
Loma Linda University Loma Linda University 

TheScholarsRepository@LLU: Digital TheScholarsRepository@LLU: Digital 

Archive of Research, Scholarship & Archive of Research, Scholarship & 

Creative Works Creative Works 

Loma Linda University Electronic Theses, Dissertations & Projects 

6-2015 

Molecular Mechanisms That Govern Human Cardiac Stem Cell Molecular Mechanisms That Govern Human Cardiac Stem Cell 

Age Disparity Age Disparity 

Tania Fuentes 

Follow this and additional works at: https://scholarsrepository.llu.edu/etd 

 Part of the Medical Genetics Commons, Medical Microbiology Commons, and the Medical Molecular 

Biology Commons 

Recommended Citation Recommended Citation 
Fuentes, Tania, "Molecular Mechanisms That Govern Human Cardiac Stem Cell Age Disparity" (2015). 
Loma Linda University Electronic Theses, Dissertations & Projects. 258. 
https://scholarsrepository.llu.edu/etd/258 

This Dissertation is brought to you for free and open access by TheScholarsRepository@LLU: Digital Archive of 
Research, Scholarship & Creative Works. It has been accepted for inclusion in Loma Linda University Electronic 
Theses, Dissertations & Projects by an authorized administrator of TheScholarsRepository@LLU: Digital Archive of 
Research, Scholarship & Creative Works. For more information, please contact scholarsrepository@llu.edu. 

https://scholarsrepository.llu.edu/
https://scholarsrepository.llu.edu/
https://scholarsrepository.llu.edu/
https://scholarsrepository.llu.edu/etd
https://scholarsrepository.llu.edu/etd?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/670?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/672?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/673?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/673?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsrepository.llu.edu/etd/258?utm_source=scholarsrepository.llu.edu%2Fetd%2F258&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsrepository@llu.edu


 

 

 

 

 

LOMA LINDA UNIVERSITY 

School of Medicine 

in conjunction with the 

Faculty of Graduate Studies 

 

 

 

____________________ 

 

 

 

 

Molecular Mechanisms That Govern Human Cardiac Stem Cell Age Disparity 

 

 

by 

 

 

Tania Fuentes 

 

 

 

____________________ 

 

 

 

 

A Dissertation submitted in partial satisfaction of 

the requirements for the degree of 

Doctor of Philosophy in Microbiology and Molecular Genetics 

 

 

 

____________________ 

 

 

 

 

June 2015 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2015 

 

Tania Fuentes 

All Rights Reserved 



iii 

Each person whose signature appears below certifies that this dissertation in his/her 

opinion is adequate, in scope and quality, as a dissertation for the degree Doctor of 

Philosophy. 

 

 

 

 

 

 , Chairperson 

Mary Kearns-Jonker, Associate Professor of Anatomy and Pathology  

 

 

 

  

Hansel Fletcher, Professor of Basic Sciences 

 

 

 

  

Andre Obenaus, Associate Professor of Biochemistry & Pediatrics 

 

 

 

  

Ubaldo Soto-Wegner, Assistant Research Professor, Division of Microbiology and 

Molecular Genetics 

 

 

  

Prudence Talbot, Professor of Cell Biology, University of California, Riverside 

 

 

 

 



iv 

ACKNOWLEDGEMENTS 

 

 

 I would like to express my gratitude to Dr. Kearns-Jonker for providing me with 

opportunities to excel, and for challenging me to always strive to do better.  I have 

appreciated the time and effort that you have put in training me and in editing the 

countless essays, abstracts, PowerPoints, and posters.   

 I would also like to thank my committee members for their counsel and direction 

throughout this process.  I have appreciated your insightful critique and your efforts to 

help me see things from a different perspective.   

 To the members of the Kearns-Jonker’s laboratory I would like to extend a special 

thanks for the support through hard times, the encouragement, and the friendships that 

made this whole experience more positive.  I could not have made it this far without your 

helpful troubleshooting tips and support. 

 To my friends and family, who have shared in both my victories and my 

frustrations, I cannot express how much your words of encouragement have meant to me 

and I know that your support has been vital to my completing this milestone.  Lastly, I 

would like to thank God, for giving me this opportunity to pursue my passion. 

   



v 

CONTENTS 

 

 

Approval Page .................................................................................................................... iii 

 

Acknowledgements ............................................................................................................ iv 

 

Table of Contents .................................................................................................................v 

 

List of Figures .................................................................................................................. viii 

 

List of Tables ..................................................................................................................... ix 

 

List of Abbreviations ...........................................................................................................x 

 

Abstract ............................................................................................................................ xiii 

 

Chapter 

 

1. Introduction ..............................................................................................................1 

 

Bone Marrow Mononuclear Cells ......................................................................1 

Induced Pluripotent Stem Cells .........................................................................2 

 

iPSC-derived Cardiac Progenitors ...............................................................2 

Human iPSC in Large Animal Models ........................................................4 

Considerations for iPSC Clinical Use ..........................................................4 

 

Human Endogenous Cardiac Stem Cells ...........................................................5 

 

Ckit+ Cardiac Stem Cells ............................................................................6 

Ckit+ Cardiac Stem Cells in Large Animals .............................................12 

Cardiospheres and Cardiosphere-derived Cells .........................................13 

Cardiospheres and Cardiosphere-derived Cells in Large Animals ............17 

Current Clinical Trials ...............................................................................20 

Considerations for Transplantation of Endogenous CSCs.........................26 

 

ISL1+ Cardiac Progenitors ..............................................................................28 

References ........................................................................................................31 

 

2. Human Neonatal Cardiovascular Progenitors: Unlocking the Secret to 

Regenerative Ability ..............................................................................................45 

 

Abstract ............................................................................................................46 

Introduction ......................................................................................................47 

Results ..............................................................................................................48 



vi 

Phenotypic Profiling and Identification of Cardiovascular 

Progenitor Cell Clones Isolated from Human Neonates and Adults .........48 

Coexpression of Isl1 and C-Kit on Human Neonatal and Adult 

Cardiac Progenitors ....................................................................................51 

MicroRNA Profiling Predicts Functional Differences in Neonatal 

and Adult Cardiovascular Progenitors .......................................................54 

Replicative Senescence in Adult Cardiac Progenitors Predicted by 

MicroRNA and Gene Expression Differences ...........................................57 

Rate of Progression through the Cell Cycle Differs in Neonatal and 

Adult Cardiovascular Progenitors ..............................................................58 

Cardiovascular Progenitors from Neonates and Adults Differ in 

Their Ability to Respond to Growth Factor Stimulation ...........................61 

SSEA-4+ Cardiovascular Progenitors Invade More Readily.....................64 

 

Discussion ........................................................................................................64 

Methods............................................................................................................72 

 

Ethics Statement/ Cell Isolation and Expansion ........................................72 

Flow Cytometry Experiments ....................................................................73 

RT-PCR......................................................................................................73 

Cell Cycle Analysis....................................................................................74 

Transwell Invasion Assay ..........................................................................75 

Immunocytochemistry ...............................................................................75 

Statistics .....................................................................................................76 

 

Acknowledgements ..........................................................................................76 

References ........................................................................................................77 

 

3. Investigation of a Novel Therapeutic Strategy to Improve Endogenous 

Cardiac Stem Cell Function ...................................................................................83 

 

Introduction ......................................................................................................83 

Prostaglandin E2 Treatment Reduces Paracrine Factor Expression and 

ERK Phosphorylation in Human Endogenous Cardiac Stem Cells .................86 

Abstract ............................................................................................................87 

Introduction ......................................................................................................88 

Materials and Methods .....................................................................................89 

 

Ethics Statement/ Cell Isolation and Expansion ........................................89 

Prostaglandin E2 Dilution ..........................................................................89 

Cell Cycle Progression ...............................................................................90 

Flow Cytometry .........................................................................................90 

Migration....................................................................................................91 

Quantitative RT-PCR .................................................................................91 

Statistics .....................................................................................................92 

 



vii 

Results and Discussion ....................................................................................92 

Conclusions ....................................................................................................102 

References ......................................................................................................105 

 

4. Conclusions & Future Directions.........................................................................111 

 

Summary ........................................................................................................111 

Future Directions ...........................................................................................112 

Conclusions ....................................................................................................115 

References ......................................................................................................116 

 

Appendix ..........................................................................................................................118 

A. Supplementary Figure 1  ...................................................................................118 

B. Supplementary Figure 2 ....................................................................................119 

C. Supplementary Figure 3  ...................................................................................120 

D. Supplementary Figure 4  ...................................................................................121 

E. Supplementary Figure 5  ...................................................................................122 

F. Supplementary Figure 6  ...................................................................................123 

G. Supplementary Table 1  ....................................................................................124 

H. Supplementary Table 2 .....................................................................................125 

I. Supplementary Table 3 .....................................................................................126 

J. Supplementary Table 4 .....................................................................................127 

K. Supplementary Table 5 .....................................................................................129 

L. Supplementary Table 6 .....................................................................................130 

M. Supplementary Table 7 .....................................................................................131 

 



viii 

FIGURES 

 

Figures Page 

 

1. Phenotypic characterization of surface markers on neonatal and adult CPC 

clones .....................................................................................................................49 

2. Co-expression of Isl1 and c-kit on neonatal and adult cardiovascular 

progenitors .............................................................................................................52 

3. MicroRNA profiling and gene expression predicts functional differences 

when comparing neonatal and adult cardiovascular progenitors ...........................55 

4. MicroRNAs expressed at significantly different levels impact invasion ...............59 

5. Cell invasion in response to SDF-1 .......................................................................62 

6. SSEA-4 separates cardiovascular progenitors by the ability to invade .................65 

7. Cell cycle progression after 24 hour treatment of cardiac progenitors with 

10µM PGE2 ............................................................................................................93 

8. Migration after PGE2 treatment in cardiac progenitor cell clones .........................95 

9. Expression of prostaglandin E2 receptors by PCR .................................................97 

10. Changes in ERK and AKT phosphorylation after PGE2 treatment in 

starved medium ......................................................................................................99 

11. Expression of growth factors in cardiac progenitor cell clones after PGE2 .........101 

12. Cardiac differentiation in CPCs after PGE2 treatment .........................................103 



ix 

TABLES 

 

Tables Page 

 

1. Markers that define human heart-derived stem cells ...............................................7 

2. Summary of paracrine factors used in clinical trials for myocardial repair ...........24 

 

 



x 

ABBREVIATIONS 

 

 

αMHC    Cardiac Myosin Heavy Chain Alpha 

αSA    Smooth Muscle Alpha Actin 

AKT    Protein Kinase B 

ATP    Adenosine Tri Phosphate 

bFGF    Fibroblast Growth Factor (Basic) 

