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Abstract
BACKGROUND
Cardiovascular disease is the leading cause of death worldwide. Tissue repair after pathological injury in the heart remains a major challenge due to the limited regenerative ability of cardiomyocytes in adults. Stem cell-derived cardiomyocytes provide a promising source for the cell transplantation-based treatment of injured hearts.

AIM
To explore the function and mechanisms of miR-301a in regulating cardiomyocyte differentiation of mouse embryonic stem (mES) cells, and provide experimental evidence for applying miR-301a to the cardiomyocyte differentiation induction from stem cells.

METHODS
mES cells with or without overexpression of miR-301a were applied for all functional assays. The hanging drop technique was applied to form embryoid bodies from mES cells. Cardiac markers including GATA-4, TBX5, MEF2C, and α-actinin were used to determine cardiomyocyte differentiation from mES cells.

RESULTS
High expression of miR-301a was detected in the heart from late embryonic to neonatal mice. Overexpression of miR-301a in mES cells significantly induced the expression of cardiac transcription factors, thereby promoting cardiomyocyte differentiation and beating cardiomyocyte clone formation. PTEN is a target gene of miR-301a in cardiomyocytes. PTEN-regulated PI3K-AKT-mTOR-Stat3 signaling showed involvement in regulating miR-301a-promoted cardiomyocyte differentiation from mES cells.

CONCLUSION
MiR-301a is capable of promoting embryonic stem cell differentiation to cardiomyocytes.
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[bookmark: _Hlk17271598][bookmark: OLE_LINK32]Core tip: MiR-301a was identified as a miRNA highly enriched in the heart from late embryonic to neonatal mice. Overexpression of miR-301a significantly induced the expression of cardiac transcription factors and promoted cardiomyocyte differentiation of mouse embryonic stem cells. These findings will help improve the efficiency of cardiomyocyte differentiation from stem cells, and strengthen the potential of cell therapeutics to treat heart failure caused by myocardial infarction.
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INTRODUCTION
[bookmark: _Hlk18059605][bookmark: _Hlk18059968][bookmark: _Hlk18060334]Cardiovascular disease is the leading cause of death worldwide[1]. After myocardial infarction (MI) in adults, the regenerative ability of the differentiated cardiomyocytes is very limited due to the “terminated” cell proliferative ability and the lack of cardiac stem cells[2,3]. Although the cell proliferative potential of cardiomyocytes in adults is occasionally reported[4], this ability cannot produce enough cardiomyocytes for functional recovery of the injured heart. Tissue repair after pathological injury in the heart, including that after MI, is still a major clinical challenge.
MI occurs mostly due to coronary artery disease in which the heart blood flow is blocked, causing damage to the cardiomyocytes. MI may cause heart failure, heart arrhythmia, cardiogenic shock, or cardiac arrest. Although progress has been made in the pharmacologic and device management and gene or cell therapy of heart failure, the mortality in heart failure patients remains significant. All of the current pharmacologic or surgical approaches have limited effects on heart function recovery. Two novel strategies have been suggested to restore the lost cardiomyocytes caused by MI. One is to apply cardiomyocytes differentiated from stem cells or derived from cardiospheres (CDCs)[5,6], and the other is to induce cell cycle reentry in cardiomyocytes[4,7].
Stem cell-based therapy tests in chronic heart failure[8] and preclinical studies applying transplantation of embryonic stem (ES) cell-derived cardiac progenitors in an animal model of MI[9] have suggested strategies to compensate for the lost cardiac cells in damaged hearts. A phase I clinical trial showed that patients treated with CDCs had a reduction in scar mass and an increase in both viable heart mass and systolic wall thickness[6]. As such, stem cells, stem cell-derived cardiomyocytes, and CDCs provide a promising source for cell transplantation-based treatment of injured hearts. In addition, modification of approaches to induce cardiac cell differentiation from stem cells with high efficiency will be crucial to improve the therapeutic effect.
[bookmark: _Hlk18060515]ES cells have been applied to differentiate into cardiomyocytes in the treatment of MI in vivo[9]. During embryogenesis, the heart is derived from mesodermal cells. The mesothelial pericardium forms the outer lining, and the endothelium forms the inner lining and lymphatic and blood vessels of the heart. Myocyte differentiation begins from E7.5 in mouse embryos and day 15 in human embryos. Before birth, cardiomyocytes undergo the hyperplastic to hypertrophic transition. The majority of cardiomyocytes withdraw from the cell cycle and stop proliferation shortly after birth. Here, mouse ES (mES) cells were applied for the induction of cardiomyocyte differentiation in vitro to determine the therapeutic potential of ES cell-based cell transplantation in the treatment of heart failure.
MicroRNAs (miRNAs) have been shown to regulate diverse biological processes, including cell fate decision, organ formation, and stem cell self-renewal and differentiation[10-12]. The aberrant expression of miRNAs in tissues has been closely connected to tissue-related disease. MiRNAs are involved in regulating the development and progression of cancer, cardiovascular disease, and other conditions[11,13-15]. To the best of our knowledge, miR-1 and miR-133 are the most important miRNA families regulating cardiac development and heart function[16,17]. Muscle-specific miR-1 and miR-133a both promote mesoderm formation from ES cells and suppress ectoderm and endoderm fates[18], but later, during further differentiation into cardiac muscle progenitors, these miRNAs show opposing regulatory functions[12,19]. Other miRNAs, including miR-206, miR-708, miR-208a, miR-208b, and miR-499, have also been reported to regulate heart development and heart diseases[20].
[bookmark: _Hlk18052070]In the current study, we identified miR-301a as a highly enriched miRNA in embryonic and neonatal cardiomyocytes. Although overexpression of miR-301a is frequently observed in diverse tumor types, promoting cell proliferation, invasion, and metastasis of cancer cells[21-23], the functional properties of miR-301a in the heart remain unclear, except one recent report indicating that miR-301a is a novel cardiac regulator of Cofilin-2 in cardiomyocytes[24]. In contrast to its function in tumors, miR-301a may have tissue-specific functions in the heart. Here, we for the first time demonstrated that overexpression of miR-301a significantly induced the expression of cardiac transcription factors in mES cells, thereby promoting cardiomyocyte differentiation and beating cardiomyocyte clone formation. Our findings will be beneficial in the development of an approach with high efficiency to induce stem cell differentiation to cardiomyocytes and strengthen the potential of cell therapeutics for heart failure.

