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Abstract

Background: Human-induced pluripotent stem cells (hiPSCs) with normal or upregulated levels 

of CCND2 expression were differentiated into cardiomyocytes (CCND2WTCMs or 

CCND2OECMs, respectively) and injected into infarcted pig hearts.

Methods: Acute myocardial infarction (AMI) was induced via a 60-minute occlusion of the left-

anterior descending coronary artery. Immediately after reperfusion, CCND2WTCMs or 

CCND2OECMs (3×107 cells each), or an equivalent volume of the delivery vehicle was injected 

around the infarct border zone area.

Results: The number of the engrafted CCND2OECMs exceeded that of the engrafted 

CCND2WTCMs from 6 to 8-fold, rising from 1 week to 4 weeks post-implantation. In contrast to 

the treatment with the CCND2WTCMs or the delivery vehicle, the administration of 

CCND2OECM was associated with significantly improved left-ventricular function, as revealed by 

magnetic resonance imaging (MRI). This correlated with the reduction of infarct size, fibrosis, 

ventricular hypertrophy, CM apoptosis, and the increase of vascular density and arterial density, as 

per the histological analysis of the treated hearts. Expression of the cell proliferation markers (e.g., 
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Ki67, phosphorylated histone 3 [PH3] and Aurora Kinase B [Aurora B]) was also significantly 

upregulated in the recipient CMs from the CCND2OECM-treated than from the CCND2WTCM-

treated pigs. The cell proliferation rate and the hypoxia tolerance measured in cultured hiPSC-

CMs were significantly greater after their treatment with exosomes isolated from the 

CCND2OECMs (CCND2OEExos) than from the CCND2WTCMs (CCND2WTExos). As 

demonstrated by our study, CCND2OEExos can also promote the proliferation activity of postnatal 

rat and adult mouse cardiomyocytes. A bulk miRNA sequencing analysis of CCND2OEExos vs. 

CCND2WTExos identified 206 and 91 miRNAs that were significantly up- and down-regulated, 

respectively. Gene ontology (GO) enrichment analysis identified significant differences in the 

expression profiles of miRNAs from various functional categories and pathways, including 

miRNAs implicated in cell-cycle checkpoints (G2/M and G1/S transitions), or the mechanism of 

cytokinesis.

Conclusion: We have demonstrated that an enhanced potency of the CCND2OECMs promoted 

myocyte proliferation in both grafts and the recipient tissue in a large mammal acute myocardial 

infarction (AMI) model. These results suggest that the CCND2OECMs transplantation may be a 

potential therapeutic strategy for the repair of infarcted hearts.
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INTRODUCTION

Although the management of clinical end stage congestive heart failure (CHF) has improved 

significantly in recent decades, the successful recovery is limited by the negligible 

regenerative capacity of the cardiomyocytes1. The molecular and cellular basis for the 

progressive heart failure is the result of the inability of damaged and apoptotic myocytes to 

be replaced. Strategies for promoting myocardial regeneration include the in-vivo 
reprogramming of resident cardiac fibroblasts into cardiomyocyte-like cells2, transplantation 

of somatic stem/progenitor cell-derived cardiomyocytes (CMs)3, and treatments aimed at 

recruiting endogenous progenitor cells or promoting cell-cycle activity and proliferation in 

endogenous CMs4. Studies in rodent models of myocardial injury evidence that CMs 

differentiated from human induced-pluripotent stem cells (hiPSCs) can diminish the extent 

of the cardiac scar formation and improve the functional recovery of the injured myocardium 

when implanted either directly or as components of an engineered cardiac-muscle patch5, 6. 

However, clinical studies of cardiac cell therapy have been less promising, primarily due to 

an exceptionally poor CM engraftment rate7, 8. Furthermore, the clinical implications of the 

observations made in small animals are difficult to interpret because of the profound 

physiological differences between rodents and humans. Therefore, studies using mammals 

are necessary to bridge these differences and facilitate the clinical translation of novel 

therapeutic strategies.

We previously demonstrated that an αMHC promoter-driven CCND2 transgene expressed in 

human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (CCND2OECMs) 

showed prominent proliferation ability both in vitro and following their transplantation into 

infarcted mouse hearts9. Thus, although the initial engraftment rate remained low, the 
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transplanted cells continued to divide and repopulate the infarcted region, so that four weeks 

after the cell administration the cardiac function improved, while the infarct size and 

hypertrophy were significantly reduced in mice receiving the CCND2OECMs, in contrast to 

the control mice treated with hiPSC-CMs that expressed wild-type (WT) levels of CCND2 

(CCND2WTCMs). Here, we examined whether the repair of injured ventricle by 

transplantation of hiPSC-MHC-CCND2-CMs can be achieved by promoting myocyte 

proliferation in a pig model of postinfarction LV remodeling.

MATERIALS AND METHODS

The data, analytic methods, and study materials will be/have been made available to other 

researchers for purposes of reproducing the results or replicating the procedure, and we will 

be responsible for maintaining availability. All experiments and procedures involving 

animals were approved by the Institutional Animal Care and Use Committee (IACUC, APN 

20502) of the School of Medicine, the University of Alabama at Birmingham, and 

performed under the Guidelines for the Care and Use of Laboratory Animals published by 

the US National Institutes of Health (2011).

hiPSC Expansion and Maintenance

hiPSCs (GRiPS) were previously generated before from human cardiac fibroblasts by using 

a CytoTune™-iPS Reprogramming Kit (Invitrogen)10. The cells were expanded and 

subcultured as previously reported 10, 11. In brief, frozen stock of the hiPSCs was thawed 

out, and the cells were seeded in a 6-well plate that had been coated with Matrigel 

(Corning), and cultured in mTeSR1 (STEMCELL Technologies) with daily medium changes 

to 80–90% confluency. hiPSCs were passaged every 3–4 days and differentiated into CMs 

after the third passage. For passaging, cells were dissociated by adding 0.5 mL of Accutase 

(STEMCELL Technologies) to each well and incubating at 37 °C for 5 minutes. Afterward, 

the cells were resuspended in mTeSR1 containing 5 μM Y-27632 (STEMCELL 

Technologies) and replated at the ratios between 1:6 and 1:18. Twenty-four hours later, the 

medium was replaced with mTeSR1 without Y-27632.