BMMCs   Bone Marrow Mononuclear Cells 

CDCs    Cardiosphere-Derived Cells 

CKIT or CD117  Tyrosine Protein Kinase Kit 

COX-2    Cyclooxygenase 2  

CPCs    Cardiac Progenitor Cells 

CSCs    Cardiac Stem Cells 

cTnI    Cardiac Troponin I 

CXCR4   Chemokine (C-X-C motif) Receptor 4 

CXCR7   Chemokine (C-X-C motif) Receptor 7 

EGFR    Epidermal Growth factor Receptor 

EP1    Prostaglandin E Receptor 1 

EP2    Prostaglandin E Receptor 2  

EP3    Prostaglandin E Receptor 3 

EP4    Prostaglandin E Receptor 4 

EPO    Erythropoietin 

ERK    Extracellular Signal-Regulated Kinase 

E2F1    E2F Transcription Factor 1 



xi 

FGF    Fibroblast Growth Factor 

Gata-4    Gata Binding Protein 4 

G-CSF    Granulocyte Colony-Stimulating Factor 

hESC    Human Embryonic Stem Cells 

HGF    Hepatocyte Growth Factor 

HOXA5   Homeo Box A5 

IGF-1    Insulin-like Growth Factor 1 

IGF-2    Insulin-Like Growth Factor 2 

IGF-1R   Insulin-Like Growth Factor 1R 

iPSCs    Induced Pluripotent Stem Cells 

ISL1    Islet-1 

LVEF    Left Ventricular Ejection Fraction 

MAPK    Mitogen-Activated Protein Kinase 

MHC    Major Histocompatibility Complex 

MI    Myocardial Infarction 

miRNA   MicroRNA 

MSCs    Mesenchymal Stem Cells 

MDR-1   ATP-Binding Cassette, Sub-Family B, Member 1 

MESP1   Mesoderm Posterior Homolog 1 

Mlc2v    Cardiac Myosin Light Chain 2 

Nkx2.5    NK2 Homeobox 5 

OCT4    Octamer-Binding Protein 4 

PDGFR or CD140a  Platelet-Derived Growth Factor Receptor 



xii 

pAKT    Phosphorylated Protein Kinase B 

pERK    Phosphorylated Extracellular Signal-Regulated Kinase 

PGE2    Prostaglandin E2 

PI    Propidium Iodide 

PI3K    Phosphatidylinositol 3’ Kinase 

RAD50   DNA Repair Protein RAD50 

SDF-1α   Stromal Cell-Derived Factor 1α 

SSEA-4   Stage Specific Embryonic Antigen 4 

Tbx1    T-Box 1 

Tbx20    T-Box 20 

TGF-β1   Transforming Growth Factor, Beta Receptor 1 

TIMP-3   TIMP Metallopeptidase Inhibitor 3 

VEGFA   Vascular Endothelial Growth Factor A 

VEGFR1   Vascular Endothelial Growth Factor Receptor 1 

VEGFR2 or KDR  Vascular Endothelial Growth Factor Receptor 2 

VEGFR3   Vascular Endothelial Growth Factor Receptor 3 

vWF    Von Willebrand Factor 

   

 



xiii 

ABSTRACT OF THE DISSERTATION 

Molecular Mechanisms That Govern Human Cardiac Stem Cell Age Disparity 

by 

Tania Fuentes 

Doctor of Philosophy, Graduate Program in Microbiology and Molecular Genetics 

Loma Linda University, June 2015 

Dr. Mary Kearns-Jonker, Chairperson 

 

Transplantation of adult endogenous cardiovascular progenitor cells for heart 

repair results in some clinical benefit, however these stem cells lack the regenerative 

capacity unique to neonatal cardiovascular stem cells. The goal of this work was to 

identify mechanisms that contribute to the decline of cardiac stem cell regenerative 

ability with age and investigate novel therapeutic strategies to improve cardiac stem cell 

function.  When comparing neonatal and adult cardiovascular stem cell clones, both cell 

types were capable of cardiomyogenic differentiation.  However, the expression levels of 

forty-one microRNAs were significantly altered with age.   Expression differences were 

correlated with reduced proliferation and a limited capacity to invade in response to 

growth factor stimulation in adult progenitors.  This information can be utilized to 

develop novel therapeutics and improve outcomes after stem cell-based treatment for 

heart failure. 
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CHAPTER ONE 

INTRODUCTION 

 

The ability of stem cells to stimulate repair of the heart, an organ once thought to 

be static and unable to regenerate, has the potential to transform modern medicine.  Each 

year, an estimated 620,000 Americans have a new coronary attack and 295,000 have a 

recurrent attack (Go et al., 2014).  On average it takes over an hour for a patient to 

receive medical attention (Fosbøl et al., 2013; Rasmussen et al., 2014), and once a patient 

is treated, there is significant heart muscle damage.  Various types of stem cells capable 

of cardiac differentiation have been advanced to human clinical trials in an effort to repair 

the injured heart (R. Bolli et al., 2011; Delewi et al., 2014; Karantalis et al., 2014). 

 

Bone Marrow Mononuclear Cells 

More than 50 clinical trials using bone marrow mononuclear cells (BMMCs) as a 

cell-based therapy for the infarcted heart have been completed (Delewi et al., 2014).  

Unfractionated BMMCs are a heterogeneous mixture of cell types containing monocytes, 

lymphocytes, haematopoietic progenitor and precursor cells and an occasional 

haematopoietic stem cell.  Thus far, the transplantation of unfractionated bone marrow 

mononuclear cells for heart injury has an excellent safety profile (Xu, Ding, Zhao, Pu, & 

He, 2014).  The functional outcomes after transplantation, however, tend to be wide-

ranging.  Some have attributed heterogeneity in functional outcomes to differences in 

protocols for BMMC harvest, isolation, storage, and delivery (Wollert, 2015).  Others 

have attributed the inconsistency of functional outcome to data integrity (Nowbar et al., 
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2014).  An analysis of 49 clinical trials, including both fully randomized and not fully 

randomized trials, revealed that there is a positive correlation in number of discrepancies 

in published work and the reported percentage improvement in LVEF (Nowbar et al., 

2014).  Meta-analyses that only include fully randomized clinical trials have determined 

that the benefit in left ventricular ejection fraction after BMMC transplantation either for 

myocardial infarction or chronic heart failure falls somewhere between 2.55 – 3.54% 

(Delewi et al., 2014; Xu et al., 2014).  This modest benefit, although promising is not 

sufficient to completely ameliorate loss of function after heart injury. 

 

Induced Pluripotent Stem Cells 

Induced pluripotent stem cells (iPSCs) have not yet advanced to clinical trials but 

are a cell type that is capable of cardiomyogenic differentiation and holds promise for 

regenerating the heart.  Induced pluripotent stem cells originate as differentiated cells 

that, through the introduction of defined factors, gain a state of pluripotency functionally 

similar to embryonic stem cells.  iPSC can be generated through viral-mediated 

overexpression of proteins (Giorgetti et al., 2009; Haase et al., 2009; Martinez-Fernandez 

et al., 2009; Takahashi & Yamanaka, 2006) or small RNAs (Anokye-Danso et al., 2011; 

S.-L. Lin et al., 2008; Miyoshi et al., 2011).  However, due to cancer concerns, non-viral 

methods such as exposure to protein extracts (Park et al., 2014) or defined chemicals 

(Hou et al., 2013) have also been developed to reprogram cells.   

 

iPSC-derived Cardiac Progenitors 

Induced pluripotent stem cells can be utilized to form cardiovascular progenitors 
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by partially differentiating iPSCs into cardiomyocytes, these cardiovascular progenitors 

can be stably maintained in culture once differentiation-inducing signals are eliminated 

(Cao et al., 2013).  iPSC-derived multipotent cardiovascular progenitors have the ability 

to form all three cardiovascular lineages (Carpenter et al., 2011; B. Lin et al., 2012; Lu et 

al., 2013; Alessandra Moretti et al., 2010; Nsair et al., 2012), and once differentiated, 

cardiomyocytes derived from iPSC multipotent cardiac progenitors can form electrically 

and mechanically coupled large-scale 2D cell cultures with mature electrophysiological 

properties (Christoforou et al., 2013). Human iPSC-derived multipotent cardiovascular 

progenitors, when seeded into a decellularized heart, migrate, proliferate, and 

differentiate into cardiovascular lineages.  After 20 days, seeded hearts exhibited 

spontaneous contractions and generated mechanical force (Lu et al., 2013).  In vivo, when 

transplanted into the rat myocardium, human iPSC-derived multipotent cardiac 

progenitors were retained long term (10 weeks) with evidence of differentiation into cells 

of cardiac lineage (Carpenter et al., 2011).   

Not all partially differentiated pluripotent cells, have an equal propensity for 

cardiac lineage differentiation.  In mice, sorting for the cell surface marker combination 

of VEGFR1 and VEGFR3 can enrich for an iPSC-derived Isl1+/Nkx2.5+ cardiac 

progenitors with trilineage cardiovascular potential in vitro.  Twenty-eight days post-

transplantation in vivo, there was evidence of cardiovascular progenitor cell engraftment 

and differentiation into mature cardiomyocytes in vivo (Nsair et al., 2012).   Similarly, 

expression of VEGFR2 (KDR) in mouse iPSC-derived cardiac progenitors can separate 

multipotent progenitor functional ability.  Transplantation of KDR+ cells results in 
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superior functional benefits and a greater number of vascular structures when compared 

with KDR– cells (Mauritz et al., 2011). 

 

Human iPSC in Large Animal Models 

To date, the majority of studies completed in large animal models with iPSCs 

have utilized transplantation of human iPSCs once the cells have been successfully 

differentiated into relevant cardiovascular lineages.   

Transplantation of cardiomyocyte cell sheets derived from human iPSC after 

ischemic cardiomyopathy significantly improved cardiac performance and attenuated left 

ventricular remodeling with no teratoma formation in pigs (Kawamura et al., 2012).  

After 8 weeks, however, few cells survived within the myocardium.  Improved cell 

survival can be achieved with transplantation of highly vascularized omentum flap tissue 

along with iPSC-derived cardiomyocyte sheets (Kawamura et al., 2013).  Transplantation 

of human iPSC-derived endothelial cells and smooth muscle cells into swine following 

ischemia-reperfusion injury can improve c-kit+ cell recruitment, vascular density, and 

ATP turnover rate after 4 weeks.  This treatment also improves blood flow and 

contractile function in the border zone (Xiong et al., 2013).   Combination of iPSC-

derived cardiomyocytes, endothelial cells, and smooth muscle cells, when administered 

in pigs with a fibrin patch containing IGF-1 significantly improves left ventricular 

function, decreases infarct size, and reduces apoptosis after myocardial infarction (L. Ye 

et al., 2014).  

 

Considerations for iPSC Clinical Use 

In spite of promising results after application of iPSC (both differentiated and 
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undifferentiated) as a cell-based therapy for cardiac injury in large animals, there are 

several roadblocks that must be overcome before iPSC transplantation can feasibly be 

considered for use in a clinical setting. The whole process of reprogramming tends to be 

mutagenic resulting in chromosomal alterations and a significant number of copy number 

variants (Gore et al., 2011; Hussein et al., 2011; Ji et al., 2012; Park et al., 2014).  

Furthermore, induced pluripotent stem cells, although genetically reprogrammed, retain 

an epigenetic memory (including unique DNA methylation patterns) of their cell type of 

origin (Ohi et al., 2011).   This epigenetic memory can result in an inherent predisposition 

towards differentiation into a given cell type (Rizzi et al., 2012).  Therefore, induced 

pluripotent stem cells derived from easily accessible tissues such as the skin, may not be 

as ideal for cardiac transplantation as other cell types which are closer to the cardiac 

lineage.  Optimization of reprogramming and differentiation methods is necessary to 

ensure that the iPSCs and iPSCs-derived cells fully mimic the desired cell type  

Although induced pluripotent stem cells are an innovative and readily accessible 

source of cardiovascular progenitors, the possibility of cancerous transformation and low 

efficiency of reprogramming with non-viral methods present a significant barrier to their 

use in clinical practice. 

 

Human Endogenous Cardiac Stem Cells 

Of the cell types investigated for their ability to regenerate the heart after injury, 

resident cardiac progenitor cells (CPCs) are a preferred cell type because of their high 

propensity for cardiomyogenic differentiation, relative safety, and lack of cancerous 

transformation when transplanted in vivo (Konstantinos Malliaras et al., 2014b).  When 

compared with stem cells that reside outside of the heart such as bone marrow-derived 
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mesenchymal stem cells, adipose-tissue-derived mesenchymal stem cells, or bone 

marrow mononuclear cells, resident cardiac progenitors have a higher capacity for 

cardiomyogenic differentiation and paracrine signaling resulting in greater improvements 

in cardiac function after transplantation in vivo (Koninckx et al., 2011; Li et al., 2012; 

Takehara et al., 2008).  In human clinical trials, utilization of resident cardiac stem cells 

as a cell-based treatment after myocardial infarction have shown that these cells can 

reduce infarct size and result in improvements in patient outcomes lasting at least 1-2 

years (R. Bolli et al., 2011; Makkar et al., 2012; Konstantinos Malliaras et al., 2014b).   

