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Abstract

Aims: Lower vertebrates and some neonatal mammals are known to possess the ability to regenerate
cardiomyocyte and fully recover after heart injuries within a limited period. Understanding the molecular
mechanisms of heart regeneration and exploring new ways to enhance cardiac regeneration hold
significant promise for therapeutic intervention of heart failure. Sphingosine 1-phospahte receptor 1|
(STPR1) is highly expressed in cardiomyocytes and plays a crucial role in heart development and
pathological cardiac remodeling. However, the effect of cardiomyocyte-expressing SIPR1 on heart
regeneration has not yet been elucidated. This study aims to investigate the role of cardiomyocyte SIPR1
in cardiac regeneration following heart injuries.

Methods and Results: We generated cardiomyocyte (CM)-specific SIprl knock-out mice and
demonstrated that CM-specific S1prl loss-of-function severely reduced cardiomyocyte proliferation and
inhibited heart regeneration following apex resection in neonatal mice. Conversely, AAV9-mediated
CM-specific SIprl gain-of-function significantly enhanced cardiac regeneration. We identified that SIPR1
activated the AKT/mTORCI/CYCLIN DI and BCL2 signaling pathways to promote cardiomyocyte
proliferation and inhibit apoptosis. Moreover, CM-targeted gene delivery system via AAV9 to
overexpress SIPRI significantly increased cardiomyocyte proliferation and improved cardiac functions
following myocardial infarction in adult mice, suggesting a potential method to enhance cardiac
regeneration and improve cardiac function in the injured heart.

Conclusions: This study demonstrates that CM-S1PR1 plays an essential role in cardiomyocyte
proliferation and heart regeneration. This research provides a potential strategy by CM-targeted SIPRI
overexpression as a new therapeutic intervention for heart failure.

Keywords: sphingosine 1-phosphate receptor 1, mTORC1, cardiomyocytes, myocardial infarction, cardiac regeneration

Introduction

Heart failure (HF) is a heterogenous and  ventricular dysfunctions. The predominant cause of
life-threatening  syndrome  characterized by  heart failure is coronary heart diseases (CHD) [1, 2].
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Despite  significant advancements in CHD
management, which have markedly reduced the acute
CHD-related mortality in recent decades, the
incidence of heart failure continues to rise [2]. Current
clinical treatments for heart failure patients enhance
cardiac functions and improve quality of life, yet these
therapeutic interventions do not adequately
compensate for the loss of functional cardiomyocytes
[3]. In case of end-stage heart failure, heart
transplantation remains the gold standard treatment.
However, the scarcity of suitable donors and the risk
of immune rejection severely limit the availability of
this option for eligible patients [4]. Consequently,
there is an urgent clinical need for a fundamental
therapeutic approach that promotes cardiomyocyte
regeneration and restores cardiac functions.

Adult mammalian cardiomyocytes (CMs) exhibit
limited proliferative capacity, resulting in a
permanent loss of functional cardiomyocytes
following heart injuries, which contributes to the
development of heart failure and cardiac dysfunctions
[5, 6]. In contrast, lower vertebrates, including
zebrafish and xenograft, exhibit remarkable heart
regenerative capacity after cardiac injuries [5, 6]. The
neonatal ~mammalian heart has significant
regenerative capability following heart injuries within
a short period after birth [6]. In these instances,
pre-existing CMs undergo dedifferentiation and
re-enter the cell cycle, leading to cardiomyocyte
proliferations and the formation of new CMs [6].
Recent studies have demonstrated that newborn mice
exhibit robust regenerative capabilities in injured
myocardium within the first week after birth [6, 7]. A
noteworthy clinical case of a newborn who exhibited
complete recovery of cardiac function following a
severe myocardial infarction suggests that human
myocardium may possess a similar regenerative
potential as seen in other mammals [8]. However, this
regenerative capability diminishes progressively with
age and becomes severely limited in adult hearts [6].
Understanding the key molecular mechanisms
regulating cardiac regeneration is crucial for
developing innovative therapies for treating heart
failure.