Generation of CCND2-overexpressing hiPSCs

The lenti-α-MHC/CCND2 plasmid was generated as previously described9. Briefly, a pair 

of oligonucleotides (forward: 5’AGAGCCACCGGTATGGAGCTGCTGTGCCACGAGGT 

3 ‘, reverse: 5’CTGCAGGCGCGCCGAATTTTTTTTTTAAGTTT CACCCT 3’; Invitrogen) 

were used to amplify the CCND2 insert from a plasmid (Addgene # 8958) by PCR. The 

amplified product was digested with AscI and AgeI endonucleases, and separated by a 2% 

agarose gel for purification. The purified product was subcloned into a lentivirus-α-MHC 

(myosin heavy chain) vector (Addgene # 21230). The inserted sequence was confirmed by 

Sanger sequencing. The lentivirus-α-MHC/CCND2 plasmid and the MISSION lentivirus 

packaging mixture (Sigma-Aldrich) were co-transfected into HEK293 cells with 

Lipofectamine 2000 (Invitrogen). Forty-eight hours later, the virus-containing supernatant 

was collected, concentrated (Clontech), filtered with a 0.45-μm low protein binding 

membrane (Millipore), and immediately transfected into hiPSCs. Forty-eight hours after 

transfection, G418 (400 μg/mL) was added for 7 days, and then the cells were allowed to 
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grow in a standard culture medium until the colonies reached the size suitable for selection 

and expansion. CCND2 overexpression was verified by PCR and western blot.

hiPSC-CM differentiation and purification

hiPSCs were cultured in a 6-well plate with mTeSR1 medium replaced daily. For 

differentiation, the medium was replaced with RPMI 1640 medium supplemented with 2% 

B27 minus insulin (RB-medium; ThermoFisher Scientific) and 10 μM GSK-3β inhibitor 

CHIR99021 (CHIR, STEMCELL Technologies) when the cells reached 80–90% confluence 

(Day 0); 24 hrs later, the medium was replaced with CHIR-free RB-medium and the cells 

were cultured for another 48 hrs until day 3, then the medium was replaced with an RB-

medium containing 10 μM of the Wnt inhibitor IWR1 (STEMCELL Technologies) for 48 

hrs, until day 5. The medium was then replaced with IWR1-free RB-medium, and the cells 

were maintained for 48 hrs until day 7. Furthermore, the medium was replaced with 

RPMI/B27 medium (containing insulin) (ThermoFisher Scientific). Spontaneously and 

rhythmically beating CMs, usually appearing around day 7 after initiation of the 

differentiation protocol (Day 0), were purified via a selection on a modified glucose-free 

RPMI medium (Thermo Fisher Scientific) supplemented with 4 mM lactate (Sigma) and 

B27 for at least 5 days.

Acute Myocardial infarction (AMI) model and the treatment

Acute myocardial infarction (AMI) was induced in 2 month-old females of Yorkshire pig 

(18 kg, Snyder Farms, Birmingham) as described previously12. Briefly, the animals were 

anesthetized with inhaled 2% isoflurane USP (Fluriso™, VetOne®), intubated, and 

connected to a ventilator to maintain anesthesia. A left thoracotomy was performed in the 

fourth intercostal space to expose the heart. The roots of the first and second diagonal 

coronary arteries from the left anterior descending coronary artery were occluded for one 

hour before reperfusion. Immediately after reperfusion, animals were randomly distributed 

into three treatment groups (n=7 per group): animals in the MI+CCND2WTCM and MI

+CCND2OECM groups were administered 3 × 107 CCND2WTCMs or CCND2OECMs, 

respectively (suspended in phosphate-buffered saline [PBS]), and animals in the MI+Vehicle 

group received an equal volume of PBS alone; treatments were injected into five sites 

around the infarcted area. The fourth group of animals (the Sham group, n=7) underwent all 

surgical procedures for MI induction except the ligation step and recovered without any 

experimental treatments. Body temperature, electrocardiograms (ECG), arterial blood 

pressure, and oxygen saturation were continuously monitored throughout all the surgical 

procedures. After surgery, animals received subcutaneous injections of buprenorphine SR 

(0.24 mg/kg, Buprenex®, Rupkitt Benckiser Pharmaceuticals Inc.) every 72 hs for up to 3 

days and intramuscular injections of carprofen (4 mg/kg, Rimadyl®, Zoetis) every 24 hrs for 

up to 2 days for pain control.

Immunohistochemistry

Hearts were dehydrated with 30% sucrose at 4 °C, embedded in OCT compound (Fisher 

Scientific), snap-frozen, cut into 10-μm sections, and stored at –80°C. Before 

immunostaining, samples were washed with PBS + 0.1% Tween 20 (PBST) for 10 min, 

fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature, permeabilized with 
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chilled acetone for 3 min, washed with PBST, and blocked with 10% donkey serum. 

Incubation with primary antibody was performed overnight at 4°C, and then the samples 

were washed 3 times with PBST, incubated for 30 minutes with fluorescently-labeled 

secondary antibodies (Table I in the Supplement), followed by washing and mounting with 

Antifade Mounting Medium containing DAPI (Vector Laboratories), and imaged with a 

fluorescence microscope. Five high-power fields (HPFs) per section, 6 sections per zone (the 

border zone [BZ] and remote zone [RZ]) in each animal’s heart, and 7 animals per group 

were used for in-vivo assessments, while analyses for the in vitro study were performed in 

triplicates.

Small RNA sequencing and data analysis

Total RNA was extracted from cells by using TRIzol (Invitrogen), according to the 

manufacturer’s instructions. Small RNA libraries were constructed using the Illumina 

Truseq™ Small RNA Preparation kit, according to Illumina’s TruSeq™ Small RNA Sample 

Preparation Guide. The purified cDNA library was used for cluster generation on Illumina’s 

Cluster Station and then sequenced on Illumina GAIIx, following the vendor’s instrument 

operating instructions. ACGT101-miR v4.2 (LC Sciences) was used for sequencing data 

analysis13, 14. Briefly, raw reads were subjected to an in-house program, ACGT101-miR to 

remove adapter dimers, junk, low complexity, common RNA families (rRNA, tRNA, 

snRNA, snoRNA), and repeats. Subsequently, unique sequences with a length of 18–26 

bases were mapped to specific species precursors in miRBase 22.0 by BLAST search to 

identify known miRNAs and novel 3p- and 5p- derived miRNAs. The differentially-

expressed miRNAs identified based on normalized deep-sequencing counts were analyzed 

with R package limma (Figure XIIA and XIIB in the Supplement)15. Two computational 

target prediction algorithms (TargetScan 50 - http://www.targetscan.org/vert_50/ and 

Miranda 3.3a - https://bioweb.pasteur.fr/packages/pack@miRanda@3.3a) were used to 

identify miRNA binding sites. The data predicted by both algorithms were combined, and 

the overlaps were calculated. The GO terms and KEGG Pathway of these most abundant 

miRNAs, miRNA targets were also annotated. The microRNA-sequencing data are available 

in the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds) under 

the accession number GSE161046.

Transfection with miRNA mimics

hiPSC-CMs were seeded at a density of 3 × 105 cells/well in 6-well plates. The synthetic 

hsa-miR-302b-3p (5’-UAAGUGCUUCCAUGUUUUAGU-3’) and hsa-miR-373–3p (5’-

GAAGUGCUUCGAUUUUGGGGUGU-3’) mimics were transfected into the cells as per 

the manufacturer’s protocol. Briefly, the miRNA mimics were reconstituted into a final 40 

μM stock solution, 8 μl of which were diluted in 1 ml Opti-MEM medium and mixed with 

Lipofectamine RNAiMAX reagent (8 μl diluted in 1 ml Opti-MEM medium) at a 1:1 ratio 

and incubated at room temperature for 5 min. Then the miRNA mimic-lipid complex was 

added to the cell culture medium for 6 hrs, followed by replacing the supernatant with the 

standard medium. The cells were harvested 72 hrs later for further analysis.
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Statistical Analysis

All results are reported as mean ± standard error (mean ± SEM). Statistical analyses were 

performed with SPSS software (version 20, Chicago, USA). Significant differences between 

two mean values were determined via the Student’s Two-Tailed t-Test; and ANOVA or 

repeated ANOVA with the Tukey post hoc test were used for multiple (more than 2 groups) 

comparisons or repeated measurements. p-values of less than 0.05 were considered 

statistically significant.

