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Abstract 

 

Overcoming the insufficient survival of cell grafts is an essential objective in cell-based 

therapy. Apurinic/apyrimidinic endonuclease/redox factor-1 (APE1) promotes cell 

survival and may enhance the therapeutic effect of engrafted cells. The aim of this study 

is to determine whether APE1 overexpression in cardiac progenitor cells (CPC) could 

ameliorate the efficiency of cell-based therapy. CPCs isolated from 8- to 10-week-old 

C57BL/6 mouse hearts were infected with retrovirus harboring APE1-DsRed 

(APE1-CPC) or a DsRed control (control-CPC). Oxidative stress-induced apoptosis was 

then assessed in APE1-CPCs, control-CPCs, and neonatal rat ventricular myocytes 

(NRVMs) co-cultured with these CPCs. This analysis revealed that APE1 

overexpression inhibited CPC apoptosis with activation of transforming growth factor 

β-activated kinase (TAK)1 and nuclear factor (NF)-κB. In the co-culture model, NRVM 

apoptosis was inhibited to a greater extent in the presence of APE1-CPCs compared to 

control-CPCs. Moreover, the survived number of DsRed-positive CPC grafts was 

significantly higher 7 days after the transplant of APE1-CPCs into a mouse MI model, 

and the left ventricular ejection fraction showed greater improvement with attenuation of 

fibrosis 28 days after the transplant of APE1-CPCs compared to control-CPCs. 

Additionally, fewer inflammatory macrophages and a higher percentage of cardiac 

α-sarcomeric actinin-positive CPC-grafts were observed in mice injected with 

APE1-CPCs as compared to control-CPCs after 7 days. In conclusion, anti-apoptotic 

APE1-CPC graft, which increased TAK1-NFκB pathway activation, survived effectively in 

the ischemic heart, restored cardiac function, and reduced cardiac inflammation and 

fibrosis. APE1 overexpression in CPCs may serve as a novel strategy to improve cardiac 

cell therapy. 
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Introduction 

 

 Regenerative therapy for cardiovascular disease represents hope for 

hundreds of millions of patients1. Cell-based therapy has been attempted using various 

somatic cell types, including bone marrow2, 3 and endothelial progenitor cells (EPCs) 4, 

skeletal myoblasts5, mesenchymal stem cells6, as well as cardiac progenitor cells 

(CPCs) derived from the postnatal heart, which can be readily differentiated into 

cardiomyocytes7. Actually, this form of therapy has been a partial success in complete 

cure for severe heart failure or ischemic cardiomyopathy8, 9. However, in cardiac cell 

therapy, oxidative stress-induced reactive oxygen species (ROS) affects not only host 

organs, but also grafted tissues in ischemic heart disease. As such, most radiolabeled or 

magnetic labeled cell grafts are lost within 4 weeks of transplantation because of their 

inability to withstand oxidative stress in the ischemic myocardium10, 11. We have also 

reported that poor graft survival was observed following direct injection into ischemic 

porcine heart in cardiac magnetic resonance imaging12. Thus, improving the survival of 

cell grafts in host hearts is essential to maximize the efficacy of cardiac cell therapy. 

 Apurinic/apyrimidinic endonuclease/redox factor-1 (APE1) is known as a 

multifunctional enzyme13, 14 that activates the DNA repair pathway (endonuclease) and 

induces the redox-sensitive transcription factors such as an activator protein-1 (AP-1), 

p53, HIF-1α, and nuclear factor (NF)-κB, to encourage the cell survival and 

differentiation15-18. Endonuclease sites activate base excision repair (BER) enzymes that 

remove the damaged base of DNA in the various cell types19. Alternatively, highly 

stressful oxidative environments such as the atherosclerotic plaques20 and the central 

nervous system (e.g. cerebral ischemia, degenerative diseases)21 induce the 

upregulation of redox factor-1 (Ref1) site, which acts as redox system in damaged 

organs. We recently reported that APE1 enhanced vascular repair in vivo by promoting 
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EPCs adhesion in an APE1 redox-dependent manner22. As such, clarifying the activities 

of APE1, as well as their underlying mechanisms, may reveal potential approaches to 

improving graft cell survival and function in cell-based therapy. 

 The present study investigated the role of APE1 in CPCs under ischemic 

conditions. Further, we also evaluated the therapeutic efficacy of transplanted 

APE1-overexpressing CPCs in mitigating the cardiac damage in a mouse model of 

myocardial infarction (MI). 

 

 

Methods 

Materials and methods in detail are available in the supplemental online data. 

 

Isolation and culture of stem cell antigen (Sca)-1-positive CPCs 

Hearts from 8-10-week-old C57B/6 male mice were minced and treated twice 

with 0.2% type II collagenase and 0.01% DNase I (Worthington Biochemical Corp, NJ) 

for 20 minutes at 37°C. Isolated cells were size-fractionated with a 30-70% Percoll 

gradient to obtain single-cell suspensions devoid of debris and fibrotic tissues. Purified 

cells were then cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 

(Gibco/Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (FBS), penicillin/streptomycin, and 40 ng/mL mouse recombinant basic fibroblast 

growth factor (bFGF) (R&D Systems, Minneapolis, MN, USA) at 37°C and 5% CO2. 

Expanded cells were then incubated with Sca1 antibody-conjugated magnetic beads 

(Miltenyi Biotec, Bergisch Gladbach, Germany) to obtain a pure population of 

Sca-1-positive-CPCs (CPCs) by magnetic-activated cell sorting. 

 

Retroviral infection and fluorescence-activated cell sorting (FACS) 
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pRetroX-IRES-DsRed Express Vectors (Clontech, Mountain View, CA, USA) 

harboring a DsRed gene sequentially tagged with or without a human APE1-gene were 

prepared as described previously22. Recombinant plasmids were transfected into 

GP2-293 cells (Clontech) using Lipofectamine-LTX (Invitrogen, Carlsbad, CA, USA). 

After incubation for 48~60 hours, retroviral media was added to harvested CPCs along 

with polybrene (7 μg/mL). Cells infected with the DsRed or APE1-DsRed vectors were 

expanded, and sorted based on DsRed expression on a FACSAria II instrument (BD 

Biosciences, Franklin Lakes, NJ, USA). After cell sorting, CPCs with APE1-DsRed 

(APE1-CPC) or DsRed (control-CPC) expression were expanded for use in experiments. 