MATERIALS AND METHODS
[bookmark: _Hlk18091626]Animals
Animal studies were approved by the Institutional Animal Care and Use Committee of the Tongji University School of Medicine. Male C57BL/6J mice were purchased from Silaike Animal Company (Shanghai, China). The hearts were collected from mouse embryos at E11.5, 13.5, 15.5, 17.5, and 19.5 and from neonatal and adult mice and placed into TRIzol for total RNA isolation using a tissue homogenizer.

Cells and cell culture
[bookmark: _Hlk18049328]The murine embryonic stem cell line ES-D3 was originally from ATCC and maintained in “feeder free” culture conditions as described previously[25]. The mES cell culture plates were coated with fetal bovine serum (FBS). The  DMEM/F12 medium containing Neurobasal Medium was supplemented with 0.5% N2, 1% B27, 2 mM L-glutamine, 0.055 mmol/L β-mercaptoethanol, 0.05% bovine serum albumin (BSA; Fraction V), 0.1% insulin, 100 U/mL penicillin, 100 μg/mL streptomycin, 3 μmol/L CHIR99021, 0.4 μmol/L PD0325901, and 1000 U/mL LIF. All cells were cultured at 37 °C in a 5% CO2 environment unless stated otherwise.

Oligos and transfection
[bookmark: OLE_LINK21][bookmark: OLE_LINK20]All primers and miR-301a mimic and negative control oligos were synthesized by GenScript (Nanjing, China). Forward primer sequences for miRNA amplification are as follows: MiR-301a: 5’-ccagtgcaatagtattg-3’; 5S rRNA: 5’-agtacttggatgggagaccg-3’. The double-strand miRNA mimic sequence for miR-301a is 5’-cagugcaauaguauugucaaagc-3’, and the negative control for the miRNA mimic is 5’-ugggcguauagacguguuacac-3’. Lipofectamine RNAiMAX (Invitrogen) was applied for oligo transfection, following the manufacturer’s instructions. A final concentration of 50 nM of miRNA mimic or negative control was used. The cells were applied for further assays 24 h after transfection.