RESULTS

Generation and differentiation of CCND2-transgenic hiPSCs

The hiPSCs used in this study were derived from reprogrammed human cardiac fibroblasts, 

which were described in our previous study9. Genomic stability analysis was performed in 

both wild type hiPSCs and CCND2-expressing transgenic hiPSCs by using a G-banding 

karyotyping approach, which confirmed the chromosomal integrity of the two cell lines 

(Figure IA and IB in the Supplement).

Differentiation of the hiPSCs to cardiomyocytes (CMs) was performed by the GiWi (GSK3 

inhibitor and Wnt inhibitor) protocol16. After metabolic purification in a medium containing 

lactate, but no glucose, the purity of the final CCND2WTCM and CCND2OECM populations 

evaluated by flow cytometry was as high as 99.1% and 98.7%, respectively (Figure IIA in 

the Supplement). Almost all of these hiPSC-derived cardiomyocytes (hiPSC-CMs) express 

cardiac-specific markers, including cTnT and NKX2.5 (Figure IIB in the Supplement). 

Furthermore, to verify the human origin and the identity of the implanted CMs in the 

infarcted porcine hearts, we performed co-staining of the heart slices at 4 weeks post-

transplantation for the human nuclear antigen (HNA) and NKX2.5 markers. Our results 

confirmed that the cardiomyocytes account for more than 98% of the implanted cells in both 

treatment groups (Figure IIC in the Supplement). The human CCND2 gene was placed 

under the αMHC promoter control, specifically driving the transgene expression in 

cardiomyocytes. Selective overexpression of CCND2 was verified by qRT-PCR (Figure IIIA 

in the Supplement), western blot (Figure IIIC in the Supplement), and immunofluorescence 

analysis (Figure IIIB and IIID in the Supplement).

Implanted CCND2OECMs are significantly more potent than CCND2WTCMs for myocardial 
recovery

AMI was surgically induced in Yorkshire female pigs via ligation of the left-anterior 

descending (LAD) coronary artery (Figure 1A). The animals were randomly segregated to 

experimental groups for treatments with: CCND2OECMs (i.e., the MI+CCND2OECMs 

group), CCND2WTCMs (the MI+CCND2WTCMs group), or with the delivery vehicle only 

(the MI+Vehicle only group) (Figure IVA in the Supplement). The fourth treatment group 

(the SHAM group) was subjected to all the surgical procedures for AMI induction, except 

for the LAD coronary artery ligation step, and recovered without any experimental 

treatments. Cardiac magnetic resonance imaging (cMRI) assessments performed 4 weeks 

after the AMI induction (Figure 1B), demonstrated that left ventricular (LV) ejection fraction 

(EF) (Figure 1C), end-diastolic volume (EDV) (Figure 1D), and end-systolic volume (ESV) 

Zhao et al. Page 6

Circulation. Author manuscript; available in PMC 2022 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Figure 1E) were significantly improved in the MI+CCND2OECMs animals as compared to 

the MI+CCND2WTCMs animals, or in both cell-treatment groups relative to the MI+Vehicle 

control animals.

Scar sizes, whether quantified via cMRI (Figure 1F and 1H) or by histological assessments 

of the freshly prepared tissue sections (Figure 1G and 1I), were found significantly reduced 

in the MI+CCND2OECM group than in either MI+Vehicle or MI+CCND2WTCM animals. 

In contrast, scar size measurements in Vehicle- and CCND2WTCM-treated animals were 

similar. Furthermore, when fibrosis was assessed by quantification of Sirius Red- and Fast 

Green-stained tissue sections (Figure 1J and 1K), the measurements were significantly lower 

in MI+CCND2OECM animals than in either the MI+Vehicle or MI+CCND2WTCM animals.

The graft-related arrhythmia is a primary risk associated with hiPSC-CMs therapy. 

Continuous ECG recordings were made from the time of infarction until the animal sacrifice 

by using an implantable loop recorder for porcine models. All the animals showed severe 

arrhythmias and ST elevations due to the ischemia-reperfusion injury, but no spontaneous 

arrhythmia was noted during the 4-week follow-up period. Additionally, there was no 

statistical difference in the incidents of ventricular tachycardia (VT) or ventricular 

fibrillation (VF) among the MI only-, the MI+CCND2WTCM- and the MI+CCND2OECM-

treated hearts in response to programmed electrical stimulation (PES), which demonstrated 

that their electrophysiological characteristics were not impaired by CCND2WTCM or 

CCND2OECM transplantation.

CCND2 overexpression promotes proliferation of the transplanted hiPSC-CMs

One month after the surgery, the hearts were harvested and cross-sectioned from base to 

apex (Figure IVB in the Supplement). Each slice was divided into different zones, according 

to coronary perfusion/physiology, for histological and molecular analysis (Figure IVC in the 

Supplement). The cell injection zone was further divided into additional sub-regions for the 

target gene analyses and other studies (Figure 2A). Because human male-derived 

CCND2OECMs and CCND2WTCMs were engrafted into female pigs, the engraftments were 

assessed via qRT-PCR-based quantification of the Y-chromosome levels (Figure VB in the 

Supplement) and identified by immunostaining of human nuclear antigen (HNA) (Figure 

2B, 2C and Figure VA in the Supplement).

The engraftment rates in both cell-treatment groups were similar, when measured only one 

week after the cell administration. However, the number of engrafted cells in the 

CCND2OECM group increased in subsequent weeks and was ~7-fold higher than that in the 

CCND2WTCM-treated animals 4 weeks post-implantation (Figure 2B, 2C and Figure VB in 

the Supplement). It is noteworthy that most of the transplanted hiPSC-CMs were located at 

the junction of the infarct area and the border zone (Figure 2B). The proportion of HNA+ 

CMs co-expressing the proliferation markers Ki67 (Figure 2D) and PH3 (Figure 2E) was 

also significantly greater (4- and 7-fold, respectively) at 4 weeks in the CCND2OECM-

treated than in the CCND2WTCM-treated hearts, whereas HNA+ CMs that also stained 

positively in TUNEL assay were equally common in both cell-treatment groups (Figure 2E). 

Thus the higher engraftment rates observed in CCND2OECM-treated hearts were likely to be 

caused by an increase in CM proliferation rather than a decrease in apoptosis.
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To further verify that the proliferating cells were cardiomyocytes, we also quantified the 

percentage of Ki67+/NKX2.5+ (Figure VIA in the Supplement) and PH3+/NKX2.5+ (Figure 

VIB in the Supplement) cell populations in the grafts, and the results were consistent with 

those obtained by using HNA as a marker. Therefore, it was further verified that the 

engrafted CM proliferation played a pivotal role in the cardiac functional recovery observed 

after transplantation.