 

Immunohistochemistry analysis 

 Cells were washed in PBS for 10 min prior to fixing with 2% 

paraformaldehyde (PFA). Fixed samples were incubated in PBS containing 2% Block 

ACE (AbD Serotec, Kidlington, UK) for 1 h and incubated with specific anti-APE1 primary 

antibody (Novus Biologicals, Littleton, CO, USA) at 4°C overnight, followed by staining 

with secondary antibodies conjugated to Alexa Fluor 488 (Invitrogen). Nuclei were 

counterstained with mounting medium containing Hoechst 33258 (Lonza). Images were 

collected by a fluorescence microscope (BZ-X710, KEYENCE). 

 

RT-PCR and quantitative RT-PCR (qRT-PCR) 

Total RNA was extracted from CPCs, control-CPCs, APE1-CPCs, cardiac 

differentiated CPCs (as described Supplemental Material), and heart samples (sham 

operation, control-medium injection, and cell injection) using the RNeasy Mini kit 

(Qiagen, Valencia, CA, USA) and reversed-transcribed into cDNA using SuperScript-III 

Reverse Transcriptase (Invitrogen). RT-PCR for the semi-quantitative analysis of mRNA 

expression was carried out using LA-Taq (Takara Bio, Otsu, Japan) with primers specific 
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for mouse and human APE1, mouse Nanog, mouse F-box-containing protein 15 (Fbx15), 

mouse myocyte enhancer factor 2c (Mef2c), mouse telomerase reverse transcriptase 

(Tert), mouse cardiac troponin-I (TnI), and mouse glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) (Invitrogen). Quantitative (q)-RT-PCR for the mouse interleukin 

(IL)-1 β, IL-6 was performed using Taqman Gene Expression Master Mix (Applied 

Biosystems, Foster City, CA, USA) on a 7300 RT-PCR system (Applied Biosystems). 

 

APE1 gene knockdown in CPCs by RNA interference (RNAi) 

CPCs were incubated until they reached 60-80% confluence. ON-TARGET 

plus Mouse Apex1 short interfering (si)RNA (CPCsiAPE1(+)) or non-targeting siRNA 

(CPCsiAPE1(-)) (Dharmacon, Lafayette, CO, USA) were transfected to CPCs using 

Lipofectamine RNAi-MAX Reagent (Life Technologies) according to manufacturer’s 

recommendations. The following day, the culture medium was replaced with DMEM/F12. 

Experiments were performed between 60 to 72 h after RNAi transfection.  

 

Hydrogen peroxide (H2O2)-induced ROS and apoptosis assay 

CPCs, control-CPCs, and APE1-CPCs grown in 96-well cell culture plate were 

incubated with dichloro-dihydro-fluorescein diacetate-containing medium (OxiSelect 

Intracellular ROS Assay kit; Cell Biolabs; San Diego, CA, USA) at 37°C for 30 minutes 

in dark. The medium was replaced with serum free medium with or without 0.5 mmol/L 

of hydrogen peroxide. The level of fluorescence was calculated with a MultidkanTM FC 

Microplate Photometer (Thermo Fisher Scientific, Waltham, MA, USA) at 3 hours after 

the exposure of hydrogen peroxide. For the terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay, cells were fixed with 2% paraformaldehyde (PFA) for 

10 minutes at room temperature. After permeabilization with phosphate-buffered saline 

(PBS) containing 0.1% Triton-X and 0.1% sodium citrate for 2 minutes at 4°C, cells were 
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incubated with fluorescein isothiocyanate (FITC)-conjugated TUNEL reaction mixture 

(In situ Cell Death Detection kit, Roche Diagnostics, Indianapolis, IN, USA) for 60 

minutes at 37°C. Samples were stained with 4', 6-diamidino-2-phenylindole to label 

nuclei and visualized under an epifluorescence microscope. TUNEL-positive cells were 

counted in at least six random microscopic fields under a 10× objective. 

 

Western blot analysis 

Control-CPCs, APE1-CPCs, CPCssiAPE1(+), and CPCssiAPE1(-) were incubated 

with 50 ng/mL recombinant murine tumor necrosis factor (TNF)-α (Peprotech, Rocky Hill, 

NJ, USA) for the indicated times, and total cellular protein was extracted using a NP40 

cell lysis buffer (Invitrogen) which is mixed with cOmplete and PhosStop inhibitors (both 

from Roche Diagnostics). After blocking with 5% skimmed milk, the membranes were 

incubated overnight with primary antibodies at 4°C, followed by 

horseradish-peroxidase-conjugated secondary antibodies at room temperature. Primary 

antibodies were as follows: Rabbit monoclonal antibody against NFκB, phospho-NFκB, 

transforming growth factor β-activated kinase (TAK)1, and β-actin (all from Cell 

Signaling Technologies, Danvers, MA, USA). Signals were visualized using an 

enhanced chemiluminescence system (LAS-3000, Fujifilm) (FSVT, Courbevoie, France) 

and Multi-Gauge software (LifeScience Fujifilm, France). 

 

ELISA assay 

  CPCs, control-CPCs, and APE1-CPCs grown in 96-well plates were 

incubated with 120 μL of serum free media with or without recombinant human NFκB 

p65 protein (Active Motif, Carlsbad, CA, USA). After incubation for 4 h, the IL-6 

concentration in each culture supernatant was determined using Mouse IL-6 ELISA Kit 

(Thermo Fisher Scientific). The level of fluorescence was calculated with a MultidkanTM 
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FC Microplate Photometer (Thermo Fisher Scientific). 

 

Co-culture with neonatal rat ventricular myocytes (NRVMs) under anoxic conditions 

NRVMs were obtained from neonatal (1-day-old) rat hearts (Supplemental 

Material). After NRVMs harvested at 50% confluency, APE1-CPCs were added at the 

ratios of 15:1, 6:1, 3:1, and 2:1, respectively, in varying concentrations of atmospheric 

oxygen, to determine the necessary conditions to best visualize NRVM apoptosis. 

According to these results, 5.0 × 104 cells of control-CPCs or APE1-CPCs were 

co-cultured with 1.5 × 105 NRVMs (3:1 ratio) for future analyses. The following day, 

culture media was replaced with serum free medium and cells were cultured for 3 days 

in an anoxic environment using AnearoPack-Anaero (Mitsubishi Gas Chemical Co., 

Tokyo, Japan). Alternatively, cells were cultured in the presence of a selective functional 

antagonist of the APE1-redox domain E3330 (40μM) for 2 days in an anoxic 

environment. The TUNEL assay was performed as described above, followed by the 

cardiac α-sarcomeric actinin (SA) labeling to detect NRVMs.  

 

Mouse model of MI 

C57BL/6 mice were anesthetized and ventilated with 3% isoflurane after 

intubation. The left anterior coronary (LAD) was occluded directly under the left atrium 

using monofilament nylon 8-0 sutures (Ethicon, Somerville, NJ, USA) for 45 minutes. 