Quantitative real-time PCR analysis
Total RNA was extracted with TRIzol reagent (#15596026, Invitrogen, Thermo Fisher Scientific). Then, 500 ng of purified total RNA was applied to prepare the first strand cDNA of miRNA using an M and G miRNA Reverse Transcription Kit (miRGenes, Shanghai, China) following the manufacturer’s instructions. The cDNA was diluted 1:1000 for real-time PCR analysis of miRNAs. For mRNA analysis, a regular approach and random primer were used for reverse transcription. The SYBR Green Master Mix (Applied Biosystem, Thermo Fisher Scientific) and 7900 HT Sequence Detection System (Applied Biosystem, Thermo Fisher Scientific) were used for real-time PCR assays. GAPDH was used for mRNA normalization, and 5S rRNA was used for miRNA normalization. Primer information for all tested genes is shown in detail in Supplemental Table 1.

Western blot analysis
Cell lysates (50 μg) prepared with RIPA buffer containing protease inhibitor cocktail (Roche Diagnostics) were separated by 10% SDS-PAGE. The proteins were transferred to PVDF membranes. Then, 5% nonfat milk (w/v) was used for the blocking step. The following primary antibodies (1:2000) were used: PTEN (sc-7974, Santa Cruz), p-STAT3 (Tyr705, 9145T, Cell Signaling Technology), p-AKT (Ser473, 4060T, Cell Signaling Technology), p-mTOR (Ser2448, 5536T, Cell Signaling Technology), total STAT3 (4904, Cell Signaling Technology), total AKT (4691, Cell Signaling Technology), total mTOR (2983T, Cell Signaling Technology), MEF2C (sc-365862, Santa Cruz), NKX2.5 (sc-376565, Santa Cruz), GATA4 (sc-25310, Santa Cruz), CTNT (sc-20025, Santa Cruz), α-actinin (Sigma, A7811), and GAPDH (sc-47724, Santa Cruz). HRP-conjugated anti-rabbit IgG (7074S, Cell Signaling Technology) and HRP- conjugated anti-mouse IgG (7076S, Cell Signaling Technology) were used as secondary antibodies (1:3000).

Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 (Sigma) in 1 × PBS for 10 min at room temperature. Next, 1% BSA 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-OCT4 (2750S, Cell Signaling Technology) and anti-NANOG (4903S, Cell Signaling Technology), overnight at 4 °C, and the secondary antibody conjugated to Alexa Fluor 555 (Invitrogen, A21428) was added for 1 h at room temperature. The nucleus was stained with 6-diamidino-2-phenylindole (DAPI, Sigma, D9542) for 30 min at room temperature. All slides were photographed using a fluorescence microscope (Leica, Germany).
[bookmark: _Hlk18047937]
Embryoid body (EB) formation and cardiomyocyte differentiation
[bookmark: _Hlk18048311]The hanging drop technique was applied to form EBs from ES cells. Iscove’s modified Dulbecco’s medium (IMDM, Gibco) containing 20% FBS, 1% penicillin-streptomycin, 2 mM L-glutamine, 0.055 mmol/L β-mercaptoethanol, and 1% MEM nonessential amino acids (Gibco, 11140050) was used for induction of mES cell differentiation. Briefly, a single cell suspension (5 × 104 mES cells/mL) in differentiation medium was split to cell droplets with ~1000 cells in 20 μL for each drop and hung from the bottom of bacterial-grade dishes upside down to culture for 2 d, followed by suspension culture for two more days in 10 mL of differentiation medium still using bacterial-grade dishes on a shaking platform at 40 rpm. This step is for the maturation of EBs. After that, the EBs were moved to 0.1% gelatin-coated plates for adherent culture for an additional 8 d. This step is for cardiomyocyte differentiation.