Sphingosine 1-phosphate (S1P), a biologically
active lipid molecule, is a critical regulator in the
development and functions of the cardiovascular
system [9]. S1P exerts its effects through a family of
five G protein-coupled receptors (S1PR1-S1PR5),
imparting SIP with diverse and multifaceted
biological functions [10]. During embryogenesis, S1P
signaling is crucial for vascular maturation and the
stabilization of nascent blood vessels [11]. Studies
have demonstrated that S1P, via SIPR1, promotes
endothelial cell migration, proliferation, and the

formation of adherens junctions, all of which are
essential for the integrity and functionality of the
vascular network [11, 12]. Mice lacking S1PR1 exhibit
defective vascular maturation, leading to embryonic
lethality, indicating the indispensable role of S1IPR1 in
vascular development [11]. It has been shown that S1P
signaling regulated cardiac precursor cell (CPC)
migration during zebrafish heart tube formation and
that defects in S1P signaling disrupt endodermal
integrity, leading to endodermal apoptosis and cardia
bifida [13, 14], highlighting its importance in cardiac
tissue development.

Our previous studies have identified the
expression of three S1P receptors, including S1PR1,
S1PR2 and S1PR3, in cardiac tissues [15]. Notably,
S1PR1 is predominantly expressed in cardiomyocytes,
and prior studies have shown that
cardiomyocyte-expressing SIPR1 influences heart
development and the pathological processes of heart
diseases [16-18]. However, the role of CM-S1PR1 in
the regulation of cardiac regeneration following heart
injuries remains unclear.

Our findings demonstrated that cardiomyocyte
(CM)-specific ~ SIprl  loss-of-function impaired
cardiomyocyte proliferation and inhibited heart
regeneration. In contrast, SIprl overexpression in
CMs significantly enhanced cardiac regeneration and
improved cardiac functions following heart injuries in
neonatal mice. Mechanistically, S1IP-S1IPR1 signaling
promoted cardiac regeneration and reduced
cardiomyocyte apoptosis via the AKT/mTORC1/
CYCLIN D1 and BCL2 pathway. Moreover,
CM-targeted gene delivery of SIprl to achieve
CM-specific S1PR1 overexpression significantly
boosted cardiomyocyte proliferation and improved
cardiac functions after myocardial infarction in adult
mice. This study suggests a promising CM-targeted
therapy for myocardial infarction and heart failure by
promoting cardiac regeneration through the SIPR1
signaling pathway.

Methods

Generation of cardiomyocyte-specific SI1prl
knockout (S1prlcMKO) mice

The conditional SIprl knock-out (SIprifiev/fiox)
mice were gained from Jax Mice (Stock number
019141). Cardiomyocyte-specific S1prl
loss-of-function mice were generated by crossing the
conditional SIprl loss-of-function (S1prlfevfler) mice
with the Myh6-CreERT2 (Cre*/-) mice [19, 20]. All
animals were housed under pathogen-free conditions
with sufficient standard mouse chow and water.
Before the experiment, animals were anaesthetized by
intraperitoneal injection of pentobarbital sodium
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(50 mg/kg, i.p.). Mice were sacrificed by an overdose
of anesthesia with pentobarbital sodium (150 mg/kg,
i.p.) at the indicated time point, or euthanized by CO;
inhalation followed by cervical dislocation at the end
of the experiments. All experiments were performed
in accordance with the guidelines from the NIH
Guide for the Care and Use of Laboratory Animals
and approved by the University Committee on
Animal Care of Tongji University with license number
TJBB00420101.

Tamoxifen administration

Tamoxifen (#T5648, Sigma) was dissolved in
90% peanut 0il/10% alcohol, and administered at the
first two days after birth (40 pg per day) in neonatal
mice. 100 mg/kg tamoxifen was administered via i.p.
injection every other day for a total of 2 injections in
adult mice.

Neonatal mouse apical resection model

The heart apical resection (AR) surgery of
neonatal mouse was performed as described
previously [21]. It is well-established that the
regenerative capacity of neonatal hearts diminishes
rapidly 7 days after birth. P1 mice exhibit a robust
regenerative response, and P3 mice display a partial
regenerative potential [22, 23]. For our study, apical
resection was performed in P3 mice to accommodate
the need for prior pharmacological treatment
(tamoxifen) or virus injection (AAV9). Briefly,
neonatal mouse pups of 3-day-old (P3) were
anesthetized by placement on ice for 5 minutes to
ensure that the pups are sufficiently anesthetized
before proceeding with the following operation. We
used fine forceps and surgical scissors to make a small
incision in the mouse thoracic cavity to expose the
apex of the mouse heart. The skin and muscle layers
were retracted to avoid unnecessary tissue damage.
The apex of heart was exposed and resected by
iridectomy scissors to ensure that the resection was
precise to minimize tissue damage and bleeding, and
the thoracic cavity wall and the skin were then closed
with an 8-0 suture. The pups were subsequently
placed on a heating pad to gently warm them until
they fully recovered from anesthesia. Once the pups
have regained normal movements and responses,
returned them to their home cages. The hearts of mice
were collected at 7 days post-AR for analysis of
cardiomyocyte proliferation and apoptosis because
this time point is critical for detecting early cellular
responses and proliferative activity, as established by
previous studies [22-24]. At 21 days post-AR, the
hearts of mice were collected to assess longer-term
tissue remodeling and scar formation, as performed in
prior investigations [22-24].