After the occlusion was released, control-medium, 106 APE1- or control-CPCs 

suspended in 30 μL PBS were injected at the three sites within the ischemic border 

zone of the left ventricle (LV). 

 

Histological analysis 

Hearts harvested from mice 7 and 28 days after the operation were fixed in 
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PFA at 4°C, followed by the treatment of sucrose solution. The heart sections 28 days 

after the operation were subjected to Masson’s-Trichrome staining to evaluate fibrosis 

area using Image-J software (National Institutes of Health, Bethesda, MD, USA). Infarct 

size was calculated by measuring the fibrosis area as a percentage of the total LV area. 

Cardiomyocytes and blood vessels were stained with anti-cardiac α-SA antibody and 

anti-cluster of differentiation (CD) 31 antibodies, respectively, 7 days after the operation. 

The number of engrafted cells that differentiated into cardiac α-sarcomeric actinin and 

DsRed-double positive cardiomyocytes and the number of CD31-positive blood vessels 

were counted in at least 4 high power microscopic fields (×20) each for infarct and 

border zones 7 days after the operation. Macrophages were identified by labeling with 

anti-CD68, anti-CD86, and anti-CD206 antibodies and the number of M1 macrophages 

(CD68+CD206− or CD86+) and M2 macrophages (CD206+) were counted in at least 

10 high power microscopic fields (x20) 7 days after the operation. 

 

Statistical Analysis 

Experimental data were presented as mean ± standard deviation (SD). 

Sample number (n) is showed in the figure legends. The statistical significance of 

differences in vitro (qRT-PCR, ROS assay, TUNEL assay, Western blotting) was 

evaluated with the Student’s t test. Non-parametric in vivo data (graft cell survival, LVEF, 

fibrotic area, intra-muscular cytokines, macrophages, and vessel count) were assessed 

by the Man-Whitney U test. P < 0.05 was considered to be statistically significant. Data 

were analyzed using JMP9 (JMP, Tokyo, SAS). 

 

 

Results 
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Characterization of Sca1-CPC and APE1-overexpressing CPCs 

Fluorescence-activated cell sorting (FACS) analysis showed Sca-1+ sorted 

cells were positive for CD29, CD105, CD90, and vascular cell adhesion molecule-1 

(VCAM-1; CD106), but negative for the hematopoietic markers CD31, CD45 ,CD11b 

(Supplemental Figure 1A). DsRed protein expression in transfected APE1-CPCs and 

control-CPCs was confirmed by immunochemistry (Supplemental Figure 1B). In 

RT-PCR analysis, human APE1 gene expression was found only in APE1-CPCs and 

was detectable until passage 11 (Figure 1A and Supplemental Figure 1C). Next, we 

evaluated cell surface antigen and transcription factor expression in both control-CPCs 

and APE1-CPCs to assess determine whether APE1 gene overexpression affected 

CPC phenotype; however, FACS and RT-PCR analysis showed no differences in the 

expression of the cell surface antigens (positive for CD29, CD105, CD106, partial 

positive for CD90, and negative for CD31, CD45, CD11b) and transcriptional factors 

(Nanog, Fbx15, Mef2c, Tert) between control-CPCs and APE1-CPCs (Figure 1B and 

1C). To clarify the different function of APE1-protein in AP endonuclease (BER) pathway 

and the redox factor (ref1), we evaluated intra-cellular localization of APE1-protein in 

normal and anoxia culture condition. When we checked the APE1 protein expression in 

normal culture condition, APE1 protein expression of both control-CPCs and 

APE1-CPCs was shown in subcellular localization rather than in nucleus (Figure 1D D1 

and D2). In anorexia condition, the expression of APE1-protein of APE1-CPCs 

increased in subcellular localization without nuclear translocation (Figure 1D D6), but 

the expression of APE1-protein of control-CPCs did not increase compared to in normal 

condition (Figure 1D D5).  

We also investigated the role of APE1-overexpression on cardiogenesis of 

CPCs. At first in NRVM co-culture, we confirmed that DsRed-positive CPCs 

differentiated into cardiomyocytes with sarcomere (Supplemental Figure 1D). After 
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14days post-induction in CPC cardiogenesis assay without NRVM co-culture, mRNA 

expression analysis in differentiated CPCs revealed significant increases in Mef2c and 

TnI in both control- and APE1-CPCs. Differentiation-specific expression differences 

were not observed between the two groups (Figure 1E).   

 

APE1 overexpression inhibits H2O2-induced ROS production and apoptosis in CPCs via 

TAK1/NF-κB pathway activation in CPCs 

The effect of APE1 overexpression in CPCs under ischemic conditions was 

assessed in vitro by exposing the cells to H2O2. ROS level in CPCs increased after 3 h 

of H2O2 exposure, but were significantly lower in APE1-CPCs (1306 ± 131 μM) than in 

CPCs (1739 ± 408 μM) or control-CPCs (1735 ± 259 μM) (p<0.05, Figure 2A). TUNEL 

assays revealed that the ratio of apoptotic cells in control-CPCs increased ~23-25% 

after 48 h of H2O2 exposure. In contrast, the ratio of apoptotic cells in APE1-CPCs 

significantly decreased compared to that in CPCs and control-CPCs 

(CPC:control-CPC:APE1-CPC = 22.9 ± 8.1:24.7 ± 11.7:12.9 ± 9.5%; p < 0.05) (Figure 

2B and Supplemental Figure 2 A1-A6). Conversely, RNAi-mediated APE1 knockdown 

increased the ratio of apoptotic APE1-CPCs following H2O2 treatment from 19.2 ± 8.0 to 

46.5 ± 14.9% (Figure 2C). 

Next, we investigated whether the signaling pathways associated with 

apoptosis were differentially activated in control- and APE1-CPCs. According to results 

from a protein array analysis in cells subjected to H2O2 (Supplemental Table 1), we 

focused in the relationship between APE1 and TAK1-activation. A western blot analysis 

revealed that TNFα-induced TAK1 activation was enhanced in APE1-CPCs compared 

to in control-CPCs (control-CPC:APE1-CPC = 1.5 ± 0.4:3.0 ± 1.6 fold; p < 0.05), which 

was accompanied by increased NFκB phosphorylation relative to controls (3.4 ± 0.6 : 

5.0 ± 0.6 fold; p < 0.05, Figure 2D and 2E). Conversely, APE1 knockdown significantly 
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interfered the TNFα-induced TAK1 activation and NFκB phosphorylation in CPCs 

(CPCsiAPE1(−):CPCsiAPE1(+) = 1.2 ± 0.2:1.0 ± 0.2 fold [p < 0.05] and 2.4 ± 0.5:1.8 ± 0.2 fold 

[p < 0.01], respectively) (Figure 2F and 2G). To assess the relationship between the 

cellular stress response and NFκB activation, we evaluated inflammatory IL-6 secretion 

stimulated by NFκB exposure and/or nutrient deprivation by serum starvation. Under 

moderate nutritional deprivation-induced stress, APE1-overexpression inhibited IL-6 

secretion by CPCs (control-CPC:APE1-CPC =124.6 ± 26.5:75.6 ± 39.8 pg/mL; p < 0.05). 