Alkaline phosphatase staining
Alkaline phosphatase activity of the mES clones was examined using a BCIP/NBT alkaline phosphatase color development kit according to the manufacturer’s protocol (Beyotime Institute of Biotechnology, China). The clones were fixed with 70% ethanol and incubated with BCIP/NBT staining work solution for 30 min, followed by washing with ddH2O.

Statistical analysis
Data are presented as the mean ± SE. A standard two-tailed Student’s t-test with SPSS 21.0 software was used for statistical analyses, in which P < 0.05 was considered significant.

RESULTS
High expression of miR-301a in the heart from late embryonic to neonatal mice
Our previous work demonstrated the enrichment of a subset of miRNAs, including miR-708 and miR-301a, in the cardiomyocytes of neonatal rodents[26]. To further determine the expression pattern and function of miR-301a during heart development, we collected mouse embryo hearts at days 11.5, 13.5, 15.5, 17.5, and 19.5, as well as hearts from 3-day-old neonatal and 6-wk-old adult mice. The expression analysis of miR-301a indicated much higher levels in the hearts of late-stage embryos and 3-day-old postnatal mice than adult hearts. In particular, the levels in the hearts from E17.5 to newborn mice were over 10-fold higher than those in adult hearts (Figure 1), suggesting the potential function of miR-301a in regulating heart development, cardiomyocyte differentiation, and cardiomyocyte proliferation.

MiR-301a does not regulate the formation of early EBs
[bookmark: _Hlk18061564]To explore the role of miR-301a during heart development, we established a cell-culturing system using the hanging drop technique to induce mES cell differentiation into cardiomyocytes in vitro (Figure 2A), which can partly mimic the development of the embryonic heart in vivo. We compared the expression of miR-301a in mES cells before differentiation and mES cell-derived cardiomyocytes at day 12 after differentiation, demonstrating a ~10-fold upregulation of miR-301a in differentiated cardiomyocytes compared to mES cells (Figure 2B). To further determine the expression of miR-301a at different stages of EBs during cardiac differentiation, we performed a quantitative analysis of miR-301a in EBs at days 4, 8, and 12. As shown in Supplemental Figure S1, a ~5-fold increase in miR-301a was observed in EBs at both days 8 and 12 compared to day 4.
As shown in Figure 2A, spheroid structured EBs were formed from day 2 to day 4 at the beginning of mES cell differentiation. EB formation is often considered to initiate differentiation toward the three germ lineages. Embryonic organoids derived from EB culture show remarkable parallels to embryonic development. Immunofluorescence staining with the stem cell markers OCT4 and NANOG was applied to ES clones, confirming the stemness maintenance at the early stage (day 2 under adherent culture) of ES cell differentiation (Figure 2C). To determine the regulatory effect of miR-301a on stem properties and EB formation, we performed alkaline phosphatase staining of mES clones and did not find a difference in stemness between the two groups with or without overexpression of miR-301a (Supplemental Figure S2).
MiR-301a-overexpressing mES cells were cultured in parallel with a negative control (NC) under differentiation conditions using the hanging-droplet method to develop EBs (Figure 2A). A quantitative analysis of gene expression of stem cell markers, including SOX2, OCT4, NANOG, and KLF4, was applied to EBs at day 2 and did not show a significant difference between the NC and miR-301a groups (Figure 2D). Subsequent analysis of EBs at day 4 did not show any changes in morphology, diameter, or amount between the NC and miR-301a groups, as shown in Figure 2E and 2F. These observations suggest the very limited effect of miR-301a on the self-renewal and stemness of mES cells during the early period of EB formation.