Adult mouse myocardial infarction model

Eight-week-old adult gender-matched mice were
anesthetized with pentobarbital sodium (50 mg/kg,
i.p.), and mechanically ventilated (isoflurane 1-2%
vol/vol) with a rodent respirator device (ALC-V8S,
ALCBIO). To ensure the appropriate depth of
anesthesia, the absence of reflexes, including the
pedal withdrawal reflex, was verified. Subsequently,
the anesthetized mice were positioned supine and
securely fixed to the surgical board for the procedure.
A small incision was made in the left thoracic region
using fine forceps and a surgical blade to gain access
to the heart. Skin and muscle layers were retracted
carefully to expose the thoracic cavity and the heart.
Retractors were utilized to maintain the incision site
open if necessary. Subsequently, the left anterior
descending coronary artery (LAD) of the mouse was
identified and permanently ligated with an 8-0 suture
to induce myocardial infarction by restricting blood
flow to the downstream myocardium. Retractors were
carefully removed, and the thoracic cavity was then
closed using a 6-0 suture with either interrupted or
continuous sutures. The skin incision was closed with
a 4-0 suture. The mice were subsequently placed on a
heating pad to maintain body temperature during
their recovery from anesthesia and then put them
back to home cages. After recovery, repeat analgesic
administration was given with carprofen (10 mg/kg)
every 24 hours and buprenorphine (0.1 mg/kg) every
12 hours for 48 hours. The hearts of 8-week-old mice
in the indicated groups were collected at 7 days
post-MI for detecting early cellular responses and
proliferative activity, as reported in previous studies
[24, 25]. At 28 days post-MI in 8-week-old mice in the
indicated groups, morphological analyses, including
quantification of scar tissue were conducted to assess
longer-term tissue remodeling and scar formation, in
accordance with prior research [24, 25].

Construction and injection of AAYV vectors in
neonatal and adult mice in vivo

S1PR1 overexpressing adeno-associated virus 9
(AAVY) driven by cardiac-specific promoter c¢TnT
(AAV9-cTnT-S1pr1-GFP) and control viral vectors
(AAV9-cTnT-GFP) were constructed by Hanbio
Biotechnology Co., Ltd. For the neonatal mouse
experiments, the neonatal pups of 1-day-old (P1) were
intraperitoneally @p.) injected with
AAV9-cTnT-S1prl-GFP or AAV9-cTnT-GFP at a dose
of 8 x 10° viral genome particles per mouse following
AR operation at postnatal day 3, and their hearts were
collected at 7 days post-AR for analysis of
cardiomyocyte proliferation and apoptosis, and at 21
days post-AR for analysis of cardiac scars and cardiac
function. For the adult mouse experiments in vivo,
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8-week-old adult mice were intravenously (i.v.)
injected with AAV9-cTnT-S1prl-GFP or
AAV9-cTnT-GFP at a dose of 4 x10" viral genome
particles per mouse. The adult mice were infected
with AAV9-cTNT-S1pr1-GFP or AAV9-cTNT-GFP
following MI operation, and their hearts were
collected at 7 days post-MI for analysis of
cardiomyocyte proliferation and apoptosis, and at 28
days post-MI for analysis of cardiac scars and cardiac
function. In pharmacological experiments, rapamycin,
an mTORCI antagonist (2 mg/kg, #51842, Beyotime),
and DMSO were administrated via intraperitoneal
injection every day after AR or MI operations.