Conversely, exposure to100 ng NFκB—acting as an unphysiological ectopic 

stimulus—drove IL-6 secretion by both control-and APE1-CPCs (Figure 2H). 

 

The mode of action of APE1-CPC to ex vivo and in vivo ischemic heart 

To assess the anti-apoptotic effect of APE1-CPCs, we performed TUNEL 

assays in CPCs and NRVMs co-cultures after 3 days of anoxic conditions. NRVM 

apoptosis was inhibited by co-culturing with CPCs, and the extent of this suppression 

was greater in the presence of APE1-CPCs as compared to control-CPCs (Figure 3A 

and 3B). Therefore, the number of surviving NRVMs was higher when cultured with 

APE1-CPCs as compared to control-CPCs or alone (Figure 3C). To clarify whether this 

beneficial effect of APE1 is based on redox function, we evaluated NRVM survival in 

co-culture experiments with control- or APE1-CPCs in the presence of E3330, a 

selective functional antagonist of the APE1-redox domain. Notably, the inhibitory effect 

of APE1-overexpression on anoxia-induced apoptosis was markedly attenuated with 

E3330 exposure (Figure 3B and 3C). Next, we assessed the survival of CPC grafts in 

the host heart at 7 days after cell injection on mouse MI model. The number of 

DsRed-positive CPC grafts was significantly higher in the APE1-CPC group than in the 

control-CPC group and was more observed in the border zone than in the infarct zone 

(Figure 3D and 3E). 
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Transplantation of APE1-overexpressing CPCs improves cardiac function and cardiac 

fibrosis after MI. 

We randomly assigned MI mice to groups for injection with control-medium, 

control-CPCs, or APE1-CPCs to evaluate the effect of cell-based therapy using 

APE1-CPCs on MI. Analysis of the absolute change in the LV ejection fraction (LVEF) 

using M-Mode echocardiogram, revealed deterioration in the control-medium group 

when compared to baseline at 24 h and at 4 weeks after MI. However, the LVEF in the 

two cell-injected groups was improved in comparison to the control-medium group from 

day 1 to day 28. Furthermore, the absolute change of LVEF in the APE1-CPC group 

was significantly greater that of the control-CPC group 

(control-medium:control-CPC:APE1-CPC = -3.5 ± 5.3:+3.1 ± 6.7:+11.2 ± 4.0%; p < 0.05 

control-medium vs. control-CPC; p < 0.01 control-medium vs. APE1-CPC, control-CPC 

vs. APE1-CPC) (Figure 4A and 4B). The occurrence of cardiac fibrosis was evaluated 

by Masson’s trichrome staining 4 weeks after MI to determine infarct size in the 

ischemic hearts (Figure 4C). Cardiac fibrosis in the control-medium group was observed 

in >15% of left ventricles. In control-CPC group, the size of cardiac fibrosis was smaller 

than in control-medium group, but this was not statistically different. However, cardiac 

fibrosis in the APE1-CPC group was significantly smaller than that in the 

control-medium and control-CPC groups (control-CPC:APE1-CPC = 12.9 ± 6.2:6.8 ± 

3.5%; p < 0.05) (Figure 4D). 

 

Cardiac inflammation is attenuated by APE1-CPC transplantation 

To assess the pleiotropic effect of enhanced CPC graft survival, we 

investigated the inflammatory response in the host MI heart. Three days after operation, 

IL-6 expression in the ischemic heart tissue was attenuated in both control-CPC and 
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APE1-CPC groups when compared to the control-medium group. Further, IL-1β 

expression was significantly attenuated only in the APE1-CPC group compared to 

control-medium group (Figure 5A). We then evaluated the prevalence of pro- (CD68+ 

CD206− or CD86+) and anti-inflammatory (CD206+) macrophages (M1 and M2, 

respectively) in the host ischemic heart at 7 days after cell injection (Figure 5B). Notably, 

the number of M1 macrophages (CD68+ CD206−; control-CPC:APE1-CPC = 42.2 ± 

25.2:12.0 ± 11.9 /mm2; p < 0.05, CD86+; control-CPC:APE1-CPC = 16.3 ± 2.4:9.9 ± 0.9 

/mm2; p < 0.05) and the M1/M2 ratio (CD68+ CD206−/CD206+; control-CPC:APE1-CPC 

= 1.46 ± 0.57:0.51 ± 0.24; p < 0.05) were lower in mice in the APE1-CPC group as 

compared to the control-CPC group (Figure 5C). 

 

Transplantation of APE1-CPCs increased angiogenesis and promoted CPC 

cardiomyocyte differentiation 

We examined angiogenesis in the ischemic area 7 days after cell injection. 

The number of CD31-positive vessels in the border zone was higher in the APE1-CPC 

group than in the control-medium or control-CPC groups (Supplemental Figure 3A and 

3B). This finding was further confirmed by tubule formation assays with CPC’s 

conditioned medium in vitro. Notably, tubule length of HUVECs cultured in APE1-CPC 

supernatant was significantly extended compared to counterparts in control medium 

(Supplemental Figure 3C and 3D). Protein analysis of CPC conditioned medium 

revealed significantly higher levels of vascular endothelial growth factor (VEGF) in 

APE1-CPC supernatant as compared to counterparts cultured in control-CPC 

supernatant (control-CPC:APE1-CPC = 72.8 ± 13.8:271.1 ± 40.2, p < 0.01, n = 6, 

Supplemental Figure 3E). Finally, we evaluated CPC differentiation in the ischemic 

heart of the control-CPC group and APE1-CPC group at 7 days after cell injection. The 

number of CPC grafts that had differentiated into cardiomyocytes (double positive for 
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DsRed and α-SA) was significantly higher in the APE1-CPC group than in the 

control-CPC group (control-CPC:APE1-CPC = 6.86 ± 4.94:16.27 ± 6.85 cells/mm2; p < 

0.05) (Figure 6 A1-A6 and 6B). After evaluating at each infarct and border zone, we 

found that the differentiated CPC grafts into cardiomyocytes in APE1-CPC group were 

significantly higher in the border zone than in the infarct zone. 