MiR-301a promotes mES cell differentiation to cardiomyocytes
[bookmark: _Hlk18092006][bookmark: _Hlk18047468]MiR-301a overexpression in mES cells does not regulate stemness, but can it control cardiac differentiation? To address this question, we assessed several cardiac-specific markers and cardiac-specific transcription factors at day 4 (EB formation, corresponding to E7.5 mouse embryos), day 8 (cardiac differentiation, corresponding to E10.5-E16.5 mouse embryos), and day 12 (formation of immature cardiomyocytes, corresponding to E17.5 and thereafter mouse embryos) after mES cell differentiation following the procedure in Figure 2A. As shown in Figure 3A, mid-stage cardiac markers, including GATA-4, TBX5 and MEF2C, and late-stage cardiac markers, including α-actinin, α-sarcomeric myosin heavy chain (α-MHC), and myosin light chain (MLC), showed higher levels at the stages of cardiac differentiation (days 8 and 12) compared to the stage of early EB formation (day 4) (fold changes are indicated in Figure 3A, days 8 and 12 vs day 4 in the NC group). Meanwhile, compared to the control, miR-301a overexpression induced the expression of these cardiac markers during mES differentiation (Figure 3A). Proteomic analysis further demonstrated the increased expression of the cardiac markers by miR-301a, including GATA-4, MEF2C, NKX2.5, CTNT, and α-actinin, at day 12 after mES cell differentiation (Figure 3B). A semiquantitative analysis (cardiac markers normalized on GAPDH) of the Western blot results clearly showed the upregulation of these cardiac markers by miR-301a (Figure 3B). Does this kind of regulation occur in mES cells? To address this question, a gene expression analysis of these cardiac markers in mES cells with or without overexpression of miR-301a was performed. Meanwhile, EBs undergoing differentiation at day 8 were used as positive controls. As shown in Supplemental Figure S3, very low or undetectable levels of these cardiac markers were detected in mES cells. Their expression in mES cells was not affected by miR-301a.
During cardiac differentiation from mES cells, beating of the cardiac clones was observed from day 9 to day 12 and is shown in Supplemental Videos 1-5. Quantitative analysis of the percentage of beating EBs at different time points indicated a greater number in the miR-301a group compared to the control group (Figure 3C). Furthermore, the beating EBs were first observed in the miR-301a group at day 9, one day earlier than that in the control group. At day 11, more than 90% of EBs were beating in the miR-301a group, while 75% were beating in the control group (Figure 3C). Taken together, these findings demonstrated the promotion of cardiac differentiation from mES cells by overexpression of miR-301a.

[bookmark: _Hlk8830305]MiR-301a activates mTOR-STAT3 signaling by targeting PTEN
[bookmark: _Hlk18053815]We next determined the mechanism by which miR-301a induces cardiac differentiation from mES cells. Both bioinformatics analysis and literature[27] suggested PTEN as a potential target gene of miR-301a in cardiomyocytes. As shown in Figure 4A, three binding sites to miR-301a are predicted in the highly conserved 3’ untranslated region of human and rodent PTEN mRNAs. Considering the function of PTEN in regulating cell survival and cell differentiation, the downstream PI3K-AKT and mTOR-Stat3 signaling pathways were further analyzed during mES cell differentiation. As shown in Figure 4B, activation of the PI3K-AKT signaling pathway was accompanied by inhibition of PTEN by miR-301a overexpression. A semiquantitative analysis (normalized on GAPDH) clearly indicated the upregulation of p-AKT, p-mTOR, and p-Stat3 in the miR-301a-mES-derived cardiac cells at day 12 after cell differentiation, while total AKT, total mTOR, and total STAT3 did not show differences between the two groups (Figure 4C). These findings suggest that the activation of PI3K-AKT-mTOR-Stat3 signaling by miR-301a may contribute to the promoted cardiac differentiation shown in Figure 3.