CCND2 overexpression in the transplanted hiPSC-CMs also promotes proliferation of the 
recipient (porcine) cardiomyocytes adjacent to the graft

The myocardial regions with native (recipient) CMs had undetectable levels of HNA 

expression in the border zone (BZ) of the hearts from both cell-treatment groups (Figure VII 

in the Supplement), indicating that those cells were not derived from the transplanted hiPSC-

CMs or proliferation. Nevertheless, Ki67 (Figure 3A) and PH3 (Figure 3B) markers were 

more frequently expressed in the BZ CMs from the MI+CCND2OECM animals than those 

from the MI+CCND2WTCM or MI+Vehicle treatment groups.

Analysis of the Aurora B expression allowed to distinguish CMs that were undergoing 

karyokinesis with the subsequent cytokinesis (symmetrical Aurora B [SAB]) from the ones 

without cytokinesis17 (asymmetrical Aurora B [ASAB]), indicating that some recipient CMs 

in the CCND2OECM-treated hearts were truly proliferating. On the contrary, multinucleation 

(karyokinesis) only events were observed in the recipient CMs from the CCND2WTCM- and 

the Vehicle only-treated hearts (Figure 3C). The Aurora B expression was also significantly 

upregulated in the BZ CMs from the MI+CCND2OECM animal group as compared with 

those from the MI+CCND2WTCM or MI+Vehicle only animals (Figure 3C). In contrast, the 

expression of Ki67, PH3, and Aurora B in CMs from the remote (i.e., noninfarcted) zone 

(RZ) did not exhibit any significant difference among the three treatment groups.

At 4 weeks after the surgery, single CMs from the BZ of the infarcted hearts were isolated 

and the calculated percentage of mononuclear and binuclear CMs from the BZ of the 

CCND2OECM-treated hearts was found to be significantly higher relative to that in the 

CCND2WTCM- and Vehicle only-treated hearts. In contrast, the percentage of 

multinucleated cardiomyocytes was relatively lower (Figure 3D).

Furthermore, there were fewer TUNEL+ CMs in the BZ (Figure 3E), the CM cross-sectional 

surface area was significantly smaller, and the density of CM nuclei was significantly higher 

(Figure 3F) in the BZs of the hearts from both cell-treatment groups than in the hearts from 

the MI+Vehicle only animals, as well as in the CCND2OECM-treated hearts relative to the 

CCND2WTCM-treated hearts.

Collectively, these observations indicated that the CCND2OECMs increased proliferation 

and survival of the recipient (native porcine) CMs as opposed to hypertrophy as a typical 

CM response to MI. Notably, the cross-sectional surface areas of the RZ CMs were 

significantly smaller in the hearts from both cell-treatment groups as compared to those from 

the MI+Vehicle only animals as well as in the CCND2OECM-treated hearts relative to the 

CCND2WTCM-treated hearts (Figure 3F), which suggests that not only CCND2OECMs, but 
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to a lesser extent also CCND2WTCMs were able to protect the entire left ventricle from MI-

related hypertrophy.

CCND2OECMs promote angiogenesis in the border zone of myocardial infarction

VEGF plays an important role in cardiac angiogenesis following myocardial infarction 

(MI)18. VEGF receptors (VEGFR) were examined in the BZ of the infarcted porcine hearts 

7 days post-MI. We found that CCND2OECMs increased the number of VEGFR positive 

cells compared to the vehicle only or the CCND2WTCM treatment group (Figure 4A). Four 

weeks after the cell transplantation, the proliferation markers were found to be more 

frequently co-expressed with either smooth muscle actin (SMA) (Figure 4B and 4C) or with 

the endothelial marker isolectin B4 (Figure 4D and 4E) in the BZ cells from the 

CCND2OECM-treated than in those from the CCND2WTCM-treated hearts. Furthermore, 

vessel-like structures expressing SMA or the endothelial marker CD31 were significantly 

more common in the BZs of hearts from both cell-treatment groups than in Vehicle only-

treated animals as well as in the CCND2OECM-treated relative to the CCND2WTCM-treated 

hearts (Figure 4F). Thus, CCND2 overexpression appears to promote a pro-angiogenic 

activity of the transplanted hiPSC-CMs, which is likely to contribute to at least some of the 

improvements in the cardiac function and engraftment observed in the MI+CCND2OECM 

animals19.

Exosomes secreted by the CCND2OECMs promote proliferation and hypoxia tolerance in 
cultured CMs

The crucial role of exosomes as mediators of extracellular signaling, implicated in the 

mechanisms of cardiac recovery from myocardial injury, has been well-documented20. In 

this regard, we sought to understand whether the improvements in CM proliferation and 

survival associated with CCND2 overexpression in transplanted hiPSC-CMs, could be 

recapitulated in vitro via CM treatment with the exosomes secreted by the CCND2OECMs. 

Exosomes (Exos) isolated from the culture medium of the CCND2WTCMs 

(CCND2WTExos) and the CCND2OECMs (CCND2OEExos) were 125 nm and 105 nm in 

diameter, respectively (Figure 5A and 5B). Both exosome populations expressed several 

exosome-specific markers, such as Alix, CD81, CD9, and TSG101 (Figure 5C). 

Fluorescence imaging of CCND2WTCMs that had been cultured with PK26-labeled 

CCND2OEExos or CCND2WTExos confirmed that the cells took up the fluorescent label 

over a 2–12 hr period (Figure 5D). Furthermore, after three days in culture, the expression 

levels of Ki67 (Figure 5E and 5I), PH3 (Figure 5F and 5J), and Aurora B (Figure 5G and 

5K) cell proliferation markers in the CCND2WTCMs treated with CCND2OEExos became 

significantly higher than in the CCND2WTExo-treated cells or in the cells that received no 

exosome treatment at all. In addition, the CCND2WTCMs were more resistant to hypoxia-

induced apoptosis in vitro following treatment with CCND2OEExos than those cultured in 

the presence of CCND2WTExo or in the absence of exosomes (Figure 5H and 5L).

CCND2OEExos were found to be able to promote the proliferation of not only 

cardiomyocytes, but also human umbilical vein endothelial cells (HUVEC) and human 

vascular smooth muscle cells (HVSMC) in vitro, as indicated by the large number of ki67+ 

and PH3+ HUVECs and SMCs in the CCND2OEExos-treated group, relative to those in the 
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vehicle only- or CCND2WTExos-treated groups (Figure X in the Supplement). Besides, 

exosome treatment was also capable of reducing the number of apoptotic cells in HUVEC 

and SMC populations under hypoxic conditions (Figure XI in the Supplement).

We also examined the effects of the hiPSC-CM-derived exosomes on the proliferation of 

postnatal CMs, isolated from 7 days-old rats, in which CM proliferation was already almost 

undetectable21. Treatment of the rat postnatal CMs with CCND2OEExos led to a significant 

increase in the number of Ki67+, PH3+, and Aurora B+ CMs, whereas CCND2WTExos 

failed to induce a similar proliferation activity in the rat CMs (Figure VIIIA–VIIIC in the 

Supplement). These data suggest that CCND2OEExos were capable of increasing rat 

postnatal CM proliferation.

In yet another experiment, adult CMs were isolated from a 3 month-old mouse heart and 

treated with PBS, CCND2WTExos, or CCND2OEExos. Remarkably, only CCND2OEExos 

were able to trigger proliferation markers in the adult CMs (Figure IXA and IXB in the 

Supplement). Moreover, the CCND2OEExos treatment induced even a partial de-

differentiation of adult CMs, evidenced by a microscopy-based visualization of poorly 

organized sarcomere structures in those cells (Figure IXC and IXD in the Supplement).

