, the PTEN/PI3K/AKT pathway functions as a bridge to con-
nect miR-301a to cyclin D1 expression and cell proliferation in
cardiomyocytes, clearly demonstrating a potential mechanism for
regulating the cell cycle reentry of cardiomyocytes.

Oxidative stress and apoptosis play fundamental roles in myocardial
injury.51 Many heart diseases, includingMI, occur due to the blockage
of a coronary artery and insufficient oxygen supply. Although the
literature has suggested that silencing PTEN alone can lead to reduced
apoptosis and improved cell survival in H2O2-treated H9C2 cardio-
myocytes,52 whether the cardiomyocyte protection from hypoxia by
miR-301a was mediated by PTEN or other target genes is yet to be
determined.

In summary, our findings provide a novel candidate of miRNA, miR-
301a, for induction of the cell cycle reentry and protection of hypoxic
injury in adult cardiomyocytes. Moreover, it suggests a novel strategy
(such as PTEN siRNA or AKT activator) targeting PTEN/PI3K/AKT
signaling to improve cardiac repair after injury.



Figure 6. PTEN/PI3K/AKT Signaling Mediated miR-301a Regulation of Cell Proliferation in Cardiomyocytes

(A) miR-301a mimic, PTEN siRNA, and an NC were applied to H9C2 cells, respectively, followed by EdU staining, indicating that both PTEN knockdown and miR-301a

overexpression promoted cardiomyocyte proliferation. (B) Quantitative analysis of (A). (C) Western blot analysis demonstrating the upregulation of PTEN at the protein level in

H9C2 cells after transfection with PTEN plasmid. (D) Introduction of PTEN back into the miR-301a-treated H9C2 cells attenuated the cell proliferative induction by miR-301a.

(E) Western blot analyses demonstrating that upregulation of p-AKT and p-GSK-3bwere associated with downregulation of PTEN in the hearts from AAV9-miR-301a-treated

mice. (F) Western blot analyses demonstrating increased p-AKT and decreased p-GSK-3b and cyclin D1 in H9C2 cells by application of RG7440, a small molecule inhibitor of

AKT. (G) CCK-8 assays demonstrating that RG7440 treatment in H9C2 cells not only suppressed cell proliferation via inhibiting endogenous AKT activity (Ctrl groups), but

also reversed themiR-301a-induced cell proliferation (miR-301a groups). (H) Cartoon representation ofmechanisms for the PTEN/PI3K/AKT signaling pathwaymediating the

miR-301a regulation of cardiac cell proliferation. Data are mean ± SEM (n = 3). *p < 0.05, **p < 0.01.
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MATERIALS AND METHODS
Animals

Animal studies were approved by the Institutional Animal Care and
Use Committee of the Tongji University Shanghai East Hospital for
Laboratory Animal Medicine. SD rats and C57BL/6J male mice
were purchased from Silaike Animal Company (Shanghai, China).
Before treatment, all animals were screened for the baseline determi-
nation of echocardiography using the Vevo 2100 imaging system
(VisualSonics, Canada). Cardiac injury was generated by coronary ar-
tery ligation using silk sutures or sham surgery to 8-week-old adult
mice. Echocardiography was performed for each cardiac injured
mouse at day 3 after surgery, followed by tail vein injection with
AAV9-miR-301a or AAV9-miR-scramble (100 mL containing �5 �
1011 vector genomes [vg] per mouse). Sham surgery mice given the
same volume of 1� PBS were used as the normal control group.

Cells

Cell line H9C2 was purchased from ATCC and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) with 10% of fetal bovine
serum (FBS), penicillin (100 U/mL), and streptomycin (100 mg/mL).

The neonatal rat ventricular myocytes (NRVMs) were isolated and
cultured as described previously.22 Briefly, heart tissues from 2-day-
old neonatal rats were cut into pieces and digested with 1� PBS
containing 0.1% collagenase II and 0.002% DNase to a single-cell sus-
pension, and cultured in DMEM containing 10% FBS, penicillin
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 259
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(100 U/mL), and streptomycin (100 mg/mL). 10 mM 5-bromo-2ʹ-de-
oxyuridine (BrdU) (Sigma) was applied to the medium to reduce
fibroblast content. Additional cardiofibroblasts were removed from
cardiomyocytes using differential adhesion. Purified cardiomyocytes
were seeded on 0.1% gelatin-coated plates. After 48 h of cultivation,
the NRVMs were transfected with indicated miRNA for further
analysis.