DISCUSSION
Regulation of cardiac differentiation in embryos
The cardiovascular system is the first system developed in an embryo, and the heart is the first functional organ developed during embryogenesis. The earliest heart precursor cells are detectable in an embryo as early as E6.5 in mice and days 18-19 following fertilization in humans. Cardiac cell differentiation from the precursor cell population is initiated and guided by transcription factors, such as NKX2.5, GATA4, GATA6, and TBX5. Thereafter, signaling pathways, including fibroblast growth factors and bone morphogen proteins, modulate the function of these transcription factors and induce early progenitor cells to further differentiate into mature ventricular or atrial cardiomyocytes[28].
Noncoding genomes play important roles during mES cell differentiation and cell fate determination. A group of miRNAs, including miR-1, miR-133, miR-208a, miR-208b, and miR-499, have been demonstrated to regulate heart development, cardiovascular diseases, and cardiac remodeling[13,16-20]. MiR-1 is enriched in embryonic cardiac cells and mES cell-derived cardiomyocytes, and it promotes not only mesoderm formation from mES cells but also further differentiation into cardiac muscle progenitors[12,16]. In this study, we observed enrichment of miR-301a in the hearts from embryos and neonatal mice. Functional assays demonstrated the induction of cardiac differentiation from mES cells by miR-301a overexpression. Our results contribute to knowledge of the noncoding genome in regulating stem cell differentiation to cardiomyocytes. We demonstrated the potential of miR-301a as a novel target miRNA candidate to induce cardiomyocyte differentiation.

Regulation of cardiomyocyte differentiation from mES cells
ES cell differentiation, cell fate determination, and organoid morphogenesis are closely related to studies of developmental biology and mammalian embryogenesis. ES cells are derived from the early blastocyst stage of embryo development. Because of the similarities between embryogenesis and ES cell differentiation, the process of EB formation and ES cell differentiation can partly resemble the development of embryonic organoids during embryogenesis. The formation of EBs is the typical first step for ES cell differentiation, from which differentiation begins, and three types of tissues are formed, including mesodermal tissues (muscle, bone, connective tissue, etc.), ectodermal tissues (nervous system, hair, eyes, etc.), and endodermal tissues (epithelium, gastrointestinal tract, etc.). The induced cardiomyocyte differentiation method from EBs has been well developed[9,25].
Stem cell-derived cardiomyocytes represent a good source of cells for studying early cardiac development as well as cell-based therapies in postnatal pathologies. The protocol for cardiomyocyte differentiation was first developed for ES cells[29] and then adapted to iPS cells[30]. In the past decade, cardiomyocyte differentiation protocols have been modified and improved to be more reliable and more efficient, which has contributed to preclinical trials of stem cell-derived cell transplantation therapeutics to treat heart diseases, including heart failure. Herein, we demonstrated that the small RNA molecule miR-301a can induce the expression of cardiac transcription factors and promote cardiomyocyte differentiation from mES cells. As such, miR-301a showed potential to be applied towards the modification of the current cardiomyocyte differentiation protocols.
[bookmark: _Hlk18051780][bookmark: _Hlk18094008]The enrichment of miR-301a in active cardiomyocytes was originally determined from our miRNA screening study in the hearts of neonatal rodents[26], which was recently confirmed by Rangrez et al[24], who detected much higher expression of miR-301a in isolated cardiomyocytes than in fibroblasts. That study also found that miR-301a negatively regulates SRF signaling through inhibiting the expression of the target gene Cofilin-2 in cardiomyocytes, suggesting the therapeutic potential of miR-301a in the treatment of cardiac disorders caused by the deregulation of Cofilin-2[24]. Here, we first showed that miR-301a has a high level in the hearts of late-stage embryos, while it is low in undifferentiated ES cells and cardiomyocytes in early-stage embryos. Subsequent functional assays demonstrated the induction of cardiomyocyte differentiation from mES cells by miR-301a, suggesting a cell-type specific function for this miRNA. Our findings add to knowledge of miR-301a in the treatment of heart disease by ES cell-based strategies. Notably, the development of a stem cell-specific gene expression system or a cardiomyocyte-targeted local delivery system for miR-301a will be required given the possible oncogenic side effects of miR-301a. As discussed above, the upregulation of miR-301a has been reported in multiple tumor types[21-23].
[bookmark: _Hlk18047026]
[bookmark: _Hlk6063097][bookmark: _Hlk18093693][bookmark: _Hlk6063262][bookmark: _Hlk18052993]mTOR-STAT3 signaling regulates cardiomyocyte differentiation
The activation of mTOR-STAT3 signaling by the PI3K-AKT pathway has been validated in cardiomyocytes[31,32]. STAT3 is essential for cardiomyocyte differentiation, directly promoting the expression of cardiac markers, including TBX5, NKX2.5, and GATA4[33]. PTEN dephosphorylates PIP3 [phosphatidylinositol (3,4,5)-trisphosphate] to from PIP2 [phosphatidylinositol (4,5)-bisphosphate], thereby inhibiting the PI3K/AKT pathway and regulating cell proliferation and cell differentiation in cardiomyocytes[34]. PTEN is a key regulator of the PI3K/AKT pathway. PTEN/PI3K/AKT signaling-mediated miRNA regulation of ES cell differentiation to cardiomyocytes has been reported for miR-1[35]. Target interactions between miR-301a and PTEN have been demonstrated in cervical cancer[36] and pancreatic cancer[37]. In the current study, we demonstrated that miR-301a activates the PI3K-AKT-mTOR-STAT3 signaling pathway, promoting cardiomyocyte differentiation from mES cells, which was mediated by the target interaction between miR-301a and PTEN. These findings further demonstrated the importance of miRNAs and AKT signaling in regulating mES cell differentiation to cardiomyocytes.
[bookmark: _Hlk18094357]In conclusion, we demonstrated that miR-301a promotes transcriptional activation of the cardiomyocyte-driving genes during mES cell differentiation to cardiomyocytes, and PTEN is a target gene of miR-301a in cardiomyocytes. PTEN-regulated PI3K-AKT-mTOR-STAT3 signaling is involved in regulating miR-301a-promoted cardiomyocyte differentiation from mES cells (Figure 4D). As discussed above, application of a heart-specific local delivery system for miR-301a administration will be required to avoid potential side effects of miR-301a. These findings will shed light on the induction of stem cell-derived cardiomyocyte differentiation and strengthen the potential of miR-301a in cell therapeutics in the treatment of heart disease.