Echocardiography analysis

As we previously described [26], the visual
sonics high-resolution Vevo2100™ ultrasound system
(Visual Sonics Inc., Canada) with a 30-MHz linear
array ultrasound transducer (MS-400, Visual Sonics
Inc.) was used to perform echocardiography analysis
of experimental animals. Briefly, mice were
anesthetized under conditions of 1% isoflurane with
the stable heart rate using an induction chamber.
Once the mouse was anesthetized, anesthesia was
maintained using a nose cone or mask. The
anesthetized mouse was then placed in the supine
position on a heating pad to prevent hypothermia. A
small amount of ultrasound gel was applied to the
mouse chest area to ensure a good contact between
the transducer and the skin. Parasternal long-axis
(PSLAX) and short-axis (PSSAX) views were initially
acquired. The B-mode imaging was used to assess
overall cardiac morphology and wall motion.
M-mode imaging was employed to measure
ventricular dimensions, wall thickness, left
ventricular end-diastolic diameter (LVEDD) and left
ventricular end-systolic diameter (LVESD). Doppler
imaging was utilized to evaluate blood flow velocities
across the mitral valve and aortic outflow.
Additionally, tissue Doppler imaging (TDI) was
optionally performed to assess myocardial velocities.
Left ventricular ejection fraction (LVEF%) and
fractional shortening (LVFS%) were calculated based
on the end-diastolic and end-systolic dimensions.

ECG measurement

We  assessed heart rhythm by the
electrocardiogram. Briefly, mice were anesthetized
with 1% isoflurane. The anesthetized mouse was
placed in a supine position on the heating pad to
prevent hypothermia. Following the successful
anesthesia of the animal, an electrode needle was
inserted subcutaneously into each limb of the animal,
according to the prescribed connection method: red
for the right upper limb, yellow for the left upper

limb, green for the left lower limb, and black for the
right lower limb. Labchart Installers System
Requirements (Version 8.1.10, Labchart) was stared to
acquire baseline ECG traces. The ECG recording
software was used to analyze key parameters,
including heart rate, PR interval, QRS duration, QT
interval, and ST-segment changes.

RNA microarray

Sham-operated and apical resection (AR) models
were established in 3-day-old neonatal mouse of both
WT and S1pr1cMKO Hearts were harvested 1 day after
AR operation. The total RNA from hearts was
extracted using Trizol reagent (Invitrogen). The
quality and quantity of the total RNA were measured
by a Nanodrop 2000. Microarray analysis experiments
were performed by Genminix Informatics (Shanghai)
using AffymetrixMTA1.0, which provided full
coverage of mouse coding and non-coding transcripts.
The original microarray data discussed in this study
were submitted on a public database and can be
accessed via the Gene Expression Omnibus series
accession number: GSE241722.

Histology

Mouse hearts were harvested and fixed with 4%
paraformaldehyde at 4°C overnight. Serial sections of
paraffin-embedded tissue, cut at 6 um intervals, were
stained with Masson's trichrome staining (Masson)
(#60532ES74, Yeasen) for the measurement of cardiac
scars. Wheat germ agglutinin (WGA) (#25500, AAT
Bioquest) staining was applied for analysis of
cardiomyocyte size. Biotinylated-isolectin B4 (IB4)
(FL-1201, Vector Laboratories) staining was used for
the measurement of cardiac capillary density.
Immunofluorescence staining experiment was
accomplished using primary antibodies (List see
Table S1) and the corresponding secondary
antibodies, including Alexa Fluor 488-conjugated
donkey anti-mouse secondary antibodies (#Ab150113,

Abcam), Alexa Fluor 488-conjugated donkey
anti-rabbit secondary antibodies  (#Ab150077,
Abcam), Alexa Fluor 594-conjugated donkey
anti-mouse  secondary antibodies (#Ab150108,
Abcam) and Alexa Fluor 594-conjugated donkey
anti-rabbit secondary antibodies (#Ab150116,
Abcam). Slides were mounted with mounting

medium containing DAPI (#D9542, Sigma Aldrich).
Images were collected using a Leica microscope
(DM6000B, Leica, Germany) and a confocal
microscope (STED 3X, Leica, Germany).

Analysis of cardiac scars

In the neonatal apical resection model, the
average percent of the scar area was calculated from
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the three largest ventricular longitudinal sections
stained with Masson's trichrome, using Image]
software. For the adult myocardial infarction model,
five serial Masson-stained sections from the apex to
the ligation site were analyzed to determine the
average percent fibrotic area of the total left ventricle
using Image] software.