Several stem cell types have been isolated from the heart and defined on the basis 

of surface phenotype including ckit+ cells, cardiospheres, cardiosphere-derived cells, and 

ISL1+ cells (Table 1).  Which of these cells types is most optimal for cardiovascular 

regeneration is unknown.  In this chapter we will summarize the current literature on 

heart-derived cardiac stem cells.  

 

Ckit+ Cardiac Stem Cells 

Ckit+ cardiac stem cells (CSCs) are isolated from the heart by enzymatic 

digestion and sorted on the basis of tyrosine protein kinase, ckit, expression and absence 

of leukocyte common antigen, CD45.  Ckit antigen expression can be found in a variety 

of tissues within the body (Lammie et al., 1994).  Ckit+ cells isolated from the heart have 

the ability to form all three cardiac lineages (Claudia Bearzi et al., 2007).  According to 

Bearzi et al. (2007), these cells typically do not express CD34, CD31 (platelet/endothelial 

cell adhesion molecule), or KDR (kinase insert domain receptor) and a small percentage 

(0.5%) of ckit+ cardiac stem cells express GATA4 (gata binding protein 4) and Nkx2.5  
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Table 1.    Markers that define human heart-derived stem cells* 

Ckit+ Cardiac Stem Cells 

(Bearzi et al., 2007)     

 

Negative for: CD45, CD34, CD31, KDR 

Positive for: Ckit 

└ Vascular Ckit+ Stem Cells 

        (Bearzi et al., 2009) 

Negative for: CD45, CD34, CD133, αSA 

Positive for: Ckit, KDR, CD31low, TGF-β1low 

 

└ Myogenic Ckit+ Stem Cells 

        (Bearzi et al., 2009) 

Negative for: CD45, CD34, CD133, CD31, TGF-

β1, KDR 

Positive for: Ckit, αSAlow 

 

└ Endothelial Ckit+ Stem Cells 

         (Sandstedt et al., 2010) 

Negative for: CD45 

Positive For: Ckit, KDR, CD31, CD34, CXCR4 

 

└ Ckit+ cardiac stem cells 

         (Koninckx et al., 2011)  

Negative for: CD140, CD34, CD133, CD45, FGF 

Positive for: CD13, CD29, CD44, CD73, CD90, 

EGFR (lost Ckit expression with passaging) 

 

└ Lin Depleted Ckit+ CSCs 

         (He et al., 2011) 

Negative for: CD45, CD34, CD133, CD31, KDR 

Positive for: Ckit 

 

└ non-Lin depleted Ckit+ CSCs  

         (He et al., 2011) 

Negative for: CD45, CD34, CD133 

Positive for: Ckit, KDR, CD31 

 

Cardiospheres 

(Davis et al., 2009) 

Negative for: CD45, CD34 

Positive for: Core (Ckit, Nkx2.5, connexin 43, 

Desmin)   Periphery (CD31, CD105, αMHC, cTnI, 

CD133, MDR-1, CD90) 

 

Cardiosphere-derived Cells  

(Li et al., 2012) 

Negative for: CD45, CD34, CD31, CD133 

Positive for: Ckitlow, CD105, CD29, CD90low 

 

ISL1+ Cardiac Progenitors 

(Serradilfalco et al., 2011) 
 

Positive for: ISL1, Ckit (only identified in fetus) 

 

└ Ckit+ ISL1+ CPCs  

  (T. Fuentes et al., 2013) 

Negative for: HLADr 

Positive for: ISL1, Ckit, CD73, CD105, CD44, 

CD13, IGF1R, CXCR4, CXCR7, HLA class I, 

CD140a 

 

└ hESC-derived ISL1+ CSCs 

      (A. Moretti et al., 2006) 

Negative for: Tbx5 

Positive for: ISL1, KDR, Nkx2.5, Gata-4, Tbx20, 

Tbx1 
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└ hESC-derived ISL1+ CSCs 

     (Bu et al., 2009) 

Negative for: KDR, Nkx2.5 

Positive for:  ISL1 

 

└ hESC-derived ISL1+ CSCs 

     (K. O. Lui et al., 2013) 

Negative for: Neurofilament 

Positive for: ISL1, VEGFR1, KDRlow 

 

*Modified from (Tania Fuentes & Kearns-Jonker, 2013)  
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(cardiac-specific homeo box) (Claudia Bearzi et al., 2007).  Sandstedt et al. (2014) using 

single cell PCR analysis found that 81% of these cell express vWF, 72% express KDR, 

and 1.1% express Nkx2.5 and suggested that instead of being truly multipotent, this 

population consists of some already lineage committed progenitors, more specifically 

endothelial progenitors (Sandstedt et al., 2014; Sandstedt, Jonsson, Lindahl, Jeppsson, & 

Asp, 2010).  

The role of ckit+ cardiovascular progenitors in myocardial regeneration is highly 

debated (Molkentin, 2014; Nadal-Ginard, Ellison, & Torella, 2014a, 2014b; Torella, 

Ellison, & Nadal-Ginard, 2014; van Berlo et al., 2014).  Ellison et al found that ablation 

of endogenous cardiac stem cells abolishes regeneration after myocardial damage.  

Recovery of myocardial regeneration can be achieved by exogenous administration of the 

progeny of one ckit+ cardiac stem cell (Ellison et al., 2013).  After regeneration, selective 

suicide of transplanted cells and their progeny abolishes regeneration, severely impairing 

ventricular performance (Ellison et al., 2013).   This suggests that the ckit+ cardiac stem 

cell is mainly responsible for the regenerative capacity of the heart.   

Critics of this idea include van Berlo et al (2014) who, using a genetic lineage 

tracing, reported that endogenous c-kit+ cells produce new cardiomyocytes within the 

heart but at a very low percentage of approximately 0.03 or less which may be 

functionally insignificant to myocardial regeneration. Consistent with this, Senyo et al 

found, using pulse-chase and genetic fate mapping, that the genesis of cardiomyocytes 

with age occurs mainly through the division of pre-existing cardiomyocytes, and that this 

process increases after myocardial injury (Senyo et al., 2013).  Whether or not ckit+ cells 

contribute significantly to the cardiomyocytes within the heart after injury, although 
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highly debated, may not be as important as their paracrine role in regeneration.  A recent 

study by Hong et al found that despite rapid disappearance of ckit+ cardiac stem cells 

following transplantation, intracoronary delivery of stem cells significantly improved left 

ventricular function at 35 days post-transplant.  Therefore, functional improvement may 

be not be dependent on survival and differentiation of transplanted cells (Hong et al., 

2014).   

Because of the inherent heterogeneity of stem cells sorted on the basis of ckit and 

absence of CD45 expression, subpopulations of ckit+ cardiovascular progenitors have 

differing functional properties.  Ckit+ cardiovascular progenitors that also express KDR 

tend to be found in epicardial coronary arteries, arterioles, and capillaries and are 

vascular progenitors whereas KDR- Ckit+ cardiovascular stem cells are found in the 

myocardial interstitium and are myogenic progenitors (C. Bearzi et al., 2009).  Insulin-

like growth factor-1 receptor expression can also separate functionally distinct ckit+ 

progenitors.  Transplanted IGF1R+ ckit+ cardiac stem cells can significantly increase 

infarcted tissue regeneration (12mm) when compared with IGF1R- cardiac stem cells 

(7mm).  Pretreatment of these cells with IGF-2 can further improve tissue regeneration 

(15mm) and ejection fraction (D'Amario et al., 2011).  Cardiac stem cells (because they 

use asymmetric chromatid segregation when dividing) can also be subdivided by the 

integrity of their DNA.  Kajstura et al found that transplantation of cells that retained the 

template DNA when compared with ckit+ cardiac stem cells with the synthesized copy of 

DNA resulted in a greater restoration of infarct thickness (60mm3 vs 25mm3) and a 

greater attenuation of diastolic wall stress (Kajstura et al., 2012). 
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The percentage and functional properties of ckit+ cardiac stem cells within the 

heart is not consistent from person to person (Gambini et al., 2012; Song et al., 2013).  

Females have a greater number of ckit+ cardiac progenitors in their heart than males 

(Itzhaki-Alfia et al., 2009) and failing hearts can have as many as 4 times the number of 

ckit+ cardiac progenitors (Kubo et al., 2008).  Aging can also play a role in stem cell 

distribution and function.  The total number of ckit+ cardiac stem cells in the heart 

decreases dramatically after the first month of life (Mishra et al., 2011).  Even well into 

adulthood, age remains a factor in the yield of ckit+ cardiac stem cells that can be 

obtained from a tissue biopsy (Aghila Rani, Jayakumar, Sarma, & Kartha, 2009).  With 

age, the percentage of senescent ckit+ stem cells in the heart increases, as demonstrated 

by telomere shortening, attenuated telomerase activity, telomere dysfunction- induced 

foci, and the expression of cyclin-dependent kinase inhibitor 1A and 2A (Cesselli et al., 

2011).  In young stem cells, pretreatment with Ephrin A1 prior to transplantation resulted 

in enhanced speed of CSC migration,  a 37% decrease in infarct size (2 fold greater than 

CSC alone), and a significant increase in ejection fraction and left ventricular developed 

pressure (Goichberg et al., 2011).  In aged stem cells, on the other hand, elevated levels 

of reactive oxygen species interfered with receptor auto-phosphorylation and downstream 

signaling resulting in inhibition of migratory ability in vitro and impaired translocation in 

vivo in the damaged heart. Overexpression of functionally intact Ephrin type-A receptor 2 

in old CPCs corrected the defects in signaling and enhanced cell motility (Goichberg et 

al., 2013).  

In spite of evidence to the contrary, the old heart is not devoid of functional 

cardiac stem cells, both senescent CSCs with extremely short telomeres and 
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phenotypically young CSCs carrying long, intact telomeres co-exist within the aged 

heart. The CSCs with long telomeres, however, are quiescent and do not re-enter the cell 

cycle or form differentiated progeny (Sanada et al., 2014).  Therefore strategies to isolate 

or activate these phenotypically young stem cells within the aged heart are necessary to 

enhance regeneration. 

 

Ckit+ Cardiac Stem Cells in Large Animals 

Few studies have utilized ckit+ cardiac stem cells in large animal models.  Bolli et 

al delivered ckit+ cardiac stem cells into the infarct-related artery three months after 

ischemia-reperfusion injury in pigs (n=11).  This resulted in significantly greater ejection 

fraction (51.7±2.0% versus 42.9±2.3%, P<0.01 by echo) when compared with controls 

(n=10) at one month post infusion.  Green fluorescent protein-labeling of CSCs allowed 

for identification of CSC differentiation into cells that expressed cardiac troponin I, 

troponin T, myosin heavy chain, and connexin 43.  There was also evidence of labeled-

CSCs forming vascular structures that expressed alpha-smooth muscle actin (R. Bolli et 

al., 2013). 

Welt et al injected 1.6 million ckit+ CSCs 6 weeks after coronary ligation in the 

canine heart, and measured long-term changes in outcomes after 30 weeks. In the cell-

treated group (n=13), the ejection fraction remained stable from 6 weeks to 24 weeks 

post-infarct (30.5% to 32.9%) when compared with the control group (n=6) which 

declined during the same time frame (35.2% to 26.4%).  This suggest that the favorable 

outcomes after cell therapy can potentially last long-term (Welt et al., 2013). 
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A combination treatment of CSCs along with mesenchymal stem cells (MSCs) 

results in additive improvements in heart regeneration.  Human cardiac stem cells at a 

dose of 1 million cells and MSCs at a dose of 200 million cells were administered 14 

days after myocardial infarction in Yorkshire swine.  After 4 weeks, there was a 2-fold 

greater reduction in infarct size (21.1% combo, n=5 vs 10.4% ckit+ CSCs alone, n=5 and 

9.9% MSCs alone, n=5) and a 7-fold enhanced engraftment in the combination cell 

therapy group when compared to either cell therapy alone.  In all cell treated groups, 

ejection fraction was restored to baseline whereas in control (n=5) it remained 

persistently depressed (Williams et al., 2013). 