[bookmark: _Hlk15543807]ARTICLE HIGHLIGHTS
Research background
After myocardial infarction (MI) in adults, the regenerative ability of the differentiated cardiomyocytes is very limited due to the “terminated” cell proliferative ability and the lack of cardiac stem cells. Tissue repair after pathological injury in the heart, including that after MI, is still a major clinical challenge. Two novel strategies have been suggested to restore the lost cardiomyocytes caused by MI. One is to apply cardiomyocytes differentiated from stem cells or derived from cardiospheres, and the other is to induce cell cycle reentry in cardiomyocytes.

Research motivation
Stem cells and stem cell-derived cardiomyocytes have been demonstrated to be a promising source for cell transplantation-based treatment of injured hearts. Modification of approaches to induce cardiac cell differentiation from stem cells with high efficiency will be crucial to improve the therapeutic effect.

Research objectives
To explore the function of miR-301a in regulating cardiomyocyte differentiation of mouse embryonic stem cells, and provide experimental evidence for applying miR-301a to the cardiomyocyte differentiation induction from stem cells.

Research methods
The hanging drop technique was applied to form embryoid bodies from mouse embryonic stem cells with or without overexpression of miR-301a. Cardiac markers including GATA-4, TBX5, and MEF2C, and α-actinin were used to determine cardiomyocyte differentiation from mouse embryonic stem cells.

Research results
MiR-301a was identified as a miRNA highly enriched in the heart from late embryonic to neonatal mice. Overexpression of miR-301a in mouse embryonic stem cells significantly induced the expression of cardiac transcription factors, thereby promoting cardiomyocyte differentiation and beating cardiomyocyte clone formation. PTEN was demonstrated to be a target gene of miR-301a in cardiomyocytes. PTEN-regulated AKT-mTOR-Stat3 signaling was involved in regulation of miR-301a-induced cardiomyocyte differentiation.

Research conclusions
MiR-301a is capable of promoting embryonic stem cell differentiation to cardiomyocytes. As such, miR-301a has potential as a novel target gene to induce cardiomyocyte differentiation.