Analysis of Cardiomyocyte apoptosis by
TUNEL staining

The TUNEL immunofluorescence staining was
applied to evaluate and analyze the level of cell
apoptosis in vivo and in vitro. In vivo, mouse hearts
were harvested at 7 days after heart injuries and fixed
with 4% paraformaldehyde at 4°C overnight. After
dehydration and optimal cutting temperature
compound (OCT) embedding, the hearts were
sectioned into 6 um -thick frozen slices, followed by
removing OCT with PBS and rehydration. In vitro,
primary neonatal mouse cardiomyocytes (NMCM:s)
were isolated and seeded in small round glass slides
at a density of 2 x 105 cells per well. After starvation
for 12 hours, NMCMs or siRNA-transfected NMCMs
were treated with or without, SEW2871 (200 nM) or
LY294002 (25 uM) under the normoxic or hypoxic
(95% N2/5% CO») conditions for 24h [27-29], and then
these cells were subjected to reoxygenation in a
standard incubator (5% CO,/95% air) in normal
medium for 12 hours. Then the cells fixed with 4%
paraformaldehyde (PFA) for 15 minutes. The staining
method for cardiac cryosections and primary NMCMs
were performed using an In Situ Cell Death Detection
kit (#12156792910, Roche) according to the
manufacture’s protocols. Briefly, cryosections and
cells were permeabilized with 0.25% TritonX-100 for 1
hour, and blocked with 3% goat serum for 1 hour.
After overnight incubation with a-sacromeric actinin
(aSA) (#Ab9465, Abcam) at 4°C, samples were
incubated with corresponding secondary antibody
and then stained with In Situ Cell Death Detection kit
(#12156792910, Roche) as well as the nuclei stained
with DAPI. At least 5 fields were photographed with
Leica fluorescent microscope (Leica DMi8, Germany)
and analyzed using Image] software for each
individual sample. The ratio of cardiomyocyte
apoptosis was represented by calculating the
percentage of TUNEL-positive cardiomyocyte
number to total aSA positive cardiomyocyte number.

EdU incorporation assay in vivo

EdU (5-ethynyl-2'-deoxyuridine) was injected
intraperitoneally (i.p.) at a dose of 50 mg/kg body
weight into each animal. In neonatal mice, EAU was
administered at 6.5-day post-AR in neonatal mice. In
adult mice, EAU was injected daily for 3 consecutive

days beginning from 4-day post-MI. For EdU staining,
the heart sections were incubated with the reagents

from the BeyoClick™ EdU-555 Kit (#C0075L,
Beyotime) according to the manufacturer’s
instructions. Meanwhile, cardiomyocytes were

stained with anti-aSA antibody (#Ab9465, Abcam) as
well as the nuclei stained with DAPI. The number of
a-SA positive and EdU positive cells was counted to
calculate the percentage of EdU positive cells among
a-SA positive cells for the assessment of cell
proliferation rates.

Isolation of mouse cardiac endothelial cells

Following the apical resection (AR) or sham
surgical procedures on neonatal mice, hearts were
harvested with great care to preserve structural
integrity for subsequent cellular isolation. The
extracted hearts were dissected and dissociated using
a combination of trypsinization and collagenase
(#LS004196, Worthington). The resulting cell
suspension was filtered through a 70-pym nylon
strainer to remove large debris and aggregates.
Subsequently, single cells were labeled with an

anti-mouse  CD31  antibody  (#553370, BD
Pharmingen), © which  was  conjugated to
DynabeadsTM  (#11035, Invitrogen), to isolate
endothelial cells (ECs) according to the

manufacturer’s protocol. The ECs were subsequently
collected for further experiments. The purity of
isolated ECs was 94.62% * 0.82% (mean * SD), as
confirmed by cytometric analysis using APC-CD31
antibody staining (#561814, BD Pharmingen) (Figure
§1C).