A comparative bulk sequence analysis of miRNAs from CCND2WTExos and 

CCND2OEExos was performed to discover miRNAs might be responsible for CM 

proliferation. The sequence analysis identified 1072 total miRNAs, 651 of which were found 

in both Exos types, 332 were specific to CCND2OEExos, and 89 miRNAs were found only 

in CCND2WTExos (Figure 6A). Out of the 651 miRNAs common for both Exos types, 206 

and 91 miRNAs were significantly up- and down-regulated in CCND2OEExos, respectively 

(Figure 6B). Gene ontology (GO) enrichment analyses identified significant differences in 

miRNAs of most functional categories and signaling pathways (Figure XIII in the 

Supplement), including miRNAs implicated in G2/M and G1/S cell cycle transitions, cell 

cycle arrest and mitosis (Figure 6C), as well as in the regulation of cell death and apoptosis 

(Figure 6D). The cell-cycle associated miRNAs with significantly different expression levels 

are depicted in the heat map of Figure 6E. We found that miRNAs with the highest 

upregulation levels include miR302-367 and miRNA371-373 clusters, which have been 

demonstrated to promote cardiomyocyte proliferation22, 23. Their sequences are highly 

conserved in humans and mice, and they can activate the Hippo pathway involved in the 

regulation of cell proliferation and programmed cell death during organ development. The 

miR-302-367 cluster and miR-373 can target multiple components of the Hippo signaling 

pathway, including MST1, LATS2, and MOB1b, thereby dephosphorylating a downstream 

protein Yap and promoting its translocation to the nucleus, where it interacts with the TEAD 

transcription factor family members and activates expression of series of genes, including 

the ones that promote cell proliferation and survival24.

We further investigated the effects of individual miR-302 or miR-373 family members on 

the proliferation of hiPSC-CMs. After delivering miR-302b-3p or miR-373-3p mimics into 

hiPSC-CMs, the number of Ki67+, PH3+, and Aurora B (AuB)+ cardiomyocytes was 

significantly increased, and a synergistic effect was observed by co-transfecting with these 

two mimics (Figure 6H and 6J–6L). Furthermore, this effect could be reversed by CM 
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transfection with the YAP-targeting siRNA, indicating that miR-373-302b could promote 

CM proliferation, at least partly, via regulation of YAP. In addition, the nuclear translocation 

of YAP increased after the transfection of miR-373-302b mimic, and this effect could be 

abolished by RNA silencing with the YAP mRNA-targeting siRNA (Figure 6M). 

Furthermore, we observed that the treatment by miR-302b-3p and miR-373-3p mimics 

decreased Lats2 expression and YAP phosphorylation, suggesting that the Hippo pathway 

was off (Figure 6G and 6I).

The effects of miR-373-302b overexpression on postnatal cardiomyocyte proliferation

We further tested whether the identified miRNAs could stimulate the proliferation of 

postnatal rat CMs, isolated from a 7 days-old rat, by transfecting the CMs with 

miR-373-302b or Ctrl miRNA mimics. The transfection outcome was examined 48 hrs later, 

and it was found that the percentage of Ki67+, PH3+, and Aurora B+ CMs were substantially 

increased in the miR-373-302b mimic-transfectants, as compared to those in the Ctrl mimic-

transfected group (Figure 7A–7C). This experiment evidenced that transient overexpression 

of miR-373-302b can induce the proliferation of postnatal rat CMs.

In addition, a loss-of-function study was performed by using a YAP-targeting siRNA, which 

suggested that a direct silencing of YAP expression in rat CMs can reverse the pro-

proliferative effect of the miR-373-302b overexpression, as evidenced by a significant 

decrease in the levels of the cell cycle markers (Figure 7A–7C). Meanwhile, 

immunostaining for total cellular Yap protein demonstrated an increase in Yap nuclear 

translocation in the miR-373-302b mimic-transfected CMs, and this effect could be reversed 

by the YAP mRNA-targeting siRNA (Figure 7D). Furthermore, it was reported that an 

increased expression of miR-302b led to the activation of adult cardiomyocyte proliferation 

and reduced scar formation in a mouse MI model, partly through the repression of the Hippo 

pathway22.

The 3′UTR sequence of the LATS2 mRNA is highly conserved in humans and swine 

(Figure XIV in the Supplement), and bioinformatics analysis by Targetscan software showed 

that the porcine LATS2 mRNA is a potential target for both hsa-miR-302b-3p and hsa-

miR-373-3p. We sought to experimentally validate the above hypothesis by using 

miR-302b-3p as a model and a luciferase assay in HEK293T culture cells. To this end, we 

constructed a vector containing the luciferase reporter gene fused to the porcine wild-type 

(WT) LATS2 3’UTR sequence or a mutant 3’UTR with a mismatched sequence at the 

predicted miR-302b-3p binding site as a targeting specificity control. After co-transfection 

of HEK293T cells with the WT LATS2 3’UTR plasmid and miR-302b-3p mimic, luciferase 

activity in the transfectants was significantly reduced, as compared to the cells co-

transfected with Ctrl mimic or the mutant 3’UTR-containing control construct (MUT), 

which indicates that the porcine LATS2 mRNA is a direct target of hsa-miR-302b-3p (Figure 

7F).

To determine whether the transplanted CCND2OECMs can induce native porcine CM 

proliferation by regulating Hippo signaling, we examined the nuclear translocation of YAP 

in CMs of the infarct BZ of the infarcted porcine hearts. Immunostaining of the 

CCND2OECMs-treated hearts for the total intracellular Yap revealed an increase in the 
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nuclei-localized protein, in contrast to the vehicle only-treated or CCND2WTCMs-treated 

hearts (Figure 7E). These results suggest that the exosomes secreted from the transplanted 

CCND2OECMs might deliver miR-302b-3p and miR-373-3p to the border zone and promote 

cardiomyocyte proliferation through inhibition of the Hippo pathway (Figure 7G).

DISCUSSION

We have previously demonstrated that the human CCND2 overexpression in hiPSCs can 

constitutively activate the cell cycle of hiPSC-CMs prior to their differentiation into 

cardiomyocytes. Intramyocardially-injected CCND2OECMs can promote the 

remuscularization of the infarcted immuno-deficient mouse hearts, which attenuates LV 

remodeling and reduces cardiac dysfunction9. However, the clinical relevance of using 

rodent models is limited by significant physiological differences between rodent and human 

hearts regarding size and electrical conduction as well as the formation and distribution of 

collateral coronary arteries25. Thus, large-animal research models, particularly porcine-

based models, are important for developing and characterizing novel therapeutic approaches, 

their efficacy and safety, as well as for optimizing the dose, frequency, and routes of 

administration.

The data presented in this report are the results of the first study to demonstrate that 

overexpression of the human CCND2 can induce a significant proliferative activity (cell 

cycle activation) in transplanted cardiomyocytes also in a large animal model of AMI, which 

has the higher clinical relevance to the human disease.

CCND2OECMs injected into the injured porcine hearts were associated with significantly 

improved characteristics of the LV function as well as reduced heart fibrosis and 

hypertrophy 4 weeks post-injury/treatment, as opposed to CCND2WTCMs exhibiting wild 

type levels of CCND2.