Research perspectives
These findings will be beneficial in development of an approach with high efficiency to induce stem cell differentiation to cardiomyocytes, and strengthen the potential of cell therapeutics to treat heart failure caused by myocardial infarction.
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Figure 1 MiR-301a is enriched in the heart of late-stage mouse embryo and neonatal mouse heart tissues. Tissues were collected from mouse embryos at days 11.5, 13.5, 15.5, and 17.5 and from 3-d-old postnatal and 6-wk-old adult mice. The expression level of miR-301a in the hearts was analyzed using quantitative real-time PCR. 5S rRNA was used for normalization. Data are presented as the mean ± SE (n = 3). aP < 0.05, bP < 0.01.
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[bookmark: _Hlk18108390]Figure 2 MiR-301a does not affect mouse embryonic stem cell properties or the formation of early embryoid bodies. A: Schematic representation of the procedure to induce cardiomyocyte differentiation from mouse embryonic stem cells; B: The expression level of miR-301a in mouse embryonic stem cells before differentiation (BD) and cardiomyocytes at day 12 after differentiation (AD). Fold change was calculated by dividing the value at AD by the value at BD. Data are the mean ± SE (n = 3), bP < 0.01; C: Immunofluorescence staining for the stem cell markers OCT4 and NANOG in mouse embryonic stem cell clones at day 2 under adherent culture; D: Gene expression detection of stem cell markers, including SOX2, OCT4, NANOG, and KLF4, in embryoid bodies at day 2 with or without overexpression of miR-301a. A quantitative real-time PCR method was applied. Data are presented as the mean ± SEM (n = 3). E: Representative images of embryoid bodies formed from mouse embryonic stem cells at day 4 with or without overexpression of miR-301a; F: Average diameter of embryoid bodies at day 4 with or without overexpression of miR-301a. Data are presented as the mean ± SEM (n = 10).


[image: 图片3]
Figure 3 MiR-301a promotes mouse embryonic stem cell differentiation to cardiomyocytes. A: Quantitative real-time PCR analysis of the gene expression for mid-stage cardiac markers, including GATA-4, TBX5, and MEF2C, and late-stage cardiac markers, including α-actinin, sarcomeric MHC, and MLC, in cells at day 4 (embryoid body formation), day 8 (cardiac differentiation), and day 12 (immature cardiomyocytes) during mouse embryonic stem cell differentiation as indicated in Figure 2A. The gene expression levels are shown as the fold change compared to control cells at day 4. Data are presented as the mean ± SEM (n = 3); B: Western blot analysis of the cardiac markers, including GATA-4, MEF2C, NKX2.5, CTNT, and α-actinin, in cells at day 12 after mouse embryonic stem cell differentiation with or without overexpression of miR-301a. A semiquantitative analysis (cardiac markers normalized on GAPDH, miR-301a group vs control group) was applied and shown; C: Quantitative analysis of the percentage of beating embryoid bodies at different time points demonstrated earlier initiation and more embryoid body beating in the miR-301a group than in the control group. All of the embryoid bodies in three independent dishes in each group (141 embryoid bodies in the control group and 131 embryoid bodies in the miR-301a group) were calculated at each time point. Data are presented as the mean ± SE (n = 3). aP < 0.05, bP < 0.01.
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[bookmark: _Hlk17573217]Figure 4 MiR-301a targets PTEN and activates the mTOR-STAT3 signaling pathway in the regulation of mouse embryonic stem cell differentiation. A: Plot of human PTEN mRNA vs mouse PTEN mRNA showing three predicted binding sites to miR-301a at the highly conserved 3’ untranslated region; B: Western blot analysis showing decreased expression of PTEN and increased expression of p-AKT, p-mTOR, and p-STAT3 by miR-301a overexpression in mouse embryonic stem cell-differentiated cardiomyocytes. Total AKT, total mTOR ,and total STAT3 did not show differences between the two groups; C: A semiquantitative analysis (normalized to GAPDH, miR-301a group vs control group) was applied to protein expression in B; D: Schematic representation of the hypothetical mechanism by which miR-301a regulates mouse embryonic stem cell differentiation to cardiomyocytes by targeting PTEN. Data are presented as the mean ± SE (n = 3). aP < 0.05, bP < 0.01.
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