 

 

Discussion 

 

 Our findings demonstrated that 1) APE1 overexpression enhanced the 

anti-apoptotic effect of CPCs under conditions of the oxidative stress via TAK1-NFκB 

pathway activation, 2) apoptosis-resistant APE-1 overexpressing CPC grafts survived 

substantially longer in the host ischemic heart and restored the LV function, 3) 

successful cell grafts might provide the pleiotropic effects of the CPC grafts in host 

heart. 

Clinical studies using various cell grafts have sought to improve the therapeutic 

outcome of patients with various diseases, including retinal degeneration23, 

osteoarteritis24, and myocardial infarction25, but have shown limited success26. Although 

there are many considerations in unfavorable results, one of most important 

shortcomings is the survival of graft cells in host tissue; many preclinical and clinical 

studies have demonstrated poor retention of cell grafts in ischemic heart11, 27, 28. In the 

severe ischemia characterized by excessive oxidative stress, cell grafts—even those 

comprising stem/progenitor cells—cannot survive in host organs in the absence of 

anti-apoptotic factors. To address this limitation, a hybrid strategy combining growth 

factors, tissue engineering, and gene modification has been applied to cell-based 

therapy. We previously demonstrated that the controlled release of angiogenic cytokine 
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(basic fibroblast growth factor: bFGF) in the host heart partially improved the survival of 

cardiac stem cell grafts, and that a hybrid cell therapy (cell injection with bFGF) was 

more effective than that of cell injection alone12. However, given the high technical 

requirements of this approach, its clinical application remains a challenge. Therefore, a 

simpler and more accessible strategy that incorporates gene modification is more 

desirable for cell-based therapy. In the present study, we showed the novel approach 

that APE1 overexpression enhanced the stress tolerance of cardiac progenitor cell and 

improved their survival in grafts transplanted into the ischemic hearts of host mice. 

 The APE1 enzyme has recently been characterized as a multifunctional 

protein that responds to various oxidative stressors to protect the organ condition, and 

is involved in two intrinsic pathways: (1) the BER pathway that exhibits DNA repair 

activity encoded at C-terminal region and (2) the redox system (ref1) that activates the 

various transcriptional factors encoded at N-terminal region13, 15, 29, and contributes to 

cell/tissue graft survival. In stem cell biology, BER pathway activation appears to 

maintain or improve “stemness” function30, 31. However, we found that APE1 

overexpression had no effect on the expression of surface marker antigens and 

transcription genes (pluripotency genes; Nanog and Fbx15, cardiac gene; Mef2C, Tert) 

in non-damaged CPCs. Further, in immunohistochemistry analysis of APE1-pretein, 

intra-cellular localization (AP endonuclease (BER) pathway; nuclei, the redox factor; 

subcellular) of APE1-protein was mainly shown in subcellular portion in both normal and 

anoxia culture condition. Overexpressed APE1 protein in CPCs may exert the Redox 

function (Ref1) in subcellular localization without activation of AP endonuclease function. 

It was different from some cancer cells under oxidant stress condition32. In E3330 assay, 

the inhibitory effect of APE1-overexpression against anoxia-induced apoptosis was 

canceled by E3330 exposure. Thus, we think that the role of the redox function (ref1) of 

APE1 is strongly associated with anti-apoptotic effect against oxidant stress, which is 
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mediated by transcription factors such as AP-1, HIF-1α16, and NFκB. Then, 

APE1-overexpressing CPC grafts survived under ischemic conditions owing to the 

anti-apoptotic function of APE1. NFκB is a primary factor known to confer protection 

against oxidative stress33, 34, and is also known as a pleiotropic transcription factor, 

which acts as anti-apoptotic transcriptional regulator or inflammatory stimulator under 

several stress conditions. Protein array analysis of enzyme regulation in 

APE1-overexpression CPCs during oxidative stress, we found that TAK1—a component 

of the NFκB pathway that inhibits apoptotic cell death stimulated by TNF-α35—was 

upregulated in APE1-CPCs as compared to controls. Furthermore, TNF-α induced an 

increase in TAK1 expression and consequently, NFκB phosphorylation, in APE1-CPCs, 

which was attenuated by the knockdown of APE1. Hence, in our experimental condition 

which APE1-overexpression existed the anti-apoptotic effect, we suggested that NFkB 

would be crucial in the protective effect of CPC. Our results first demonstrated that 

APE1 regulates TAK1 and exerts an anti-apoptotic effect in cell grafts via transcriptional 

activation of NFκB. Thus, the APE1-dependent redox response may potentially improve 

the efficacy of cardiac cell therapy, in part via TAK1-NFB pathway activation. 

 CPCs are tissue-specific somatic stem cells that adopt a “cardiac fate” 36, 37, 

although they exhibit a variety of phenotypes. Sca-1-positive CPCs have a great 

promise to cardiac cell therapy because of higher potential for differentiating into cells 

that express cardiac markers—including transcription factors and tissue-specific 

proteins such as a cardiac α-SA—and show spontaneous beating as compared to other 

somatic stem cell types38, 39. In the present study, we also showed that Sca-1-positive 

CPCs differentiated into mature cardiomyocyte expressing cardiac α-SA with a 

sarcomeric structure in an NRVM co-culture system and the transplantation of 

control-CPCs improved the LVEF of MI heart as well as previous reports38, 39. Moreover, 

despite the fact that CPC cardiogenesis was unaffected by APE1 overexpression, many 
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CPC grafts survived by APE1-overexpression differentiated into cardiomyocytes in the 

ischemic host heart and restored the cardiac function more dramatically than 

control-CPC grafts. APE1-mediated CPC graft survival may therefore maximize their 

cardiac differentiation potential. Further, the superior angiogenic effects observed in 

APE1-CPC transplants may be the result of the excess VEGF secretion also identified 

in this study. Meanwhile, keeping the structure and function of the infarcted heart 

involves several factors1. We found that APE1 overexpression increased the 

anti-inflammatory effects of CPCs as lower pro-inflammatory cytokine (IL-1β and IL-6) 

expression and M1 macrophage accumulation was observed. Several reports have 

previously shown that mesenchymal stem cell transplantation conveys 

anti-inflammatory effects to host damaged organs, as seen with models of graft versus 

host disease (GVHD) 40 and MI 41, 42. Accordingly, Sca-1 positive CPCs also exerted 

anti-inflammatory effects to damaged host heart because they have a similar phenotype 

(CD106 and CD29) to mesenchymal stem cells. In addition, improving the survival of 

APE1-overexpressing CPCs could further attenuate cardiac inflammation 

post-myocardial infarction and might provide the anti-apoptotic effect to host 

cardiomyocytes—such as decreasing NRVM apoptosis in ex vivo co-culture 

experiments. Taken together, these findings highlight the pleiotropic actions of the 

transplanted APE1-overexpressing CPCs that exhibit both cardiac regeneration and 

angiogenesis functions in a protective capacity by exerting anti-inflammatory and 

anti-apoptotic effects of the host heart. This strategy may serve as a novel approach of 

cardiac cell therapy. 