The reduction of fibrotic scar size occurred primarily due to a robust proliferation of the 

engrafted CCND2OECMs, which increased their number from 6 to 8 times relative to that of 

the implanted CCND2WTCMs. Notably, the enhanced proliferative capability of 

CCND2OECMs allowed lowering of the initial administration dose of the CMs down to 

3×107, making it an order of magnitude smaller than the dose of the human embryonic stem 

cell-derived CMs (1.0×109 and 7.5×108) used for transplantation into infarcted primate 

hearts in two previous reports26, 27. This difference may partially explain why we found no 

evidence of arrhythmogenic complications associated with the therapeutic cell 

administration in the aforementioned primate studies. We also observed an increase in the 

expression of proliferative markers (e.g., Ki67, PH3) in various types of the recipient cardiac 

cells (CMs, ECs, and SMCs) from the CCND2OECM-treated hearts, which is consistent 

with the robust paracrine activity observed in other investigations with transplanted stem-

cell-derived CMs28. hiPSC-CMs and rodent cardiomyocytes exhibited higher proliferative 

activity upon co-culture with the Exosome released from the CCND2OE or miR-373-302b 

mimic.
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Cardiac fibrosis directly causes systolic and diastolic dysfunction by stiffening the 

myocardium29, whereas perivascular fibrosis of the coronary arteries and arterioles30 

reduces oxygen and nutrient supply to the myocardium. The capillary network is unable to 

support sustained cardiac overload31. Thus, even after recovering from the initial infarct 

event, fibrosis can continue affecting the viability of the BZ cardiomyocytes through the 

disintegration of the extracellular matrix and replacement of the necrotic myocardial tissue 

by an expanding scar32, 33. Remarkably, the CCND2OECM transplantation promoted 

survival of the native or recipient CMs and also significantly increased proliferation of both 

recipient CMs and vascular cells, while BZ vascular density was significantly increased in 

the CCND2OECM-treated relative to the CCND2WTCM-treated animals. This enhancement 

of the angiogenic response to AMI is likely to contribute to the improved myocardial 

performance associated with the CCND2OECM implantation, owing to the enhanced 

myocardial perfusion preserving34, the reduced hypertrophy35, and the reduced 

accumulation of immature collagen fibers31. It also facilitated the cross-talk between 

coronary ECs and CMs that improves myocardial functionality36. Although the role of 

cytokines, such as vascular endothelial growth factor (VEGF) and angiopoietin-119, in the 

pro-angiogenic and cytoprotective activities of various cell populations has been well-

established, it is yet to be understood whether and to what extent these factors contribute to 

the pro-angiogenic activity of the transplanted CCND2OECMs.

The well-documented role of exosomes in cell-to-cell communication37 and paracrine 

activity of the transplanted cells38 was further supported by our observations that hiPSC-

CMs, postnatal rat CMs, and adult mouse CMs exhibited higher proliferative activity upon 

their co-culturing in the presence of CCND2OEExos than following their treatment with 

CCND2WTExos, while CCND2OEExos exhibited an ability to protect cultured hiPSC-CMs 

from hypoxia-induced apoptosis. Notably, the miRNA profiles of CCND2OEExos and 

CCND2WTExos were found to be dramatically different from each other, particularly with 

regard to miRNAs implicated in the regulation of cell proliferation and apoptosis. The 

miRNA profile specific to CCND2OEExos appears to agree with the data from previous 

studies: miRNAs are known to promote cell proliferation and/or suppress apoptosis (e.g., 

miR-371-373 cluster23, miR302-367 cluster9, 22) were abundant/upregulated. In contrast, 

those implicated in suppressing cell proliferation and/or promoting apoptosis (e.g., 

miR-143-3p39, miR-506-3p40) were underrepresented/down-regulated. We further 

demonstrated that miR-302b-3p and miR-373-3p were able to promote the proliferation of 

hiPSC-CM and postnatal rat CMs, at least partly through regulating the HIPPO signal 

transduction pathway. Since the 3’UTR sequences of the LATS2 mRNAs in swine and 

humans are highly homologous (Figure XIV in the Supplement), we reasoned that 

miR-302b-3p and miR-373-3p are likely to play the same functional roles also in porcine 

cardiomyocytes. This hypothesis was confirmed in our study by a dual-luciferase reporter 

assay, demonstrating that the porcine LATS2 mRNA is also a direct target of hsa-

miR-302b-3p (Figure 7F). In addition, the CCND2OECM-treated hearts showed a significant 

increase in the number of nuclear-Yap+ cardiomyocytes. These data demonstrate the 

HIPPO-YAP signaling regulation could play an important role in activating the proliferative 

activity of recipient cardiomyocytes of pig hearts.
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Previous reports and our current study have generally focused on molecules involved in 

regulating the cell-cycle (e.g., cyclins and cyclin-dependent kinases) or tumor 

suppression21, 41. The most recent studies have linked a number of miRNAs to the regulation 

of CM proliferation and/or cardiac repair in mice and swine42, 43. Thus, as the therapeutic 

potential of exosomes for improving cardiac function becomes more evident, combining an 

exosome-mediated delivery of proliferative miRNAs with transplantation of CCND2OECMs 

(or other genetically modified cells) could become a new promising strategy for upregulating 

proliferation of the recipient CMs and reducing cardiac fibrosis.

In conclusion, the results presented in this report demonstrate the enhanced potency of the 

CCND2-overexpressing hiPSC-CMs in repairing of AMI hearts in the context of a large-

animal model. CCND2OECMs can proliferate and increase in numbers from week 1 to week 

4 after transplantation into the infarcted pig hearts, and the measured parameters of the 

cardiac performance, fibrosis, and hypertrophy resulting from the treatment, suggest 

significant improvements in the hearts grafted with the CCND2OECMs rather than 

CCND2WTCMs. Importantly, the CCND2OECM transplantation was also capable of 

promoting the proliferation of recipient CMs, ECs, and SMCs, while no treatment-related 

arrhythmogenic complications were noted. Altogether, our data suggest that cardiac cell 

therapy involving CMs with enhanced proliferation capacity, may become an efficacious 

future strategy for myocardial repair and prevent CHF in patients with AMI.
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Non-standard Abbreviations and Acronyms:

hiPSCs
human induced pluripotent stem cells

hiPSC-CMs
human induced pluripotent stem cells-derived cardiomyocytes

CCND2OECMs or CCND2WTCMs
overexpressed or wild type expressed CCND2 under control of the Myosin Heavy Chain 

(MHC) promoter and differentiated into cardiomyocytes

AMI
Acute myocardial infarction
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HUVEC
human umbilical vein endothelial cells

HVSMC
human vascular smooth muscle cells

SMA
smooth muscle actin

SAB
symmetrical Aurora B

ASAB
asymmetrical Aurora B
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Clinical Perspective

What is new?

• It is first time to validate the enhanced potency of hiPSC-MHC-

CCND2OECMs in prompting myocyte proliferation of AMI hearts in a 

preclinical large-animal model.

• The CCND2OECMs transplantation associated with promoting the 

proliferation of recipient heart CMs, ECs, and SMCs at least partly by 

paracrine activity.