 

Cardiospheres and Cardiosphere-derived Cells 

Cardiospheres are exclusively heart-derived stem cells (White et al., 2013) that 

are treated with specific growth medium to form non-adherent sphere-like structures 

(Smith et al., 2007).  The core of cells within the cardiosphere contains cells that express 

ckit, nkx2.5, and desmin (Davis et al., 2009).  Cardiospheres also have a percentage of 

cells that are CD45+, these cells do not play a role in cardiosphere formation and their 

function in regeneration is unclear (J. Ye et al., 2013).  Cardiospheres when plated and 

grown as a monolayer are called cardiosphere-derived cells (CDCs).  When compared 

with other cell types such as bone marrow-derived mesenchymal stem cells, adipose 

tissue-derived mesenchymal stem cells, and bone marrow-derived mononuclear cells, 

CDCs have superior angiogenic potential and secrete higher levels of angiogenic and 

antiapoptotic factors.  In vivo transplantation of CDCs, when compared with these other 

cell types, results in the highest improvements of cardiac function and highest levels of 
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cell engraftment after myocardial infarction (Li et al., 2012).  The mechanism for the 

regeneration of viable myocardium after CDCs transplantation is mediated mainly 

through upregulation of host cardiomyocyte cycling and recruitment of endogenous 

progenitors (K. Malliaras et al., 2013).  

Cardiosphere-derived cells retain their ability to form sphere-like structures 

(secondary cardiosphers) when exposed to epidermal growth factor (Chimenti et al., 

2010).  Exposure of CDCs to epidermal growth factor can also significantly improve 

functional parameters such as migration, proliferation, and wound healing of CDCs 

(Aghila Rani & Kartha, 2010).  Secondary sphere formation can enhance the 

functionality of cardiosphere-derived cells.  The 3-D formation of the cardiospheres when 

compared with the monolayer of cardiosphere derived cells has higher levels of Troponin 

I (Machida, Takagaki, Matsuoka, & Kawaguchi, 2011).  When transplanted into the 

infarcted myocardium, secondary cardiospheres result in higher levels of engraftment, 

greater improvements in left ventricular dysfunction and reduced infarct size when 

compared with transplantation of CDCs alone (Cho et al., 2012).   

Cardiospheres have the unique advantage of diverse cell types within a natural 3-

D formation which mimics the stem cell niche.  This periphery of supporting cell 

populations have a paracrine role that enhances regeneration (Davis et al., 2009).  In spite 

of the superior regenerative effects after cardiosphere transplantation when compared 

with CDCs, their relatively large size is a disadvantage and presents safety concerns.  

Cardiospheres exert a dose-dependent functional benefit, with higher doses resulting in 

greater benefits (Shen, Cheng, & Marban, 2012), however transplantation of large 
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numbers of cardiospheres via intracoronary infusion may result in adverse events such as 

microembolism therefore cardiosphere-derived cells are more widely used. 

The majority of the benefit after CDC transplantation is mediated through 

secreted factors and cell-to-cell signaling.  Direct differentiation of CDCs after 

transplantation only accounts for 20-50% of increases in myocardial viability and 

capillary density (Chimenti et al., 2010).  This was measured by injecting human cells 

into SCID mice and measuring the origin of regenerated tissues.  Only 9.6% of the total 

capillaries were found to be of human origin which amounts to approximately 20% of 

enhanced angiogenesis, and only 11.8% of myosin heavy chain expressing cells in the 

myocardium were of human origin accounting for half of the 20% increase in relative 

tissue viability (Chimenti et al., 2010).   

Transplantation of both syngeneic and allogeneic CDCs significantly improves 

infarct size, infarcted wall thickness, and ejection fraction after transplantation, compared 

to controls even though the number of retained cells significantly drops at 3 weeks (K. 

Malliaras et al., 2012).  This suggests that paracrine secretions rather than direct 

differentiation are mainly responsible for functional improvement as cells do not engraft 

long-term.  When transplanted in vivo, CDCs secrete VEGF, HGF, and IGF1, and in vitro 

CDC-conditioned media exerts an antiapoptotic effect on neonatal rat ventricular 

myocytes, a proangiogenic effect on human umbilical vein endothelial cells, and can 

reverse angiotensin II-mediated contractile dysfunction in adult cardiomyocytes 

(Chimenti et al., 2010; Maxeiner et al., 2010).  The paracrine activity of CDCs is 

regulated by the ERK pathway.  In ERK stimulating conditions growth factors such as 

VEGF have increased secretion, whereas in ERK inhibitory conditions cells are more 
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prone to cardiomyogenic differentiation (H. J. Lee, Cho, Kwon, Park, & Kim, 2013).  

CDCs also secrete exosomes which play a large role in their regenerative ability.  

Exosomes isolated from CDC conditioned medium inhibits cardiomyocyte apoptosis, 

promotes cardiomyocyte proliferation, and enhances angiogenesis of endothelial cells. 

Injection of exosomes into the heart of injured mice can recapitulate the benefit of CDC 

transplantation (Ibrahim, Cheng, & Marban, 2014).   

Paracrine secretions can also influence the plasticity of surrounding cell types.  

Mesenchymal stem cells derived from the mediastinal fat when exposed to cardiosphere 

conditioned medium partially differentiate towards the cardiac lineage (Siciliano et al., 

2015).  Although the benefit of CDC transplantation is mainly paracrine mediated, in 

vivo, transplantation of CDC conditioned media alone does not result in equal 

improvements in left ventricular ejection fraction and number of cycling cardiomyocytes 

when compared with transplantation of CDCs.  In vitro, direct cell to cell contact results 

in the greatest enhancement of cardiomyocyte proliferation compared with CDCs grown 

in a transwell contact-free system (Xie et al., 2014).   

Although the heterogeneity of cell types within cardiosphere-derived cells 

contribute to their therapeutic efficacy, some cell types are not required for their benefits.  

A cell type commonly within the CDC population is the CD90 population.  CD90 

expression usually identifies a mesenchymal/myofibroblast cell.  This cell type when 

isolated from cardiospheres displayed a reduced cardiac differentiation potential when 

compared with CD90- cells (Gago-Lopez et al., 2014).  In vivo, depletion of cells that 

express CD90 prior to transplantation in a mouse model of myocardial infarction 

augments the functional potency of CDCs resulting in a ~7% increase in LVEF above 



17 

transplantation of CDCs alone (Cheng, Ibrahim, et al., 2014). Most interestingly, 

depletion of another common cell type within CDCs, the ckit+ cardiac stem cell, does not 

compromise the structural and functional benefits of CDCs in a mouse model of 

myocardial infarction. In the CADUCEUS clinical trial, there was no correlation between 

percentage of ckit+ cells and the benefit of CDC transplantation in humans (Cheng, 

Ibrahim, et al., 2014).  Therefore, the cell type responsible for the therapeutic benefits 

after CDC transplantation are distinct from ckit+ cardiac stem cells. 

With disease, the characteristics of cardiosphere-derived cells changes.  Some of 

these alterations can negatively influence CDC function, CDCs cultured from diabetic 

patients had 1.6-fold more CD90+ cells than those from non-diabetic patients (Chan et 

al., 2012).  Other disease-induced modifications can surprisingly improve CDC function.  

CDCs from end-stage heart failure patients demonstrated a significantly higher 

restoration of ventricular function, prevented adverse remodeling, and enhanced 

angiogenesis after transplantation in an infarcted rodent model when compared to control 

heart disease patients (Cheng, Malliaras, et al., 2014; Sharma et al., 2015).  These 

positive changes were found to be due to an enhanced secretome activity of end stage 

heart failure-derived CDCs.  

Cardiospheres and Cardiosphere-derived Cells in Large Animals 

There have been several studies that have utilized large animal models to study 

the therapeutic efficacy of cardiosphere-derived cell transplantation.  Some have used 

human cells in large animals.  In a cyclosporine A immunosuppressed pig, Takehara et al 

(2008) transplanted human CDCs or bone marrow-derived mesenchymal stem cells with 

basic fibroblast growth factor in a slow release hydrogel after myocardial infarction.  
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Four weeks after transplantation, mesenchymal stem cells with bFGF (n=6) did not 

significantly increase LVEF above bFGF alone (n=8).  Whereas, transplantation of CDCs 

with bFGF (n=9) resulted in an additive effect over bFGF alone and significantly 

increased LVEF (38.4% vs 30.1% baseline) and regional wall motion (58.5% vs 46.2% 

baseline) which was significantly evident when compared with the change in cardiac 

function in the control group (n=6).  In pigs that received CDCs, thirty-three percent of 

cardiomyocytes generated from the transplanted cells were the result of direct 

differentiation rather than cell fusion as confirmed by immunohistochemical 

colocalization of the human Y chromosome with sarcomeric alpha actin.   In pigs that 

received mesenchymal stem cells only 10% of cardiomyocytes were the result of direct 

differentiation (Takehara et al., 2008).  

Others have employed pig cardiosphere-derived cells delivered either 

syngeneically or allogeneically.  Cardiosphere derived cells have a diameter of 21μm 

which when compared with the 7-10µm capillary luminal diameter is relatively large.  

Therefore infusion of high numbers can result in microvascular occlusion and infarct 

(Johnston et al., 2009).  Regeneration of tissue without microvascular infarction can be 

achieved with transplantation of  ≥107  CDCs (300,000/kg) but less than 2.5 x 107 CDCs. 

Unfortunately, due to low levels of engraftment, transplantation of 107 CDCs by over-

the-wire balloon catheter (n=7) did not significantly improve left ventricular mass, infarct 

size, end-diastolic volume, end-systolic volume, left ventricular ejection fraction or end-

diastolic pressure.  However, cardiac magnetic resonance revealed that CDC treatment 

did decrease relative infarct size (19.2% to 14.2% of left ventricle infarcted, P=0.01), 

whereas placebo did not (17.7% to 15.3%, P=0.22) after 8 weeks (Johnston et al., 2009).   
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To improve engraftment an open-chest surgery with twenty intramyocardial 

injections of either cardiospheres or cardiosphere-derived cells was used in pigs four 

weeks post myocardial infarction (S. T. Lee et al., 2011).  After 24 hours engraftment 

regardless of dose (0.5 million, 2 million, or 10 million) was 8-9% in remote normal 

myocardium.  In the peri-infarct zone, however, engraftment was inversely related to the 

number of injected cells with the lowest dose of cell (0.5million) resulting in the highest 

percentages of engraftment.  By ventriculography, both cell-treated groups (cardiospheres 

n=8, CDCs n=10) had a significant increase in LVEF when compared with the placebo 

group (n=11, p<0.01).  In 2 animals lacZ labeling was used to trace cell fate, after 8 

weeks, the expression of lacZ was confirmed in cardiomyocytes, however whether these 

are due to direct differentiation or cell fusion is unknown.  Cardiosphere and 

cardiosphere-derived cells had very similar outcomes with cardiosphere transplantation 

resulting in superior improvements in end-systolic elastance, delta end-diastolic pressure, 

and apical septal thickening (S. T. Lee et al., 2011).   

Allogeneic transplantation of mismatched CDCs by intracoronary infusion in a 

porcine model 2-3 weeks after myocardial infarction revealed that in large animals 

allogeneic transplantation (n=5) can attenuate remodeling, improve global and regional 

function, decreased scar size, and increase viable myocardium when compared with 

vehicle (n=5) 2 months post-treatment (Konstantinos Malliaras et al., 2013).  Left 

ventricular ejection fraction was preserved in cell-treated (∆ -0.5, p=0.73) when 

compared with control animals (∆ -9.9, p<0.001).  By MRI, scar size was unchanged in 

controls (∆ 0.4%, p=0.33) but decreased in CDC-treated animals (∆ -3.6%, p=0.026).  

There was also a significant increase in viable myocardial mass in CDC-treated animals 
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(∆ 10.7 g) when compared with controls (∆ 2.7 g, p=0.003) after 2 months.  Although 

allogeneic transplantation results in mild local mononuclear infiltration, there is no 

systemic immunogenicity associated with mismatched CDC transplantation.  Cardiac 

retention after 24 hours was only 4.3% using luciferase labeled CDCs.  At 2 weeks post 

infusion cells could still be detected within the recipient myocardium, however by 2 

months, no allogeneic cells were detected (Konstantinos Malliaras et al., 2013). 