The first limitation of this study is that endonuclease site (the BER pathway) 

was not activated in non-damaged APE1-CPCs. We speculate that APE1 gene 

overexpression did not affect the CPC phenotype in normal condition because of its 

high potential as a stem/progenitor cell. Another limitation of this study is that it did not 



 22 

address whether APE1 enzyme contributed directly to the repair of the ischemic heart. 

In the preliminary studies, we confirmed the increased expression of APE1 gene in the 

mouse heart 5 days post myocardial infarction (data not shown); however, this was a 

transient response to the stress stimuli that did not persist after the acute phase. Given 

that the repair of the host heart via pleiotropic effects induced by cell-based therapy 

occurs not only during the acute phase but also during the chronic phase, the effects of 

APE1 enzyme may be limited in the infarcted heart. A final limitation of our study is the 

timing of cell injections into mouse hearts. Varied injection times should be used 

post-ischemia to fully evaluate the therapeutic potential of CPCs; however, re-operative 

mouse death was a noted concern with CPC injection 3-5 days after myocardial 

infarction in the MI mouse model. To clarify differences in APE1-CPC and control-CPC 

grafting, it was important that APE1-CPCs could survive more than control-CPCs for at 

least 7 days after myocardial ischemia. We will plan to use larger animals in future 

pre-clinical analyses on the effects of APE1-CPC transplantation after disease 

establishment. 

In conclusion, APE1 hindered apoptosis in CPC grafts subjected to oxidative 

stress due in part to increased TAK1-NFκB pathway activation. Furthermore, 

APE1-CPC grafts that effectively survived in the ischemic heart restored cardiac 

function and attenuated myocardial infarct size through pleiotropic mechanisms that 

remain to be characterized. These findings suggest that APE1 gene overexpression in 

CPCs may be a novel strategy to reinforce cardiac cell therapy. 
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Figure Legends 

 

Figure 1. Characteristics of APE1-overexpressing CPCs. 

A, Exogenous human APE1 levels as determined by RT-PCR; expression was detected 

in APE1-CPCs but not control-CPCs. There was no difference in the expression level of 

endogenous mouse-APE1 between the two cell lines. B, Analysis of cell surface marker 

expression in control-CPCs and APE1-CPCs (n=3, respectively). Both two cells were 

positive for vascular cell adhesion molecule; cluster of differentiation (CD) 106, CD 29, 

CD105, CD90 and negative for CD31, CD45, CD11b. C, quantitative (q) RT-PCR 

analysis showed the mRNA expression of transcriptional genes. There was no 

difference in the expression level of mouse-Nanog (n=10); F-box-containing protein 15 

(Fbx15: n=6), myocyte enhancer factor 2c (Mef2c; n=6), and telomerase reverse 

transcriptase (Tert; n=6) between the three cell lines. blank bar; CPC, blue bar; 

control(Ct)-CPC, red bar; APE1-CPC. D, Intra-cellular localization of APE1-protein in 

normoxia and anoxia condition (n=3, respectively). control-CPC (D1, D3, D5, D7) and 

APE1-CPC (D2, D4, D6, D8) (D1, D2, D5, D6: green= APE1; D3, D4, D7, D8: merged 

image of APE1 [green] , DsRed [red], and cell nuclei [blue]). E, quantitative (q) RT-PCR 

analysis showed the ratio of mRNA expression of cardiogenesis genes (Mef2c, 

troponin-I [TnI]) compared to untreated-CPCs in the three cell lines (n=4, respectively). 

blank bar; untreated cell (CPC, Ct-CPC, APE1-CPC, respectively), black bar; 

differentiated-CPC, blue bar; differentiated-control(Ct)-CPC, red bar; 

differentiated-APE1-CPC, * p < 0.05. 

 

Figure 2. H2O2-induced ROS production and apoptosis in CPCs via activation of 

TAK1/NF-κB signaling 

A, Graph of dichloro-dihydro-fluorescein diacetate concentration (ROS production) after 
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H2O2 treatment for 3 h (n=4 per group). B, The number of TUNEL positive apoptotic 

cells after H2O2 treatment for 48 h (n=6 per group). blank bar; H2O2 (-), black bar; H2O2 

(+) CPC, blue bar; H2O2 (+) control(Ct)-CPC, red bar; H2O2 (+) APE1-CPC. C, The 

percentage of apoptotic CPCs transfected with siRNA against APE1 gene after H2O2 

treatment for overnight (n = 5, per group). light orange bar; H2O2 (+) SiAPE1 (-), orange 

bar; H2O2 (+) SiAPE1 (+). D, Representative blots of TAK1 and NFκB expression in 

APE1-CPCs and control-CPCs upon TNF-α stimulation. E Fold change of TAK1 

activation (upper) and NFκB phosphorylation (p-NFκB, lower) against baseline of 

control-CPC (n = 7 per group). Blue line; control-CPC, red line; APE1-CPC, * p < 0.05 

vs. control-CPC at 24 h F, Representative blots of TAK1 and NFκB expression in CPCs 

with or without APE1 knockdown (siAPE1). G, Fold change in TAK1 activation (left) and 

p-NFκB (right) in APE1-CPCs relative to control-CPCs; after 24 h of stimulation with 

TNF-α (n = 10 and 7 per group for TAK1 and p-NFκB, respectively). H, NfκB -IL-6 ELISA 

assay (n=5, respectively). blue bar; control(Ct)-CPC, red bar; APE1-CPC. * p < 0.05, ** 

p < 0.01 

 

Figure 3. The mode of action of CPCs to ex vivo and in vivo ischemic heart 

A, Representative images of TUNEL positive cells [green]; nuclei were stained with 4', 

6-diamidino-2-phenylindole [blue]. NRVMs were labeled with an antibody against 

cardiac α-sarcomeric actinin [white] (A1, A4; NRVM, A2, A5; NRVM + control-CPC, A3, 

A6; NRVM + APE1-CPC). B, Graph shows the number of TUNEL positive apoptotic 

NRVMs. Significantly decreased number of apoptotic NRVMs co-cultured within 

APE1-CPCs compared to that within control-CPCs (n = 6 NRVM, n = 8, NRVM + 

control-CPC, NRVM + APE1-CPC) and increased number of TUNEL positive apoptotic 

NRVMs co-cultured within APE1-CPCs by E3330 exposure (n=6 respectively). 