• hiPSC-CMs and rodent cardiomyocytes exhibited higher proliferative activity 

upon co-culture with the Exosome released from the CCND2OE or 

miR-373-302b mimic compared to culture with exosome from the CCND2WT 

or control miRNA mimics.

What Are the Clinical Implications?

• Enhanced proliferative capability of cardiomyocytes allowed lowering of the 

initial administration dose of the CMs

• Promote a novel therapeutic strategy aiming at upregulating proliferation of 

the recipient cardiac cells using hiPSC derived cell or cell products.

• Targeting the myocyte cell-cycle regulators such as CCND2 holds a strategic 

potential for remuscularization of myocardial infarct.

Zhao et al. Page 19

Circulation. Author manuscript; available in PMC 2022 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. CCND2OECMs show greater potency than CCND2WTCMs for recovery from MI in 
swine.
(A) The study design schematic. MI was surgically induced in pigs via a 60-minute ligation 

of the LAD coronary artery. After reperfusion, animals in the MI+CCND2OECM group were 

treated with CCND2-overexpressing hiPSC-CMs, animals in the MI+CCND2WTCM group 

were treated with hiPSC-CMs that expressed wild type (“normal”) levels of CCND2, and 

animals in the MI+Vehicle group were treated with the delivery vehicle alone; animals in the 

SHAM group underwent the same surgical procedures for MI induction except LAD 

coronary artery ligation and recovered without any of the experimental treatments. Four 
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weeks after MI induction cMRI was performed, and the images (B) were used to calculate 

left-ventricular ejection fraction (LVEF) (C), end-diastolic volume (LVEDV) (D), end-

systolic volume (LVESV) (E), cMRI images of base-to-apex cross-sections of the 

representative porcine hearts at 4 weeks after receiving MI+vehicle, MI+CCND2WTCMs or 

MI+CCND2OECMs treatments (F). A representative porcine MI heart cross-section at 4 

weeks after receiving the vehicle only, the CCND2WTCMs or the CCND2OECMs injection 

treatment. Scar-sizes in the cross-sections were evaluated via a cMRI (H) or histological 

assessments in fresh tissue sections (I) and presented as a percentage of the total LV surface 

area (G). Fibrosis was evaluated in sections stained with Sirius Red (fibrotic tissue) and Fast 

Green (functional cardiac tissue) (J) and quantified as a ratio of the fibrotic area to the sum 

of the fibrotic and non-fibrotic areas, and presented as a percentage (K); * p<0.05 relative to 

MI+Vehicle control; # p<0.05 relative to MI+CCND2WTCM.
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Figure 2. CCND2OECMs proliferated after transplantation into infarcted pig hearts.
(A) Gross anatomy of a single cardiac slice from a porcine heart at 4 weeks after the 

surgery: each slice was divided into different sub-regions for Y-chromosome quantification 

and other analyses. (B and C) Immunofluorescence images of tissue sections of the porcine 

hearts subjected to myocardial infarction and transplantation of CCND2OECMs 4 weeks 

after the treatment. The transplanted hiPSC-CMs were identified by co-expression of cTnT 

(red) and HNA (green). The Infarct zone, the border zone, the graft and the native (recipient) 

CMs in the infarcted porcine hearts are marked inside the white dashed ovals or simply 
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marked (Native CMs) on the image panels (B and C), respectively. The scale bars are 100 

μm and 20 μm. (D-F) Sections from the infarct border zone were stained for HNA to identify 

CMs of the human origin (hiPSC-CMs), for cTnT to verify CM identity, for Ki67 (D) and 

phosphorylated histone 3 (PH3) (E) to verify proliferating activity of the CMs. TUNEL 

staining was performed to assess the level of apoptosis in the CMs (F). Nuclei were counter-

stained with DAPI, and hiPSC-CM proliferation was quantified and presented as a 

percentage of HNA-expressing cells that also expressed Ki67 or PH3; hiPSC-CM apoptosis 

was quantified as a percentage of the HNA-expressing cells positive for TUNEL staining. 

The scale bar is 20 μm; * p<0.05 relative to MI+CCND2WTCM.
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Figure 3. Endogenous CMs were more proliferative and resistant to MI-induced apoptosis and 
hypertrophy in CCND2OECM-treated than in CCND2WTCM-treated animals.
(A-C and E-F) Sections from the BZ and RZ were stained for cTnT to visualize all CMs, for 

(A-C) the transcription factor Nkx2.5, which represents the cardiomyocyte nucleus, for the 

proliferation markers (A) Ki67, (B) PH3, and (C) Aurora B. Representative images of 

immunofluorescent staining (A-C) are shown for the BZ only. Nuclei were counterstained 

with DAPI, and then endogenous CM proliferation was quantified as the percentage of 

cTNT-expressing cells with the proliferation markers. (D) Representative images of 

dissociated single cardiomyocytes from the BZ of porcine hearts at 4 weeks after surgery. 

Moreover, quantification of the percentage of CMs was exhibiting different nucleation. The 
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experiment was performed in a single-blind manner and a minimal of 1000 CMs from each 

group was counted. (E) Representative images of TUNEL staining and endogenous CM 

apoptosis were quantified as the percentage of cTnT-expressing cells with TUNEL positive 

cells. (F) Sections from the BZ and RZ were stained for cTnT to visualize CMs with wheat 

germ agglutinin (WGA) to visualize cell borders. Nuclei were counterstained with DAPI, 

and then cell size was quantified via measurements of CM cross-sectional surface area 

(CSA), and the density of CM nuclei was calculated. The scale bar=20 μm. Panels A-E: 

*P<0.05 vs. MI+Vehicle, #P<0.05 vs. MI+CCND2WTCM; panel F: *P<0.05 vs. SHAM, 
#P<0.05 vs. MI+Vehicle, †P<0.05 vs. MI+CCND2WTCM.
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Figure 4. Angiogenic activity in the infarcted porcine hearts was greater following their 
treatment with CCND2OECMs than with CCND2WTCMs.
(A) Representative images of immunofluorescence tissue staining for VEGFR and 

quantification of VEGFR+ cells from the BZ of the porcine hearts at 1 week after surgery. 

Sections from the BZ and the RZ were stained for cTnT to visualize/identify all CMs (A-E), 

for the proliferation markers Ki67 (B and D), PH3 (C and E), and for smooth-muscle actin 

(SMA) to identify smooth-muscle cells (SMCs) (B and C) or for CD31(A) or isolectin B4 

(D and E) to identify endothelial cells (ECs). Nuclei were counterstained with DAPI, and 

proliferation of SMCs was quantified as a percentage of SMA+ also expressing Ki67 or PH3 
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(B, C bar graphs, respectively); Correspondingly, the proliferation of ECs was quantified as 

a percentage of isolectin-B4+ cells also positive for Ki67 or PH3 (D, E bar graphs, 

respectively). (F) BZ and RZ sections of the MI hearts stained for the endothelial marker 

CD31 and costained for cTnT and SMA; Nuclei were counterstained with DAPI. Arteriole 

and capillary densities were quantified as a number of SMA+ and CD31+ structures per area 

unit. * p<0.05 relative to MI+Vehicle, # p<0.05 relative to MI+CCND2WTCM.
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Figure 5. hiPSC-CMs were more proliferative and more resistant to hypoxia-induced apoptosis 
when cultured with exosomes from CCND2OECMs than exosomes from CCND2WTCMs.
Exosomes were isolated from the culture medium of CCND2OECMs (CCND2OEExos) and 