miRNA, siRNA, Plasmid, and Transfection

miR-301a mimic and scrambled NC oligonucleotides were synthe-
sized by GenScript (Nanjing, China). The miRNA mimic sequence
for the miR-301a sense strand is 50-r(CAGUGCAAUAGUAUUGU
CAAAGC)dTdT-30. A scrambled RNA sequence was used for
miRNA NC: 50-r(UGGGCGUAUAGACGUGUUACAC)dTdT-30.
PTEN siRNAs (target sequence 50-GGGAAAGGACGGACUGGU
G-30, 50-AAAGGUGAAGAUCUACUCC-30, 50- GAGUAACUAUU
CCCAGUCA-30) were synthesized by Genomeditech (Shanghai,
China). The target sequence for NC siRNA is 50-AGTCGCAT
ACCTCGACAATAAT-30. PCDNA3.1 was used to clone PTEN-ex-
pressing plasmid. Cell transfection was performed using Lipofect-
amine RNAiMAX from Invitrogen (for small RNA) or HiPerFect
reagent fromQIAGEN (for plasmid) following themanufacturer’s in-
structions. A final concentration of 50 nM miRNA mimic or siRNA
was used for in vitro assays.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 15 min and permea-
bilized with 0.5% Triton X-100 (Sigma) in 1� PBS for 10 min at room
temperature. After 1� PBS washing, 4% FBS was used for blocking for
1 h at room temperature. Then, cells were incubated with the primary
antibodies (1:10 to 1:100 dilution), including anti-a-actinin (Sigma,
A7811), anti-Ki67 (Abcam, ab15580), anti-Aurora B (Abcam,
ab2254) or anti-cTnT (sc-20025, Santa Cruz) overnight at 4�C, and
the secondary antibody conjugated to Alexa Fluor 488 (Invitrogen,
A11001) or Alexa Fluor 555 (Invitrogen, A21428) for 1 h at room
temperature. The nucleus was stained with 40,6-diamidino-2-phenyl-
indole (DAPI, Sigma, D9542) for 30 min at room temperature. For
EdU staining, the culture medium containing 10 mM EdU (Invitro-
gen, C10339) was applied to H9C2 or NRVM cells for 2 or 24 h,
respectively, followed by EdU analysis using Click-iT EdU imaging
kits (Invitrogen). All slides were imaged using fluorescence micro-
scopy (Leica, Germany).

Cell Apoptosis Assay

Cells were cultured under hypoxia condition (1% O2, 94% N2, 5%
CO2) for 24 h, followed by annexin V-FITC/immunoprecipitation
(IP) kit (Bestbio, China) according to themanufacturer’s instructions,
and analyzed with flow cytometry (BD FACSAria II).

Cell Proliferation Assays

1 � 104 cells/well were seeded into 96-well plates. After culturing for
24–72 h as indicated, the cells were stained with 10 mL/well CCK-8
solution for 2 h at cell-culturing condition, then determining the
cell growth by measuring the absorbance at 450 nm.
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Cell Cycle Analysis

Medium containing 0.5% FBS was used for cell starvation for 24 h,
followed by regular medium with 10% FBS to induce the cell cycle.
Cells were processed by standard methods using propidium iodide
staining of DNA. 10,000 cells per sample were analyzed by flow cy-
tometry with a FACScan flow cytometer (BD Biosciences, Mansfield,
MA, USA). Since the DNA content in cells varies upon the cell cycle
stages, the cells that are in G0/G1, S, or G2 phases were calculated sepa-
rately according to the signal of propidium iodide DNA-binding dyes.

Masson’s Trichrome Staining

Slides from paraffin-embedded heart tissues were stained for fibrosis
analysis using a Masson’s trichrome staining kit (BA4079B, Baso,
China). The fibrotic areas were stained with blue, and the normal
areas were stained with red. The percentage of scar size was estimated
from fibrotic area over total left ventricular area using a M205 stereo-
microscope (Leica, Germany) and analyzed with Image-Pro Plus 6.0
software.