Percentage of apoptotic NRVMs, as evaluated by the TUNEL assay. C, Quantitative 
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analysis of the number of NRVMs after 3 days under anoxic conditions and decreased 

number of NRVMs co-cultured within APE1-CPCs by E3330 exposure (n=6 

respectively). D, CPC grafts in host ischemic hearts 7 days after injection. 

Representative micrographs of cardiac tissue sections in control-CPC (D1, D3) and 

APE1-CPC (D2, D4) mice (D3, D4: red = transplanted cells, blue = cell nuclei; D1, D2: 

merged image of transplanted cells [red], cardiac α-sarcomeric actinin [green], and cell 

nuclei [blue]). E, Number of DsRed-positive CPC grafts in total ischemic, infarct, and 

border areas of the host heart (n = 6 per group). blank bar; cell (-), blue bar; 

control(Ct)-CPC, red bar; APE1-CPC, black bar; E3330-APE1-CPC. *p < 0.05. 

 

Figure 4. Cardiac function and fibrotic area by transplantation of CPCs.  

A, Representative images of M-mode echocardiogram (short axis view) at the mid-level 

of the heart on days 1 (A1, A3, A5) and 28 post-MI (A2, A4, A6). A1, A2; control-medium, 

A3, A4; control-CPC, A5, A6; APE1-CPC B, Absolute changes in LVEF on days 1, 7, 

and 28 (n = 9 per group) (upper panel) (**p < 0.01 control-medium group vs. APE1-CPC 

group at day 28) and ΔLVEF (Day 28 – Day1) in 3 groups (lower panel). black line; 

control-medium, blue line; control-CPC, red line; APE1-CPC. C, Representative images 

of cardiac tissue sections (short axis view) with Masson’s trichrome staining on day 28 

post-MI. Fibrotic areas are stained blue. C1, control-medium C2, control-CPC C3, 

APE1-CPC D, Quantitative analysis of the percentage fibrotic area as a function of total 

LV area (n = 9 per group). blank bar; control(Ct)-medium, blue bar; control (Ct)-CPC, 

red bar; APE1-CPC, *p < 0.05, **p < 0.01. 

 

Figure 5. Cardiac inflammation attenuated by transplantation of CPCs 

A, Quantitative (q) RT-PCR analysis of the mRNA expression in the heart tissue of 

pro-inflammatory cytokine, IL-1β and IL-6 (n = 5 per group). B, M1 and M2 macrophage 
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activation in host ischemic heart 7 days post-MI. Representative cardiac tissue sections 

(hematoxylin and eosin staining) labeled with antibodies against CD68 (M1 and M2), 

CD86 (M1), and CD206 (M2) in the ischemic area. Yellow arrowheads indicate CD68-, 

CD86-, or CD206-positive macrophages (brown; 3, 3-Diaminobenzidine: DAB 

substrate). C, Quantitative analysis of the number of M1 (CD68+ CD206− and CD86+) 

and M2 (CD206+) macrophages in the ischemic area and M1/ M2 ratio (CD68+ CD206−

/CD206+) (n = 6 per group). blank bar; sham, black bar; control(Ct)-medium, blue bar; 

control(Ct)-CPC, red bar; APE1-CPC, * p < 0.05, ** p < 0.01. 

 

Figure 6. Cardiomyocyte differentiation of CPC grafts in host ischemic heart. 

A, Confocal micrographs of cardiac tissue sections from control-CPC (A1–A3) and 

APE1-CPC (A4–A6) mice labeled for cardiac α-sarcomeric actinin expression on day 7 

after injection (A2, A5: red = transplanted cells; A3, A6: green = cardiac α-sarcomeric 

actinin; A1, A4: merged image of transplanted cells [red], cardiac α-sarcomeric actinin 

[green], and cell nuclei stained with 4', 6-diamidino-2-phenylindole [blue]). B, Number of 

CPC grafts positive for cardiac α-sarcomeric actinin in the total ischemic area and 

border and infarct areas. C, Ratio of cardiac α-sarcomeric actinin-positive CPC grafts in 

each area (n = 6 per group). Scale bar, 50 μm. blue bar; control(Ct)-CPC, red bar; 

APE1-CPC, * p <0.05 

 

Supplemental Figure Legends 

 

Supplemental Figure 1. Characteristics of Sca-1-positive CPCs and APE1 

overexpressing CPCs 

A, Analysis of cell surface marker expression in Sca1-positive CPCs. Sorted cells were 

positive for Sca-1 (94.3%), cluster of differentiation (CD) 29 (99.4%), CD90 (59.9%), 
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CD105 (79.7%), and vascular cell adhesion molecule (94.8%) and negative for CD11b 

(3.28%), CD31 (2.1%), CD45 (1.26%), and c-kit (3.07%). B, Micrographs of 

DsRed-expressing CPCs isolated by flow cytometry. CPCs were labeled with DsRed 

[red]. C, Exogenous human APE1 levels at passage 8 and passage 11 as determined 

by RT-PCR. D, Micrographs of CPCs and NRVMs after 7 days of co-culturing. CPCs 

were labeled with DsRed [red]. Cardiomyocytes were labeled with an antibody against 

cardiac α-sarcomeric actinin [white]. Nuclei were stained with 4', 

6-diamidino-2-phenylindole [blue]. Undifferentiated CPCs = red. Differentiated CPCs = 

merged image of cardiac α-sarcomeric actinin [white] and DsRed [red]. 

 

Supplemental Figure 2. H2O2-induced the ROS production and apoptosis in CPCs. 

Representative images of TUNEL-positive cells (green; A1–A3); nuclei were stained 

with 4', 6-diamidino-2-phenylindole (blue; A4–A6). CPC; CPC transferred without any 

genes, control-CPC; CPC transferred with DsRed gene, APE1-CPC; CPC transferred 

with APE1-DsRed gene. 

 

Supplemental Figure 3. Vascularization in host ischemic heart 7 days post-MI.  

A, Images of cardiac tissue sections (hematoxylin and eosin staining) labeled for CD31 

expression (brown) in the ischemic area 7 days post-surgery. Yellow arrowheads 

indicate CD31-positive vessels (capillary structure with brown [3, 3-Diaminobenzidine: 

DAB substrate] staining). B, Number of CD31-positive vessels in the total ischemic area 

and border and infarct areas (n = 6 per group). C, Representable image of a tubule 

formation assay by exposure of CPC conditioned-medium in vitro. D, Cumulative tube 

length of HUVEC in control medium, control- and APE1-CPC supernatant (n=7 per 

group). E, Angiogenesis ELISA assay in control-CPC and APE1-CPC (n=6 respectively). 