CDCs also have beneficial effects when administered very early after myocardial 

infarction.  When applied this early, they can be used as therapy to prevent 

cardiomyocyte death as opposed to a therapy to regenerate lost tissue.  Kanazawa et al 

(2015) conducted a short-term (48 hours) study of CDC administration 30 minutes after 

reperfusion to investigate relative safety as an adjunctive therapy to reperfusion in 

porcine model of myocardial infarction.  Comparison of doses revealed that higher doses 

of allogeneic CDCs (7.5 or 10 million cells, n=5 each) rather than low dose (5 million 

cells, n=5) resulted in cardioprotection.  Transplantation of ~8.7 million cells (n=4) 

resulted in significant decreases in TUNEL positive cardiomyocytes within the border 

zone after 48 hours. There was also a significantly smaller infarct size in the CDC-treated 

group (59.7%) when compared with sham (81.0%, n=5) or placebo (80.3%, n=5) as well 

as a decrease in microvascular obstruction area when compared with controls (Kanazawa 

et al., 2015). 

 

Current Clinical Trials 

On the basis of the promising outcomes in large animal work, administration of 

endogenous cardiac stem cells as a therapy for cardiac injury has moved into human 
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clinical trials.  Currently there are four phase I, safety and efficacy, clinical trials 

completed.  

The clinical trial entitled, “Intracoronary cardiosphere-derived cells for heart 

regeneration after myocardial infarction” or CADUCEUS trial was led by Eduardo 

Marban.  This trial included 25 patients (17 cell-treated, 8 standard care) who received a 

dose of autologous CDCs.  Cell therapy, after 6 months, resulted in reductions in scar 

mass (p=0.001), increases in viable heart mass (p=0.01) and regional contractility 

(p=0.02), and regional systolic wall thickening (p=0.015) by MRI. At this time point, 

changes in end-diastolic volume, end-systolic volume, and LVEF did not differ between 

groups (Makkar et al., 2012).  At 12 months, transplantation of CDCs resulted in a 

significant reduction in scar mass (11.9g decrease) and significant increase in viable mass 

(22.6g increase).  There was also improved regional contractility and regional systolic 

wall thickening.   However, at 12 months, functional measurements of end-diastolic 

volume, end-systolic volume, and LVEF did not differ significantly between groups 

(Konstantinos Malliaras et al., 2014a).  At 12 months the only serious adverse event 

determined by the data safety monitoring board to be possibly related to CDC therapy 

was a non-ST-segment elevation MI in 1 CDC-treated patient at 7 months after cell 

infusion. 

One of the largest clinical trials completed to date, using endogenous 

cardiovascular stem cells, is the “Administration of cardiac stem cells in patients with 

ischemic cardiomyopathy” or SCIPIO trial.  This trial led by Roberto Bolli, had a total of 

33 patients (20 cell-treated, 13 control) and tested the safety and efficacy of ckit+ cardiac 

stem cells (Roberto Bolli et al., 2012; Roberto Bolli et al., 2011).  Ckit+ stem cells were 
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isolated from the right atrial appendage, grown to sufficient numbers (maximum 106 

CSCs) and injected during coronary artery bypass grafting surgery 4 months after 

myocardial infarction.  After 2 years, there were significant improvements in left 

ventricular ejection fraction (41.7% at 2 years vs 29.7% at baseline).  This was 

accompanied by an increase in left ventricular viable mass (12.2% increase) and decrease 

in infarct size (15.7% decrease).  Other outcome measures such as the New York Heart 

Association classification and the Minnesota Living With Heart Failure Questionnaire 

score also improved significantly after 2 years.  No CSC-related adverse effects were 

reported. 

The clinical trial entitled, “Transcoronary Infusion of Cardiac Progenitor Cells in 

Patients With Single Ventricle Physiology” or TICAP is one of the only clinical trials in 

young patients with hypoplastic left heart syndrome and is led by Hidemasa Oh (Ishigami 

et al., 2014).  Fourteen patents (average age 1.8+/- 1.5 years) were enrolled in this study 

and received autologous CDCs ~30 days after staged procedures.  No serious adverse 

events were reported in the 18-month follow-up.  CDC-treated patients had increased 

cardiac function as measured by left ventricular ejection fraction at 3 months (52.1% vs 

46.9% at baseline) this increase persisted over the period of follow up (54.0% at 18 

months).  In contrast control patients had no significant increase in heart function at 3 

months (47.7% vs 46.7% at baseline) which was not significantly changed during the 

follow-up period (48.7% at 18 months).  

Cardiac stem cell transplantation, as evidenced by these three completed clinical 

trials, can result in improved patient outcomes, however full regeneration of the injured 

myocardium is likely to be achieved with a combination of cell types (Latham et al., 
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2013) and growth factors delivered in an engraftment-promoting medium (Mayfield et 

al., 2014).  Experiments in large animals and human clinical trials have highlighted the 

utility of administration of select growth factors (without cardiac stem cells) to ameliorate 

cardiac injury (Braitsch, Kanisicak, van Berlo, Molkentin, & Yutzey, 2013; Gao et al., 

2010; Henry et al., 2003; Hibbert et al., 2014; Jabbour et al., 2011; Koudstaal et al., 2014; 

Silverberg et al., 2001; Simons et al., 2002; Tritos & Danias, 2008).  A summary of 

results from human clinical trials with growth factors administered after cardiac injury 

can be found in table 2.   

The last of the completed clinical trials, which was completed by Hiroaki 

Matsubara in Japan, is the only clinical trial that uses both cardiac stem cells and bFGF-

infused biodegradable hydrogel.  This clinical trial is entitled, “Autologous Human 

Cardiac-Derived Stem Cell to Treat Ischemic Cardiomyopathy” or ALCADIA (Nakata et 

al., 2012) and uses stem cells from endomyocardial biopsisies, which express CD105, 

CD90, CD29, Nanog, Oct4, Gata4 and are negative for CD45.  These CSCs (5 x 105 

cells/kg) were delivered using 20 intramyocardial injections which were covered with a 

biodegradable gelatin hydrogel which contained 200µg of infused bFGF.  Six patients 

with ischemic cardiomyopathy were enrolled in this study.  This study has not yet 

published final results.  Preliminary data after 6 months indicate an improvement in 

LVEF in the cell-treated patients (from 26.7% to 35.8% by 3D Echo and 22.6% to 34.7%  
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by MRI), as well as a decrease in infarct volume/left ventricular mass (%) by MRI (from 

23% to 19.7%).  There was also a concomitant decrease in wall motion score (from 17.2 

to 6.6).  Maximum aerobic exercise capacity (VO2 peak) was increased by 4.5ml/kg/min.  

Of the 6 patients, one patient experienced an acute occlusion of a graft and was excluded 

from further evaluation and one experienced worsening heart failure during follow-up.  

No other adverse events were reported. Comparison with matched controls has not been 

reported. 

There are two clinical trials using endogenous cardiac stem cells that are currently 

enrolling participants.  The first is a phase I/II clinical trial led by Eduardo Marban and is 

the first trial to investigate the allogeneic use of endogenous cardiac stem cells in 

humans.  This trial is entitled, “Allogeneic Heart Stem Cells to Achieve Myocardial 

Regeneration” or ALLSTAR.   The primary endpoint is to test the safety of allogeneic 

cardiosphere-derived cell product.  This study expects an enrollment of 274 patients. 

Cells will be transplanted <3 months or 3-12 months after myocardial infarction to assess 

the ideal time frame for cell delivery.   At present, there are no released outcomes from 

this trial. 

The second is a phase II trial entitled PERSEUS and is a follow up trial on the 

phase I TICAP trial.  This trial uses cardiac progenitor cell infusion to treat univentricular 

heart disease.  This study has an estimated enrollment of 34 patients with hypoplastic left 

heart syndrome between the ages of 0 and 20 years of age.  The primary endpoint is to 

measure cardiac functional improvement after 3 months.  Cardiac function will also be 

measured after 12 months.  This study is currently enrolling patients and is expected to be 

completed in 2018. 
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Considerations for Transplantation of Endogenous CSCs 

There is growing evidence for the benefit of using allogeneic cardiac progenitors 

for cardiac transplantation (K. Malliaras et al., 2012; Tseliou et al., 2013).  However, it is 

unclear whether an immune response to these cells would negate their benefits when 

transplanted in humans.   The transplantation of allogeneic stem cells is likely to lead to 

T-cell mediated rejection by either indirect allorecognition, or through polymorphic 

variants of donor MHC being recognized by recipient T cells (Nehlin, Isa, & Barington, 

2011).  This T-cell mediated rejection is mediated by the expression of both MHC class I 

and co-stimulatory molecules including CD40, CD80, and CD86 (Nehlin et al., 2011).  

Without the presence of the co-stimulatory molecules, MHC class I binding to T cell 

receptors results in anergy, apoptosis of T cells, or tolerance-inducing immunoregulation 

(Nehlin et al., 2011).   

Results of experiments using ckit+ cells in vitro suggest they actually help reduce 

inflammation by activating T-regulatory cells through the expression of programmed 

death ligand 1.  They also lack the expression of CD40, CD80 or CD86 which are co-

stimulatory molecules needed for conventional allogeneic T-helper 1 or T-helper 2 type 

responses (Lauden et al., 2013).  However, further studies using allogeneic ckit+ stem 

cells in vivo are needed.  Studies with other types of endogenous cardiac progenitors have 

similar results.  Cardiosphere-derived cells express class I MHC antigens but not class II 

antigens or B7 co-stimulatory molecules (K. Malliaras et al., 2012).  The absence of 

MHC class II gives cells the potential to escape recognition by alloreactive CD4+ 

lymphocytes (Tasso & Pennesi, 2009).  In culture, they elicit negligible lymphocyte 

proliferation and inflammatory cytokine secretion and when transplanted in vivo into an 
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infarcted rat heart, they cause a mild local immune reaction, without histologically-

evident rejection or systemic immunogenicity with similar sustained benefits to 

syngeneic transplantation at 6 months post injection (K. Malliaras et al., 2012).  

Cardiospheres in vitro inhibited proliferation of alloreactive T cells, and interestingly 

when transplanted in vivo attenuated the inflammatory response observed histologically 

in the peri-infarct area (Tseliou et al., 2013). 

Although stem cells seem to have a low immunogenic profile, once transplanted 

they do not survive long-term (Konstantinos Malliaras et al., 2013). This may due to the 

fact that differentiated progeny of transplanted allogeneic pluripotent stem cells are 

rejected by the host immune system (Nussbaum et al., 2007).  During differentiation, 

hESC express very low levels of surface MHC1 molecules but following implantation 

they differentiate and up-regulate MHC expression thus triggering effective immune 

responses (Calderon et al., 2012).  Some would argue that although allogeneic CPCs are 

eventually rejected, much of the benefit of cell transplantation is due to indirect 

mechanisms such as paracrine secretion or activation and recruitment of existing 

endogenous stem cells. Therefore, allogeneic transplantation may still be beneficial if 

rejection is delayed long enough to allow cells to exert their protective and regenerative 

paracrine effects (K. Malliaras et al., 2012). 

Overall, endogenous cardiac progenitors are a promising cell-based therapeutic 

for the heart.  They have relative safety as there have been no adverse events such as 

cancer or arrhythmias.   Thus far, they have demonstrated a relatively low immunologic 

profile and can result in functional benefits that last 1-2 years.  Yet cells are rarely 

retained long-term. Malliaras et al demonstrated that 24 hours after intracoronary infusion 
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the percentage of cells that engrafted within the heart was 4.3% (Konstantinos Malliaras 

et al., 2013).  It is likely that enhanced engraftment could result in improvements in 

existing outcomes. The greatest benefits will most likely come from transplantation of 

carefully selected cell types that have been pre-treated for optimal functioning, within an 

engraftment promoting medium. 