WGA Staining

Slides from paraffin-embedded heart tissues were stained with FITC-
conjugated anti-WGA (Sigma). The mean cross-sectional area was
calculated from �150 cardiomyocytes with a nucleus in three
randomly selected fields per group. Images were captured by fluores-
cence microscopy (Leica, Germany) and analyzed with Image-Pro
Plus 6.0 software.

miRNA qRT-PCR Analysis

An M&G miRNA reverse transcription kit (miRGenes, Shanghai,
China) was used to prepare the first-strand cDNA of miRNAs
following the manufacturer’s instruction. 100 ng of purified total
RNA from each sample was used for miRNA measurement. After
reverse transcription, the cDNA was diluted 1:1,000 for real-time
PCR. Forward primer sequences for real-time PCR of miRNAs
were as follows: miR-301a, 50-CCAGTGCAATAGTATTG-30; miR-
1, 50-CCTGGAATGTAAAGAAGTATG-30; miR-133a, 50-TTGGT
CCCCTTCAACCAGCTG-30; miR-499a, 50-GACUUGCAGUGAU
GUUU-30; miR-15b, 50-TAGCAGCACATCATGGTT-30; miR-17-
5p, 50-CAAAGTGCTTACAGTGC-30; miR-18a, 50-GGTGCATC
TAGTGCAGATAG-30; miR-18b, 50-GGTGCATCTAGTGCAGT
TAG-30; miR-19a, 50-CCTGTGCAAATCTATGCAA-30; miR-92a,
50-ATTGCACTTGTCCCGGCCTG-30; miR-199a, 50-CAGTGTTC
AGACTACCTGT-30; 5S rRNA, 50-AGTACTTGGATGGGAGAC
CG-30. A universal reverse primer was provided by miRGenes.
SYBR Green master mix was purchased from Applied Biosystems/
Life Technologies. The ABI Q6 sequence detection system (Applied
Biosystems/Life Technologies) was used to run quantitative real-
time PCR. 5S rRNA was used for normalization.

miRNA Profiling Analysis in the Heart of Neonatal and Adult

Rodents

Total RNA was isolated from plasma specimens with TRIzol reagent
(Life Technologies). The cDNA was prepared as described above.
The miRNA profiling analyses were performed with the quantitative
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real-time PCR-based miRNA panel that contains 365 mammalian
cell-enriched miRNAs and reference small RNA 5S rRNA (miR-
Genes, Shanghai, China). 5S rRNA was used for normalization to
calculate DCt. Neonatal and adult were compared to calculate
DDCt and fold change. MeV (version 4.9) software was used for
further data analysis. p < 0.05 was considered as significant.

Western Blot Analysis

Cell lysates (50 mg) prepared with radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitor cocktail (Roche Diagnos-
tics) were separated by 10% SDS-PAGE. The proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes. 5% non-fat
milk (w/v) was used for the blocking step. The following primary an-
tibodies (1:2,000) were used: PTEN (sc-7974, Santa Cruz), total AKT
(4691, Cell Signaling Technology), p-AKT (4060T, Cell Signaling
Technology), p-GSK-3b (5558T, Cell Signaling Technology), cyclin
D1 (sc-20041, Santa Cruz), Bcl-2 (sc-492, Santa Cruz), Bax (2772S,
Cell Signaling Technology), and b-actin (sc-47778, Santa Cruz).
GAPDH (5174, Cell Signaling Technology), horseradish peroxidase
(HRP)-linked anti-rabbit immunoglobulin G (IgG) (7074S, Cell
Signaling Technology), and HRP-linked anti-mouse IgG (7076S,
Cell Signaling Technology) were used as secondary antibodies
(1:3,000).

Gene Reporter Assays

TheWT PTEN 30 UTR luciferase reporter and points mutation to the
miR-301a binding sites were generated with pMIR-REPORT Lucif-
erase vector. For cellular transfection with reporter DNA, actively
growing cells were seeded on 12-well plates at a density of 5 � 104

cells/well. The next day, cells were co-transfected using Lipofectamine
2000 (Invitrogen) with 1.0 mg of PTEN 30 UTR luciferase reporter and
0.2 mg of Renilla luciferase. Twenty-four hours after transfection,
luciferase activities were measured using the Dual-Luciferase reporter
assay system (Promega, Madison, WI, USA) by AutoLumat.

AAV9 Virus Preparation and In Vivo Assays

Mouse precursor (pre-)miR-301a or control sequences were cloned
into the vector GPAAV-CMV-MCS-WPRE, followed by infection
to prepare AAV9. The preparation and purification of the AAV
were performed by the Genomeditech (Shanghai, China). AAV9-
miR-301a or AAV9-miR-scramble viruses were tail vein injected
into the MI model mice with �5 � 1011 vg per mouse in 100 mL of
PBS. As a control, similarly constructed and prepared AAV9-GFP vi-
rus was tail vein injected into control mice to track the GFP signaling
in the heart and other tissues.

Statistical Analysis

Data are presented as mean ± SEM. The standard two-tailed Student’s
t test was used for statistical analysis, in which p < 0.05 was considered
significant.
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