VEGF; vascular endothelial growth factor, bFGF; basic fibroblast growth factor, blank 
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bar; control(Ct)-medium, blue bar; control(Ct)-CPC, red bar; APE1-CPC, *p < 0.05, **p 

< 0.01,  
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SUPPLEMENTAL MATERIAL 

 

Methods 

Isolation and culture of Sca-1-positive cardiac progenitor cells (CPCs) in detail 

Hearts from 8-10-week-old male C57Bl/6 mice were washed with cold 

phosphate-buffered saline (PBS) to remove blood cells, followed by removal of aortic 

and pulmonary vessels. Dissected hearts were minced, treated twice with 0.2% type II 

collagenase and 0.01% DNase I (Worthington Biochemical Corp, Lakewood, NJ, USA) 

for 20 min at 37°C. Cells were passed through 70- and 40-μm filters to remove debris 

and size-fractionated in a 30%–70% Percoll gradient to remove mature cardiomyocytes 

and obtain single-cell suspensions. Cells were cultured in Dulbecco’s Modified Eagle 

Medium/Nutrient Mixture (DMEM/F-12; Gibco/Life Technologies, Carlsbad, CA, USA) 

supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin, and 

recombinant mouse basic fibroblast growth factor (40 ng/mL; R&D Systems, 

Minneapolis, MN, USA) at 37°C and 5% CO2. Expanded cells were cloned and 

Sca-1-positive CPCs were isolated by magnetic-activated cell sorting (Miltenyi Biotec, 

San Diego, CA, USA). 

 

Flow cytometry analysis 

Cells were detached with 0.2% TrypLE (Invitrogen, Carlsbad, CA, USA) and 

resuspended in DMEM with 10% FBS. After centrifugation at 1500 rpm for 5 min, cells 

were washed with PBS and 1 × 105 cells were resuspended in a 100-μL solution of PBS 

containing 1% bovine serum albumin (BSA) and 2 mM ethylenediaminetetraacetic acid 

(FACS solution). Cells were then incubated with 1 μL fluorescein isothiocyanate (FITC)- 

or phycoerythrin (PE)-conjugated antibody (CD11b-FITC, CD29-FITC, CD45-FITC, 

vascular cell adhesion molecule-FITC, CD105-FITC, CD90-FITC, CD31-FITC or 
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c-kit-PE; BD BioLab, Franklin Lakes, NJ, USA) in the dark at 4°C for 10 min. After 

washing twice with FACS solution, cells were resuspended in 400 μL FACS solution and 

analyzed on a FACSCalibur instrument (BD Biosciences). 

 

Induction of cardiac differentiation in CPCs 

CPCs, control-CPCS, and APE1-CPCs were seeded in a Matrigel Matrix Growth 

Factor-Reduced coated dish (BD Biosciences) and cultured for 14 days in Roswell Park 

Memorial Institute medium containing 2% B27 supplement (Gibco/Life Technologies) 

and penicillin/streptomycin. Cardiac differentiation was induced by adding activin A (100 

ng/mL) and bone morphogenetic protein 4 (10 ng/mL) to the culture medium on day 1 

and days 2–5, respectively.  

 

Isolation and culture of rat neonatal ventricular myocytes (NRVMs) 

Hearts from neonatal rats were washed with cold PBS to remove blood cells, and large 

vessels and atria were removed. The tissue was minced and treated four times with 

0.1% type II collagenase for 10 min at 37°C. Cells were size-fractionated in a 45%–65% 

Percoll gradient to obtain a pure cardiomyocyte population. Cells (NRVMs) were purified 

(80-90%) by pre-plate method twice to remove the cardiac fibroblasts. Cells were 

seeded on collagen-coated two-chambered slides (1.5 × 105 cells/19×19mm cover slide 

well.) in DMEM/F-12 supplemented with 5% fetal calf serum and penicillin/streptomycin 

at 37°C and 5% CO2. The following day, the culture medium was replaced with 

DMEM/F-12 supplemented with 0.1% BSA, 30 mM HEPES (pH 7.5), and 1× 

insulin-transferrin-selenium (Gibco/Life Technologies). NRVMs were co-cultured with 

5.0 × 104 control-CPCs or APE1-CPCs. 

 

Echocardiography 
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Mice were divided into groups using a random number table after the surgery and 

transthoracic echocardiography was performed to evaluate heart function 1, 7, and 28 

days after cell transplantation using a Vevo 660 system (VisualSonics, Toronto, 

Canada). B- and M-mode images of hearts were recorded from the parasternal short 

axis view. Intraventricular septum and posterior wall thickness as well as left ventricular 

end-diastolic and end-systolic dimensions (LVDd and LVDs, respectively) were 

measured from the average of two short axis images at the mid-portion level. Indices of 

LV systolic function, including LV fractional shortening (LVFS) and LV ejection fraction 

(LVEF) were calculated with the following formulae: LVFS = [(LVDd − LVDs)/LVDd] × 

100%; and LVEF = [(LVEDV−LVESV)/LVEDV] ×100%, where LVEDV and LVESV are 

LV end-diastolic and -systolic diameters, respectively, and V = 7D3/(2.4 + D). 

 

Endothelial Tubing Assay 

  HUVECs were cultured in EBM-2 (Lonza, Basel, Switzerland) medium with 10% FBS, 

penicillin/straeptomycin, and vascular endothelial growth factor (10 ng/mL; Peprotech,  

Rocky Hill, NJ, USA). BD Matrigel Matrix Growth Factor Reduced (BD Biosciences) was 

added (45μL) to each well of a 96-well plate and incubated for 1 h at 37℃. HUVECs 

were suspended by supernatant medium (EBM-2 medium with 2% FBS) of Ct-CPC or 

APE1-CPC and reseeded on Matrigel-coated 96 well cell culture plate (1.0×104 

cells/well). Cells were incubated for O/N at 37 °C and viewed using a microscope. Total 

tubing length was calculated using Image-J software (National Institutes of Health, 

Bethesda, MD, USA). 

 

Angiogenesis ELISA assay 

   Control-CPCs and APE1-CPCs were grown in 12-well cell culture plate. The culture 

medium of confluent CPCs was replaced to 700 μL of serum free media with 200μM of 
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hydrogen peroxide. After a 4 h incubation, the mouse VEGF and FGF basic 

concentration in each culture supernatant was determined using ELISA Kit (Abcam, 

Cambridge, UK). The level of fluorescence was calculated with a MultidkanTM FC 

Microplate Photometer (Thermo Fisher Scientific). 
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