 

ISL1+ Cardiac Progenitors 

One of the endogenous cardiovascular progenitor types that has yet to be used in 

clinical trials is the ISL1+ cardiac progenitor.  Islet-1 (ISL1) is a protein that is expressed 

by stem cells early during cardiovascular development and is essential for cardiogenesis; 

progenitors that express ISL1 are required for the formation of the right ventricle, atria 

and outflow tract (Cai et al., 2003).  Addition of purified ISL1 protein to human 

embryonic stem cells during differentiation, can increase the number of cardiac cells 

produced 3-fold (Fonoudi et al., 2013).   This highlights the utility of ISL1 expression in 

cardiogenesis.  In vitro, ISL1+ progenitor cells are capable of forming all three 

cardiovascular lineages (Bu et al., 2009).  Despite their clear role in cardiovascular 

development, the ability to isolate ISL1+ cardiac progenitors from the human heart 

decreases with age.  In the young heart there are abundant levels of ISL1+ progenitor 

populations, yet with increasing age, ISL1+ cardiac progenitors are reduced to reportedly 

nonexistent levels (Simpson et al., 2012).  Comparison of neonatal ISL1+ cardiac 

progenitors with similarly isolated adult progenitors that are negative for ISL1 revealed 

that, after transplantation into the infarcted myocardium, neonatal ISL1+ cardiac 

progenitors had a significantly higher ability to preserve myocardial function, prevent 
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adverse remodeling, and enhance blood vessel formation (Simpson et al., 2012).  This 

suggests that ISL1+ cardiac progenitors derived from the young heart may be more ideal 

for cardiovascular regeneration.    

In this dissertation we utilize a novel stem cell population characterized by the 

expression of both ISL1 and ckit.  In humans, this population of cells was thought to only 

exist in the fetal heart (Serradifalco et al., 2011), however, we have isolated 

cardiovascular stem cells that co-express both ISL1 and ckit from the adult heart (57-75 

year olds).  Because of the essential role of both ISL1 and ckit in cardiogenesis, the co-

expression of these markers could potentially identify a progenitor population with high 

regenerative capacity.  The fact that this vital population persists throughout life, yet, the 

aged heart still has limited regenerative capacity suggests that these cells are either too 

few in the adult heart, not activated sufficiently after injury and/or there are underlying 

biological differences between adult ISL1+ ckit+ cardiac progenitors and phenotypically-

matched cardiovascular progenitors from the young heart.  

In this dissertation we created single cell clones from our newly isolated adult 

ISL1+ckit+ cardiovascular progenitors and compared them to similarly isolated and 

cloned ISL1+ ckit+ cardiac progenitors from the neonatal (<1month old) heart.  

Comparison of single cell clones allows us to define how age impacts epigenetic, 

phenotypic, and functional parameters within ISL1+ ckit+ cardiovascular stem cells.  

This will provide a better mechanistic understanding of the superior regenerative ability 

of neonatal ISL1+ ckit+ cardiac progenitors and will provide novel therapeutic targets to 

improve myocardial regeneration. 
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In chapter 2, we will address the following hypotheses: 

Hypothesis 1: Phenotypically-matched neonatal and adult cardiovascular progenitors  

differ in their ability to invade in response to growth factor stimulation and in 

their ability to differentiate into endothelial cells and cardiomyocytes.   

 

Hypothesis 2: Superior neonatal functional ability is aided by the expression of  

microRNAs which are altered with stem cell age specifically in pathways 

influencing cell cycle progression and cellular senescence.  

 

As previously stated, full regeneration of the injured heart may not only require carefully 

selected cell types, but will most likely require optimization of cell function by 

pretreatment methods.  Therefore, in chapter 3, we will address the following hypothesis: 

Hypothesis 3: Treatment of neonatal and adult cardiovascular progenitors with short- 

term hypoxia and/or prostaglandin E2 (PGE2) will alter MAPK/ERK pathway 

activation and increase cardiac progenitor cell cycle progression, migration and 

paracrine factor expression. 

 

 

  



31 

References 

Aghila Rani, K. G., Jayakumar, K., Sarma, P. S., & Kartha, C. C. (2009). Clinical 

determinants of ckit-positive cardiac cell yield in coronary disease. Asian 

Cardiovasc Thorac Ann, 17(2), 139-142. doi: 10.1177/0218492309103292 

Aghila Rani, K. G., & Kartha, C. C. (2010). Effects of epidermal growth factor on 

proliferation and migration of cardiosphere-derived cells expanded from adult 

human heart. Growth Factors, 28(3), 157-165. doi: 10.3109/08977190903512628 

Anokye-Danso, Frederick, Trivedi, Chinmay M, Juhr, Denise, Gupta, Mudit, Cui, Zheng, 

Tian, Ying, . . . Epstein, Jonathan A. (2011). Highly efficient miRNA-mediated 

reprogramming of mouse and human somatic cells to pluripotency. Cell stem cell, 

8(4), 376-388.  

Bearzi, C., Leri, A., Lo Monaco, F., Rota, M., Gonzalez, A., Hosoda, T., . . . Anversa, P. 

(2009). Identification of a coronary vascular progenitor cell in the human heart. 

Proc Natl Acad Sci U S A, 106(37), 15885-15890. doi: 10.1073/pnas.0907622106 

Bearzi, Claudia, Rota, Marcello, Hosoda, Toru, Tillmanns, Jochen, Nascimbene, Angelo, 

De Angelis, Antonella, . . . LeCapitaine, Nicole. (2007). Human cardiac stem 

cells. Proceedings of the National Academy of Sciences, 104(35), 14068-14073.  

Bolli, R., Chugh, A. R., D'Amario, D., Loughran, J. H., Stoddard, M. F., Ikram, S., . . . 

Anversa, P. (2011). Cardiac stem cells in patients with ischaemic cardiomyopathy 

(SCIPIO): initial results of a randomised phase 1 trial. Lancet, 378(9806), 1847-

1857. doi: S0140-6736(11)61590-0 [pii] 

Bolli, R., Tang, X. L., Sanganalmath, S. K., Rimoldi, O., Mosna, F., Abdel-Latif, A., . . . 

Kajstura, J. (2013). Intracoronary delivery of autologous cardiac stem cells 

improves cardiac function in a porcine model of chronic ischemic 

cardiomyopathy. Circulation, 128(2), 122-131. doi: 

10.1161/CIRCULATIONAHA.112.001075 

Bolli, Roberto, Chugh, AR, D’Amario, Domenico, Loughran, John H, Stoddard, Marcus 

F, Ikram, Sohail, . . . Hosoda, Toru. (2012). Effect of cardiac stem cells in patients 

with ischemic cardiomyopathy: interim results of the SCIPIO trial up to 2 years 

after therapy. Circulation, 126(23), 2784.  

Bolli, Roberto, Chugh, Atul R, D'Amario, Domenico, Loughran, John H, Stoddard, 

Marcus F, Ikram, Sohail, . . . Hosoda, Toru. (2011). Cardiac stem cells in patients 

with ischaemic cardiomyopathy (SCIPIO): initial results of a randomised phase 1 

trial. The Lancet, 378(9806), 1847-1857.  

Braitsch, Caitlin M, Kanisicak, Onur, van Berlo, Jop H, Molkentin, Jeffery D, & Yutzey, 

Katherine E. (2013). Differential expression of embryonic epicardial progenitor 

markers and localization of cardiac fibrosis in adult ischemic injury and 



32 

hypertensive heart disease. Journal of molecular and cellular cardiology, 65, 108-

119.  

Bu, L., Jiang, X., Martin-Puig, S., Caron, L., Zhu, S., Shao, Y., . . . Chien, K. R. (2009). 

Human ISL1 heart progenitors generate diverse multipotent cardiovascular cell 

lineages. Nature, 460(7251), 113-117. doi: 10.1038/nature08191 

Cai, C. L., Liang, X., Shi, Y., Chu, P. H., Pfaff, S. L., Chen, J., & Evans, S. (2003). Isl1 

identifies a cardiac progenitor population that proliferates prior to differentiation 

and contributes a majority of cells to the heart. Dev Cell, 5(6), 877-889.  

Calderon, D., Planat-Benard, V., Bellamy, V., Vanneaux, V., Kuhn, C., Peyrard, S., . . . 

Chatenoud, L. (2012). Immune response to human embryonic stem cell-derived 

cardiac progenitors and adipose-derived stromal cells. J Cell Mol Med, 16(7), 

1544-1552. doi: 10.1111/j.1582-4934.2011.01435.x 

Cao, Nan, Liang, He, Huang, Jijun, Wang, Jia, Chen, Yixiong, Chen, Zhongyan, & Yang, 

Huang-Tian. (2013). Highly efficient induction and long-term maintenance of 

multipotent cardiovascular progenitors from human pluripotent stem cells under 

defined conditions. Cell research, 23(9), 1119-1132.  

Carpenter, Lee, Carr, Carolyn, Yang, Cheng Tao, Stuckey, Daniel J, Clarke, Kieran, & 

Watt, Suzanne M. (2011). Efficient differentiation of human induced pluripotent 

stem cells generates cardiac cells that provide protection following myocardial 

infarction in the rat. Stem cells and development, 21(6), 977-986.  

Cesselli, D., Beltrami, A. P., D'Aurizio, F., Marcon, P., Bergamin, N., Toffoletto, B., . . . 

Leri, A. (2011). Effects of age and heart failure on human cardiac stem cell 

function. Am J Pathol, 179(1), 349-366. doi: 10.1016/j.ajpath.2011.03.036 

Chan, H. H., Meher Homji, Z., Gomes, R. S., Sweeney, D., Thomas, G. N., Tan, J. J., . . . 

Carr, C. A. (2012). Human cardiosphere-derived cells from patients with chronic 

ischaemic heart disease can be routinely expanded from atrial but not epicardial 

ventricular biopsies. J Cardiovasc Transl Res, 5(5), 678-687. doi: 

10.1007/s12265-012-9389-0 

Cheng, K., Ibrahim, A., Hensley, M. T., Shen, D., Sun, B., Middleton, R., . . . Marban, E. 

(2014). Relative roles of CD90 and c-kit to the regenerative efficacy of 

cardiosphere-derived cells in humans and in a mouse model of myocardial 

infarction. J Am Heart Assoc, 3(5), e001260. doi: 10.1161/JAHA.114.001260 

Cheng, K., Malliaras, K., Smith, R. R., Shen, D., Sun, B., Blusztajn, A., . . . Marban, E. 

(2014). Human cardiosphere-derived cells from advanced heart failure patients 

exhibit augmented functional potency in myocardial repair. JACC Heart Fail, 

2(1), 49-61. doi: 10.1016/j.jchf.2013.08.008 

Chimenti, I., Smith, R. R., Li, T. S., Gerstenblith, G., Messina, E., Giacomello, A., & 

Marban, E. (2010). Relative roles of direct regeneration versus paracrine effects 



33 

of human cardiosphere-derived cells transplanted into infarcted mice. Circ Res, 

106(5), 971-980. doi: 10.1161/CIRCRESAHA.109.210682 

Cho, H. J., Lee, H. J., Youn, S. W., Koh, S. J., Won, J. Y., Chung, Y. J., . . . Kim, H. S. 

(2012). Secondary sphere formation enhances the functionality of cardiac 

progenitor cells. Mol Ther, 20(9), 1750-1766. doi: 10.1038/mt.2012.109 

Christoforou, Nicolas, Liau, Brian, Chakraborty, Syandan, Chellapan, Malathi, Bursac, 

Nenad, & Leong, Kam W. (2013). Induced pluripotent stem cell-derived cardiac 

progenitors differentiate to cardiomyocytes and form biosynthetic tissues. PLoS 

One, 8(6), e65963.  

D'Amario, D., Cabral-Da-Silva, M. C., Zheng, H., Fiorini, C., Goichberg, P., Steadman, 

E., . . . Kajstura, J. (2011). Insulin-like growth factor-1 receptor identifies a pool 

of human cardiac stem cells with superior therapeutic potential for myocardial 

regeneration. Circ Res, 108(12), 1467-1481. doi: 

10.1161/CIRCRESAHA.111.240648 

Davis, D. R., Zhang, Y., Smith, R. R., Cheng, K., Terrovitis, J., Malliaras, K., . . . 