Isolation of mouse cardiac fibroblasts

Neonatal mice were euthanized humanely,
adhering strictly to ethical guidelines, prior to
harvesting their hearts. The hearts were carefully
excised and dissociated using collagenase (#L.5004196,
Worthington). The cell suspension was passed
through a 70-um nylon strainer. The resulting
single-cell suspension was labeled with an anti-mouse
CD31 antibody (#553370, BD Pharmingen) conjugated
to Dynabeads™ (#11035, Invitrogen) for endothelial
cell separation. The remaining cells were incubated
with FITC-CD31 antibody (#561813, BD Pharmingen),

PE-mouse lineage (CD3¢/GR1/CD11b/CD45)
cocktails (#78035, Biolegend), and APC-PDGFa
antibody  (#135907, Biolegend). Lineage-CD31-

PDGFa* cardiac fibroblasts were enriched by flow
cytometric sorting. The representative flow cytometric
plots for a typical lineage CD31-PDGFa* cell sorting
procedure are shown in Figure S1A, and the purity of
isolated cardiac fibroblasts cells was 99% + 0.89%
(mean + SD) (Figure S1B).
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Neonatal cardiomyocytes isolation and
cultivation

Neonatal mouse cardiomyocytes (NMCMs) were
isolated at ages P1-P3 using Neonatal Heart
Dissociation Kit (Miltenyi Biotec, #130-098-373)
according to the manufacturer’s instructions, as
reported previously [21]. Briefly, neonatal rat or
mouse hearts were harvested and transferred into a
10-cm dish containing DMEM supplemented with
10% FBS and 1% penicillin and 1% streptomycin.
Residual blood was carefully squeezed out of the
hearts using forceps, followed by the removal of
vessels and connective tissue from the ventricles. The
hearts were minced into tiny pieces with forceps,
mixed with enzyme solution from the kit, and
transferred to a gentle-MACS C Tube. The
gentle-MACS Dissociator was used twice, followed by
15-min incubation at 37°C. To halt enzyme activity,
7.5 ml of cell culture medium with 10% FBS was
added to the cell suspension. The single cell
suspensions were then passed through a 70-um cell
strainer, centrifuged at 500 g for 10 minutes, and
resuspended in DMEM supplemented with 10% FBS
and 5-bromo-20-deoxyuridine (100 pM). Cells were
seeded onto 6-cm plastic dishes for 2 hours at 37°C to
remove fibroblasts, and subsequently plated on 1%
gelatin-coated plastic culture dishes at an appropriate
cell density. After 24 hours, the medium was changed
to 2% serum medium, and the cells were cultured for
an additional 48 hours before use. The purity of
isolated neonatal cardiomyocytes cells was 95.71% +
1.14% (mean * SD), as confirmed by immunostaining
for the cardiomyocyte marker o-SA (Abcam,
#Ab9465) (Figure S1D).

Isolation of cardiomyocytes from adult mice

Cardiomyocytes were isolated from adult mice
as previously established protocol [30]. Briefly, adult
mice were anesthetized with 2% isoflurane and their
chests were opened to fully expose the heart. The
inferior vena was removed, and the heart was
immediately perfused with 7 ml of Tyrode’s buffer
(NaCl, 130 mmol/L; KCl, 5 mmol/L; HEPES, 10
mmol/L; BDM, 10 mmol/L; NaH>POy, 0.5 mmol/L;
Taurine, 10 mmol/L; EDTA, 5 mmol/L; Glucose, 10
mmol/L; pH adjusted to 7.8 with NaOH) via the right
ventricle. Reynold’s forceps were used to clamp the
ascending aorta, and the whole heart was placed in a
fresh 10-cm dish containing Tyrode’s buffer. The
hearts were then mounted on a Langendorff perfusion
system and digestion was achieved by sequential
injection of 10 ml Tyrode’s buffer, 3 ml perfusion
buffer (NaCl, 130 mmol/L; KCl, 5 mmol/L; HEPES,
10 mmol/L; BDM, 10 mmol/L; NaH,POs; 0.5

mmol/L; Taurine, 10 mmol/L; MgCl,, 1 mmol/L;
Glucose, 10 mmol/L; pH adjusted to 7.8 with NaOH),
and 30 ml collagenase buffer (Collagenase II, 0.5
mg/ml; Collagenase IV, 0.5 mg/ml; Protease XIV,
0.05 mg/ml; Dilution in Perfusion buffer and make
fresh immediately before isolation) into the left
ventricle (LV). The collagenase infusion was stopped
by 5 ml stop buffer (EDTA buffer containing 5%
sterile FBS) once the heart appeared adequately
digested, and the clamp was removed. Heart tissues
were subsequently minced into 1 mm3 sections using
forceps and gently dissociated by pipetting. Cellular
dissociation was further facilitated by gentle
digestion. Then the cell suspension was filtered
through a 100-pm cell strainer (BD Biosciences,
Franklin Lakes, NJ, USA). Cardiomyocytes were
collected by gravity settling in 3 sequential rounds (20
minutes/round). The cell pellet from each round was
enriched with cardiomyocytes, ultimately yielding a
highly pure cardiomyocyte fraction. Finally, this cell
pellet was washed three times with PBS and then
lysed using Trizol or RIPA lysis buffer for subsequent
analysis of mRNA or protein expression levels.