CCND2WTCMs (CCND2WTExos). (A) Electron microscopy analysis of exosomes produced 

from CCND2WTCMs and CCND2OECMs. The scale bar=100 nm. (B) The distribution of 

exosome sizes was evaluated via nanoparticle-tracking analysis. Moreover, (C) the presence 

of exosomal marker proteins Alix, CD9, CD81, and TSG101 was confirmed via Western 

blot. (D) hiPSC-CMs were cultured with exosomes that had been fluorescently labeled with 

PKH26 for 2 hrs or 12 hrs, followed by fixing and staining for cTnT. Nuclei were 
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counterstained with DAPI. Cellular uptake of the exosomes was confirmed via assessments 

of PKH26 fluorescence. (E-G) hiPSC-CMs were cultured with CCND2OEExos, 

CCND2WTExos, or phosphate-buffered saline (PBS) under normoxic conditions for 72 hrs, 

followed by fixing and staining for cTnT, and the proliferation markers (E) Ki67, (F) PH3, 

or (G) Aurora B. Nuclei were counterstained with DAPI, and hiPSC-CM proliferation was 

quantified as the percentage of cells that expressed each of the proliferation markers (I-K). 

(H) hiPSC-CMs were cultured with adding CCND2OEExos, CCND2WTExos, or PBS under 

hypoxic conditions for 48 hrs, fixed, and stained for cTnT and TUNEL. Nuclei were 

counterstained with DAPI. hiPSC-CM apoptosis was quantified as the percentage of cells 

that were TUNEL+ (L).*P<0.05 vs. PBS, #P<0.05 vs. CCND2WTExo. Each experiment was 

performed independently for 3 times.
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Figure 6. CCND2 overexpression in the hiPSC-CMs alters the miRNA content of the hiPSC-CM-
secreted exosomes.
(A-E) Identification of miRNA content of the CCND2WTExos and the CCND2OEExos by a 

bulk miRNA sequence analysis. (A) A Venn diagram depicting the identified exosome-

derived miRNAs specific and common for each of the exosome populations 

(CCND2WTExos and CCND2OEExos), (B) miRNAs that are present in both 

CCND2WTExos and CCND2OEExos are shown as a volcano plot; the common miRNAs that 

were present in both exosomal populations in comparable quantities are depicted as gray 

dots, while the exosomes that were significantly up- or down-regulated in CCND2OEExos 
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are depicted with red or blue dots, respectively. (C and D) Gene Ontology analysis was 

performed to reveal significant differences between the CCND2WTExo and the 

CCND2OEExo populations in miRNAs of the cell cycle (C) or the cell death (D) functional 

categories. (E) The cell-cycle associated miRNAs with significantly different expression 

levels are depicted in the heat map of Panel 6E. (F) The expression of miRNAs implicated in 

regulation of cell proliferation (miR-200a-3p, miR-371a-3p, miR-372-3p, miR-373-3p, 

miR-367-3p) and apoptosis (let-7c-5p, let-7d-3p, miR-133a-3p, miR-143-3p, miR-506-3p, 

miR-584-5p) was quantified in the CCND2WTExo and the CCND2OEExo populations by 

qRT-PCR. (G-L) The effect of individual miRNA overexpression recapitulated by 

transfection of the CCND2WT-CMs with Ctrl-mimic, miR-373-3p mimic, miR-302b-3p 

mimic, miR-373-302b mimic or miR-373-302b mimic+YAP siRNA analyzed 72 hrs post-

transfection. The expression levels of p-YAP and LATS2 upon transient overexpression of 

various miRNAs were analyzed by western blot (G) and quantified by densitometry, 

following normalization by GAPDH (I). The effect of the miRNAs on the CM proliferation 

was assessed by immunofluorescence analyses of Ki67, PH3, and Aurora B expression (H) 

and quantified as a percentage of cTNT-expressing cells that also expressed Ki67 (J), PH3 

(K), or Aurora B (AuB) (L). Right column images in panel H represent insets/blow-up 

images for the boxed areas. (M) Representative images for an immunofluorescence staining 

for YAP (red) and cTnT (green) in the hiPSC-CMs transfected with Ctrl mimic, 

miR-373-302b mimic, or miR-373-302b mimic+YAP siRNA, performed 72 hrs post-

transfection. The scale bar is 20 μm. * p<0.05 relative to Ctrl mimic, # p<0.05 relative to 

miR-373 mimic, † p<0.05 relative to miR-302b mimic, ‡ p<0.05 relative to miR-302b-373 

mimic+YAP siRNA.
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Figure 7. miR-302b-373 induces cardiomyocyte proliferation by regulation of the Hippo 
signaling pathway.
(A-C) Immunofluorescence microscopy images of the tracked primary rat cardiomyocytes 

expressing (A) proliferation marker Ki67 (red), (B) cell cycle M-phase marker PH3 (red), 

and (C) cytokinesis marker Aurora B kinase (green), captured 72 hrs after transfection with 

Ctrl mimic, miR-373-302b mimic or miR-373-302b mimic + YAP siRNA. Cell cycle 

activity in the CMs was analyzed by quantification of Ki67+, PH3+, or Aurora B+ CMs as a 

percentage of total cTnT+ CMs (A-C bar graphs, respectively). Nuclei were stained with 

DAPI (blue). The scale bar is 20 μm. * p<0.05 relative to Ctrl mimic, # p<0.05 relative to 
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miR-373-302b mimic+YAP siRNA. (D) Representative immunofluorescence images of the 

tracked primary rat cardiomyocytes expressing YAP (red) 72 hrs after transfection with Ctrl 

mimic, miR-373-302b mimic or miR-373-302b mimic+YAP siRNA. The scale bar is 20 μm. 

(E) Representative confocal microscopy images and quantification of the swine CMs with 

YAP nuclei translocation (E bar graph) in the heart BZs 4 weeks after the hiPSC-CMs 

transplantation. Smaller (right column) images in panel E represent insets/blow-up images 

for the boxed areas. The scale bar is 20 μm. * p<0.05 relative to MI only, # p<0.05 relative to 

MI+CCND2WT CMs. (F) Validation of the miRNA binding effect to their predicted LATS2 

miRNA-target by a dual-luciferase reporter assay. Two putative target sites for hsa-

miR-302b-3p were predicted by the TargetScan server in the 3’UTR of the LATS2 mRNA 

(highlighted in the boxed area). The mutated target sequences are shown below. Relative 

luciferase activity was measured 48 hrs after co-transfection with luciferase reporters 

carrying the wild-type or the mutated 3’UTRs of LATS2, as well as the miR-302b mimic or 

Ctrl mimic in HEK293 cells (F bar graph). WT- wild type, MT- Mutation site. * p<0.05 

relative to WT+Ctrl mimic, # p<0.05 relative to MT+Ctrl mimic, † p<0.05 relative to MT

+miR-302b mimic. (G) The general view of how miR-302b-3p and miR-373-3p work on the 

Hippo pathway through inhibiting LATS2, thus causing cell proliferation and survival.
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