Marban, E. (2009). Validation of the cardiosphere method to culture cardiac 

progenitor cells from myocardial tissue. PLoS One, 4(9), e7195. doi: 

10.1371/journal.pone.0007195 

Delewi, Ronak, Hirsch, Alexander, Tijssen, Jan G, Schächinger, Volker, Wojakowski, 

Wojciech, Roncalli, Jérôme, . . . Tendera, Michal. (2014). Impact of intracoronary 

bone marrow cell therapy on left ventricular function in the setting of ST-segment 

elevation myocardial infarction: a collaborative meta-analysis. European heart 

journal, 35(15), 989-998.  

Ellison, G. M., Vicinanza, C., Smith, A. J., Aquila, I., Leone, A., Waring, C. D., . . . 

Nadal-Ginard, B. (2013). Adult c-kit(pos) cardiac stem cells are necessary and 

sufficient for functional cardiac regeneration and repair. Cell, 154(4), 827-842. 

doi: 10.1016/j.cell.2013.07.039 

Fonoudi, H., Yeganeh, M., Fattahi, F., Ghazizadeh, Z., Rassouli, H., Alikhani, M., . . . 

Aghdami, N. (2013). ISL1 protein transduction promotes cardiomyocyte 

differentiation from human embryonic stem cells. PLoS One, 8(1), e55577. doi: 

10.1371/journal.pone.0055577 

Fosbøl, Emil L, Granger, Christopher B, Peterson, Eric D, Lin, Li, Lytle, Barbara L, 

Shofer, Frances S, . . . Corbett, Claire C. (2013). Prehospital system delay in ST-

segment elevation myocardial infarction care: A novel linkage of emergency 

medicine services and inhospital registry data. American heart journal.  

Fuentes, T., Appleby, N., Tsay, E., Martinez, J. J., Bailey, L., Hasaniya, N., & Kearns-

Jonker, M. (2013). Human Neonatal Cardiovascular Progenitors: Unlocking the 

Secret to Regenerative Ability. PLOS One.  



34 

Fuentes, Tania, & Kearns-Jonker, M. (2013). Endogenous cardiac stem cells for the 

treatment of heart failure. Stem Cells and Cloning: Advances and Applications, 6, 

1-12.  

Gago-Lopez, N., Awaji, O., Zhang, Y., Ko, C., Nsair, A., Liem, D., . . . MacLellan, W. R. 

(2014). THY-1 receptor expression differentiates cardiosphere-derived cells with 

divergent cardiogenic differentiation potential. Stem Cell Reports, 2(5), 576-591. 

doi: 10.1016/j.stemcr.2014.03.003 

Gambini, E., Pesce, M., Persico, L., Bassetti, B., Gambini, A., Alamanni, F., . . . 

Pompilio, G. (2012). Patient profile modulates cardiac c-kit(+) progenitor cell 

availability and amplification potential. Transl Res, 160(5), 363-373. doi: 

10.1016/j.trsl.2012.05.009 

Gao, Runlin, Zhang, Jian, Cheng, Liuquan, Wu, Xuesi, Dong, Wei, Yang, Xinchun, . . . 

Li, Xinyan. (2010). A Phase II, randomized, double-blind, multicenter, based on 

standard therapy, placebo-controlled study of the efficacy and safety of 

recombinant human neuregulin-1 in patients with chronic heart failure. Journal of 

the American College of Cardiology, 55(18), 1907-1914.  

Giorgetti, Alessandra, Montserrat, Nuria, Aasen, Trond, Gonzalez, Federico, Rodríguez-

Pizà, Ignacio, Vassena, Rita, . . . Corbella, Begoña Aran. (2009). Generation of 

induced pluripotent stem cells from human cord blood using OCT4 and SOX2. 

Cell stem cell, 5(4), 353.  

Go, A. S., Mozaffarian, D., Roger, V. L., Benjamin, E. J., Berry, J. D., Blaha, M. J., . . . 

Stroke Statistics, Subcommittee. (2014). Executive summary: heart disease and 

stroke statistics--2014 update: a report from the American Heart Association. 

Circulation, 129(3), 399-410. doi: 10.1161/01.cir.0000442015.53336.12 

Goichberg, Polina, Bai, Yingnan, D'Amario, Domenico, Ferreira-Martins, João, Fiorini, 

Claudia, Zheng, Hanqiao, . . . D'Alessandro, David A. (2011). The ephrin A1–

EphA2 system promotes cardiac stem cell migration after infarction. Circulation 

research, 108(9), 1071-1083.  

Goichberg, Polina, Kannappan, Ramaswamy, Cimini, Maria, Bai, Yingnan, Sanada, 

Fumihiro, Sorrentino, Andrea, . . . Anversa, Piero. (2013). Age-associated defects 

in EphA2 signaling impair the migration of human cardiac progenitor cells. 

Circulation, 128(20), 2211-2223.  

Gore, Athurva, Li, Zhe, Fung, Ho-Lim, Young, Jessica E, Agarwal, Suneet, Antosiewicz-

Bourget, Jessica, . . . Kiskinis, Evangelos. (2011). Somatic coding mutations in 

human induced pluripotent stem cells. Nature, 471(7336), 63-67.  

Haase, Alexandra, Olmer, Ruth, Schwanke, Kristin, Wunderlich, Stephanie, Merkert, 

Sylvia, Hess, Christian, . . . Wagner, Stefan. (2009). Generation of induced 

pluripotent stem cells from human cord blood. Cell stem cell, 5(4), 434-441.  



35 

He, J. Q., Vu, D. M., Hunt, G., Chugh, A., Bhatnagar, A., & Bolli, R. (2011). Human 

cardiac stem cells isolated from atrial appendages stably express c-kit. PLoS One, 

6(11), e27719. doi: 10.1371/journal.pone.0027719 

Henry, Timothy D, Annex, Brian H, McKendall, George R, Azrin, Michael A, Lopez, 

John J, Giordano, Frank J, . . . Berman, Daniel S. (2003). The VIVA trial vascular 

endothelial growth factor in ischemia for vascular angiogenesis. Circulation, 

107(10), 1359-1365.  

Hibbert, Benjamin, Hayley, Bradley, Beanlands, Robert S, Le May, Michel, Davies, 

Richard, So, Derek, . . . O’Brien, Edward R. (2014). Granulocyte colony-

stimulating factor therapy for stem cell mobilization following anterior wall 

myocardial infarction: the CAPITAL STEM MI randomized trial. Canadian 

Medical Association Journal, 186(11), E427-E434.  

Hong, Kyung U, Guo, Yiru, Li, Qian-Hong, Cao, Pengxiao, Al-Maqtari, Tareq, 

Vajravelu, Bathri N, . . . Nong, Yibing. (2014). c-kit+ Cardiac stem cells alleviate 

post-myocardial infarction left ventricular dysfunction despite poor engraftment 

and negligible retention in the recipient heart. PloS one, 9(5), e96725.  

Hou, Pingping, Li, Yanqin, Zhang, Xu, Liu, Chun, Guan, Jingyang, Li, Honggang, . . . 

Liu, Kang. (2013). Pluripotent stem cells induced from mouse somatic cells by 

small-molecule compounds. Science, 341(6146), 651-654.  

Hussein, Samer M, Batada, Nizar N, Vuoristo, Sanna, Ching, Reagan W, Autio, Reija, 

Närvä, Elisa, . . . Olsson, Cia. (2011). Copy number variation and selection during 

reprogramming to pluripotency. Nature, 471(7336), 58-62.  

Ibrahim, A. G., Cheng, K., & Marban, E. (2014). Exosomes as critical agents of cardiac 

regeneration triggered by cell therapy. Stem Cell Reports, 2(5), 606-619. doi: 

10.1016/j.stemcr.2014.04.006 

Ishigami, Shuta, Ohtsuki, Shinichi, Tarui, Suguru, Ousaka, Daiki, Eitoku, Takahiro, 

Kondo, Maiko, . . . Arai, Sadahiko. (2014). Intracoronary Autologous Cardiac 

Progenitor Cell Transfer in Patients with Hypoplastic Left Heart Syndrome 

(TICAP): A Prospective Phase 1 Controlled Trial. Circulation research, 

CIRCRESAHA. 114.304671.  

Itzhaki-Alfia, A., Leor, J., Raanani, E., Sternik, L., Spiegelstein, D., Netser, S., . . . 

Barbash, I. M. (2009). Patient characteristics and cell source determine the 

number of isolated human cardiac progenitor cells. Circulation, 120(25), 2559-

2566. doi:10.1161/CIRCULATIONAHA.109.849588 

Jabbour, Andrew, Hayward, Christopher S, Keogh, Anne M, Kotlyar, Eugene, 

McCrohon, Jane A, England, John F, . . . Zhou, Ming Dong. (2011). Parenteral 

administration of recombinant human neuregulin‐1 to patients with stable chronic 

heart failure produces favourable acute and chronic haemodynamic responses. 

European journal of heart failure, 13(1), 83-92.  



36 

Ji, Junfeng, Ng, Siemon H, Sharma, Vivek, Neculai, Dante, Hussein, Samer, Sam, 

Michelle, . . . Nagy, Andras. (2012). Elevated coding mutation rate during the 

reprogramming of human somatic cells into induced pluripotent stem cells. Stem 

cells, 30(3), 435-440.  

Johnston, P. V., Sasano, T., Mills, K., Evers, R., Lee, S. T., Smith, R. R., . . . Marban, E. 

(2009). Engraftment, differentiation, and functional benefits of autologous 

cardiosphere-derived cells in porcine ischemic cardiomyopathy. Circulation, 

120(12), 1075-1083, 1077 p following 1083. doi: 

10.1161/CIRCULATIONAHA.108.816058 

Kajstura, J., Bai, Y., Cappetta, D., Kim, J., Arranto, C., Sanada, F., . . . Anversa, P. 

(2012). Tracking chromatid segregation to identify human cardiac stem cells that 

regenerate extensively the infarcted myocardium. Circ Res, 111(7), 894-906. doi: 

10.1161/CIRCRESAHA.112.273649 

Kanazawa, H., Tseliou, E., Malliaras, K., Yee, K., Dawkins, J. F., De Couto, G., . . . 

Marban, E. (2015). Cellular postconditioning: allogeneic cardiosphere-derived 

cells reduce infarct size and attenuate microvascular obstruction when 

administered after reperfusion in pigs with acute myocardial infarction. Circ 

Heart Fail, 8(2), 322-332. doi: 10.1161/CIRCHEARTFAILURE.114.001484 

Karantalis, Vasileios, DiFede, Darcy L, Gerstenblith, Gary, Pham, Si, Symes, James, 

Zambrano, Juan Pablo, . . . Conte, John. (2014). Autologous Mesenchymal Stem 

Cells Produce Concordant Improvements in Regional Function, Tissue Perfusion, 

and Fibrotic Burden When Administered to Patients Undergoing Coronary Artery 

Bypass Grafting The Prospective Randomized Study of Mesenchymal Stem Cell 

Therapy in Patients Undergoing Cardiac Surgery (PROMETHEUS) Trial. 

Circulation research, 114(8), 1302-1310.  

Kawamura, Masashi, Miyagawa, Shigeru, Fukushima, Satsuki, Saito, Atsuhiro, Miki, 

Kenji, Ito, Emiko, . . . Shimizu, Tatsuya. (2013). Enhanced Survival of 

Transplanted Human Induced Pluripotent Stem Cell–Derived Cardiomyocytes by 

the Combination of Cell Sheets With the Pedicled Omental Flap Technique in a 

Porcine Heart. Circulation, 128(11 suppl 1), S87-S94.  

Kawamura, Masashi, Miyagawa, Shigeru, Miki, Kenji, Saito, Atsuhiro, Fukushima, 

Satsuki, Higuchi, Takahiro, . . . Shimizu, Tatsuya. (2012). Feasibility, safety, and 

therapeutic efficacy of human induced pluripotent stem cell-derived 

cardiomyocyte sheets in a porcine ischemic cardiomyopathy model. Circulation, 

126(11 suppl 1), S29-S37.  