siRNA transfection in NMCMs

Small interfering RNAs (siRNAs) targeting
S1prl, Bel2, Raptor, and Tscl (GenePharma) were used
to knockdown these gene expression. The specific
siRNA sequences are listed in Table S2. The siRNA
transfection cardiomyocytes were performed using
Lipofectamine 3000 (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s detailed instructions.
Briefly, cardiomyocytes were cultured in appropriate
dishes and grown to 70-80% confluence. The
siRNA-Lipofectamine 3000 complexes were prepared
by diluting the siRNAs (200 pmol) and Lipofectamine
3000 reagent (10 ul) in 1 ml Opti-MEM medium for
60-mm dish and incubating the mixture for 20
minutes at room temperature to facilitate complex
formation. These complexes were then added to the
NMCMs and incubated under standard -culture
conditions (37°C, 5% COy). After 6-8 hours, the
transfection medium was replaced with fresh
complete medium or serum-free medium for
subsequent experiments. Cells were harvested or
treated with other reagents at 48 hours
post-transfection. The efficiency of gene knockdown
was assessed using western blot and quantitative
real-time PCR (RT-qPCR).

Immunofluorescence assay

For NMCMs cultured on the glass slides, cells
were fixed with 4% paraformaldehyde for 15 minutes,
permeabilized with PBS containing 0.25% Triton
X-100 at room temperature for 1 hour, and then
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blocked with 3% BSA for 1 hour at room temperature.
After overnight incubation with primary antibodies at
4°C, cells were incubated with appropriate
fluorescence-labeled  secondary antibody. The
following primary antibodies were used (Table S1):
a-sacromeric actinin (aSA) (Abcam, #Ab9465, 1:200),
Ki67 (Abcam, Ab15580, 1:200), phospho-histone H3
(PH3) (Abcam, #ADb80612, 1:200) and SI1PR1
(Invitrogen, #PA1-1040, 1:100). The secondary
antibodies conjugated to goat anti-mouse Alexa Fluor
488 (Abcam, #Ab150113, 1:1000), and goat anti-mouse
Alexa Fluor 594 (Abcam, #Ab150116, 1:1000) were
used. Cells were mounted with medium containing
DAPI in dark. At least 5 fields were photographed
with Leica fluorescent microscope (Leica DMi8,
Germany) and analyzed using Image] software for
each individual sample. The ratio of cardiomyocyte
proliferation was represented by calculating the
percentage of Ki67 or PH3 positive cardiomyocyte
number to total aSA -positive cardiomyocyte number.

Flow cytometric analysis for cardiomyocyte
apoptosis in vitro

Primary neonatal mouse cardiomyocytes
(NMCMs) were isolated and seeded at a density of
2 x 105 cells per well. After starvation for 12h, NMCMs
or siRNA-transfected NMCMs were treated with or
without SEW2871 (200 nM) or LY294002 (25 pM)
under the normoxic or hypoxic (95% Nz/5% CO»)
conditions for 24h [27-29], and then these cells were
subjected to reoxygenation in a standard incubator
(5% CO2/95% air) in normal medium for 12 hours.
Following treatment, NMCMs were harvested and
washed 3 times with pre-cooled PBS. Cells were then
stained propidium iodide (PI) and FITC Annexin V
according to the manufacturer’s instructions using
FITC Annexin V Apoptosis Detection Kit (#C1062M,
Beyotime). Data were recorded with an LSR II flow
cytometer and analyzed with FlowJo (Version 10.0).

RNA purification and RT-qPCR

Total RNA from heart tissues, isolated neonatal
and adult cardiomyocytes was extracted using Trizol.
We treated RNA with DNase I for 30 minutes at 37 °C
to remove residual DNA contamination. RNA
quantity and quality were determined using
Nanodrop ND-2000 spectrophotometer (Thermo
Scientific, USA). The cDNA was synthesized using the
SuperScript First Strand Synthesis System according
to the manufacturer’s in