Koninckx, R., Daniels, A., Windmolders, S., Carlotti, F., Mees, U., Steels, P., . . . 

Hensen, K. (2011). Mesenchymal stem cells or cardiac progenitors for cardiac 

repair? A comparative study. Cell Mol Life Sci, 68(12), 2141-2156. doi: 

10.1007/s00018-010-0560-y 



37 

Koudstaal, Stefan, Bastings, Maartje MC, Feyen, Dries AM, Waring, Cheryl D, van 

Slochteren, Frebus J, Dankers, Patricia YW, . . . Doevendans, Pieter A. (2014). 

Sustained delivery of insulin-like growth factor-1/hepatocyte growth factor 

stimulates endogenous cardiac repair in the chronic infarcted pig heart. Journal of 

cardiovascular translational research, 7(2), 232-241.  

Kubo, H., Jaleel, N., Kumarapeli, A., Berretta, R. M., Bratinov, G., Shan, X., . . . 

Margulies, K. B. (2008). Increased cardiac myocyte progenitors in failing human 

hearts. Circulation, 118(6), 649-657. doi: 

10.1161/CIRCULATIONAHA.107.761031 

Lammie, A., Drobnjak, M., Gerald, W., Saad, A., Cote, R., & Cordon-Cardo, C. (1994). 

Expression of c-kit and kit ligand proteins in normal human tissues. J Histochem 

Cytochem, 42(11), 1417-1425.  

Latham, Nicholas, Ye, Bin, Jackson, Robyn, Lam, Bu-Khanh, Kuraitis, Drew, Ruel, 

Marc, . . . Davis, Darryl R. (2013). Human blood and cardiac stem cells synergize 

to enhance cardiac repair when cotransplanted into ischemic myocardium. 

Circulation, 128(11 suppl 1), S105-S112.  

Lauden, Laura, Boukouaci, Wahid, Borlado, Luis R, López, Itziar Palacios, Sepúlveda, 

Pilar, Tamouza, Ryad, . . . Al-Daccak, Reem. (2013). Allogenicity of human 

cardiac stem/progenitor cells orchestrated by programmed death ligand 1. 

Circulation research, 112(3), 451-464.  

Lee, H. J., Cho, H. J., Kwon, Y. W., Park, Y. B., & Kim, H. S. (2013). Phenotypic 

modulation of human cardiospheres between stemness and paracrine activity, and 

implications for combined transplantation in cardiovascular regeneration. 

Biomaterials, 34(38), 9819-9829. doi: 10.1016/j.biomaterials.2013.09.013 

Lee, S. T., White, A. J., Matsushita, S., Malliaras, K., Steenbergen, C., Zhang, Y., . . . 

Marban, E. (2011). Intramyocardial injection of autologous cardiospheres or 

cardiosphere-derived cells preserves function and minimizes adverse ventricular 

remodeling in pigs with heart failure post-myocardial infarction. J Am Coll 

Cardiol, 57(4), 455-465. doi: 10.1016/j.jacc.2010.07.049 

Li, T. S., Cheng, K., Malliaras, K., Smith, R. R., Zhang, Y., Sun, B., . . . Marban, E. 

(2012). Direct comparison of different stem cell types and subpopulations reveals 

superior paracrine potency and myocardial repair efficacy with cardiosphere-

derived cells. J Am Coll Cardiol, 59(10), 942-953. doi: 

10.1016/j.jacc.2011.11.029 

Lin, Bo, Kim, Jong, Li, Yanxin, Pan, Haiying, Carvajal-Vergara, Xonia, Salama, Guy, . . 

. Yang, Lei. (2012). High-purity enrichment of functional cardiovascular cells 

from human iPS cells. Cardiovascular research, cvs185.  



38 

Lin, Shi-Lung, Chang, Donald C, Chang-Lin, Samantha, Lin, Chun-Hung, Wu, David 

TS, Chen, David T, & Ying, Shao-Yao. (2008). Mir-302 reprograms human skin 

cancer cells into a pluripotent ES-cell-like state. Rna, 14(10), 2115-2124.  

Lu, Tung-Ying, Lin, Bo, Kim, Jong, Sullivan, Mara, Tobita, Kimimasa, Salama, Guy, & 

Yang, Lei. (2013). Repopulation of decellularized mouse heart with human 

induced pluripotent stem cell-derived cardiovascular progenitor cells. Nature 

communications, 4.  

Lui, K. O., Zangi, L., Silva, E. A., Bu, L., Sahara, M., Li, R. A., . . . Chien, K. R. (2013). 

Driving vascular endothelial cell fate of human multipotent Isl1+ heart 

progenitors with VEGF modified mRNA. Cell Res, 23(10), 1172-1186. doi: 

10.1038/cr.2013.112 

Lui, Kathy O, Zangi, Lior, & Chien, Kenneth R. (2014). Cardiovascular regenerative 

therapeutics via synthetic paracrine factor modified mRNA. Stem cell research, 

13(3), 693-704.  

Machida, M., Takagaki, Y., Matsuoka, R., & Kawaguchi, N. (2011). Proteomic 

comparison of spherical aggregates and adherent cells of cardiac stem cells. Int J 

Cardiol, 153(3), 296-305. doi: 10.1016/j.ijcard.2010.08.049 

Makkar, R. R., Smith, R. R., Cheng, K., Malliaras, K., Thomson, L. E., Berman, D., . . . 

Marban, E. (2012). Intracoronary cardiosphere-derived cells for heart 

regeneration after myocardial infarction (CADUCEUS): a prospective, 

randomised phase 1 trial. Lancet, 379(9819), 895-904. doi: 10.1016/S0140-

6736(12)60195-0 

Malliaras, K., Li, T. S., Luthringer, D., Terrovitis, J., Cheng, K., Chakravarty, T., . . . 

Marban, E. (2012). Safety and efficacy of allogeneic cell therapy in infarcted rats 

transplanted with mismatched cardiosphere-derived cells. Circulation, 125(1), 

100-112. doi: 10.1161/CIRCULATIONAHA.111.042598 

Malliaras, K., Zhang, Y., Seinfeld, J., Galang, G., Tseliou, E., Cheng, K., . . . Marban, E. 

(2013). Cardiomyocyte proliferation and progenitor cell recruitment underlie 

therapeutic regeneration after myocardial infarction in the adult mouse heart. 

EMBO Mol Med, 5(2), 191-209. doi: 10.1002/emmm.201201737 

Malliaras, Konstantinos, Makkar, Raj R, Smith, Rachel R, Cheng, Ke, Wu, Edwin, 

Bonow, Robert O, . . . Johnston, Peter V. (2014a). Intracoronary cardiosphere-

derived cells after myocardial infarction: evidence of therapeutic regeneration in 

the final 1-year results of the CADUCEUS trial (CArdiosphere-Derived 

aUtologous stem CElls to reverse ventricUlar dySfunction). Journal of the 

American College of Cardiology, 63(2), 110-122.  

Malliaras, Konstantinos, Makkar, Raj R, Smith, Rachel R, Cheng, Ke, Wu, Edwin, 

Bonow, Robert O, . . . Johnston, Peter V. (2014b). Intracoronary Cardiosphere-

Derived Cells After Myocardial InfarctionEvidence of Therapeutic Regeneration 



39 

in the Final 1-Year Results of the CADUCEUS Trial (CArdiosphere-Derived 

aUtologous stem CElls to reverse ventricUlar dySfunction). Journal of the 

American College of Cardiology, 63(2), 110-122.  

Malliaras, Konstantinos, Smith, Rachel R, Kanazawa, Hideaki, Yee, Kristine, Seinfeld, 

Jeffrey, Tseliou, Eleni, . . . Luthringer, Daniel. (2013). Validation of contrast-

enhanced magnetic resonance imaging to monitor regenerative efficacy after cell 

therapy in a porcine model of convalescent myocardial infarction. Circulation, 

128(25), 2764-2775.  

Martinez-Fernandez, Almudena, Nelson, Timothy J, Yamada, Satsuki, Reyes, Santiago, 

Alekseev, Alexey E, Perez-Terzic, Carmen, . . . Terzic, Andre. (2009). iPS 

programmed without c-MYC yield proficient cardiogenesis for functional heart 

chimerism. Circulation research, 105(7), 648-656.  

Mauritz, Christina, Martens, Andreas, Rojas, Sebastian V, Schnick, Tilman, Rathert, 

Christian, Schecker, Natalie, . . . Haverich, Axel. (2011). Induced pluripotent stem 

cell (iPSC)-derived Flk-1 progenitor cells engraft, differentiate, and improve heart 

function in a mouse model of acute myocardial infarction. European heart 

journal, ehr166.  

Maxeiner, Hagen, Krehbiehl, Nina, Müller, Andrea, Woitasky, Nadine, Akintürk, Hakan, 

Müller, Matthias, . . . Schreckenberg, Rolf. (2010). New insights into paracrine 

mechanisms of human cardiac progenitor cells. European journal of heart failure, 

12(7), 730-737.  

Mayfield, Audrey E, Tilokee, Everad L, Latham, Nicholas, McNeill, Brian, Lam, Bu-

Khanh, Ruel, Marc, . . . Davis, Darryl R. (2014). The effect of encapsulation of 

cardiac stem cells within matrix-enriched hydrogel capsules on cell survival, post-

ischemic cell retention and cardiac function. Biomaterials, 35(1), 133-142.  

Mishra, R., Vijayan, K., Colletti, E. J., Harrington, D. A., Matthiesen, T. S., Simpson, D., 

. . . Kaushal, S. (2011). Characterization and functionality of cardiac progenitor 

cells in congenital heart patients. Circulation, 123(4), 364-373. doi: 

10.1161/CIRCULATIONAHA.110.971622 

Miyoshi, Norikatsu, Ishii, Hideshi, Nagano, Hiroaki, Haraguchi, Naotsugu, Dewi, Dyah 

Laksmi, Kano, Yoshihiro, . . . Tanaka, Fumiaki. (2011). Reprogramming of 

mouse and human cells to pluripotency using mature microRNAs. Cell stem cell, 

8(6), 633-638.  

Molkentin, Jeffery D. (2014). Letter by Molkentin regarding article,“The absence of 

evidence is not evidence of absence: the pitfalls of Cre Knock-Ins in the c-Kit 

Locus”. Circulation research, 115(8), e21-e23.  

Moretti, A., Caron, L., Nakano, A., Lam, J. T., Bernshausen, A., Chen, Y., . . . Chien, K. 

R. (2006). Multipotent embryonic isl1+ progenitor cells lead to cardiac, smooth 



40 

muscle, and endothelial cell diversification. Cell, 127(6), 1151-1165. doi: 

10.1016/j.cell.2006.10.029 

Moretti, Alessandra, Bellin, Milena, Jung, Christian B, Thies, Tu-Mai, Takashima, 

Yasuhiro, Bernshausen, Alexandra, . . . Smith, Austin G. (2010). Mouse and 

human induced pluripotent stem cells as a source for multipotent Isl1+ 

cardiovascular progenitors. The FASEB Journal, 24(3), 700-711.  

Nadal-Ginard, Bernardo, Ellison, Georgina M, & Torella, Daniele. (2014a). Absence of 

Evidence Is Not Evidence of Absence Pitfalls of Cre Knock-Ins in the c-Kit 

Locus. Circulation research, 115(4), 415-418.  

Nadal-Ginard, Bernardo, Ellison, Georgina M, & Torella, Daniele. (2014b). Response to 

Molkentin’s Letter to The Editor Regarding Article,“The Absence of Evidence Is 

Not Evidence of Absence: The Pitfalls of Cre Knock-Ins in the c-kit Locus”. 

Circulation research, 115(12), e38-e39.  

Nakata, M, Ogata, T, Nakamura, T, Matoba, S, Gojo, S, Sawada, T, . . . Matsubara, H. 

(2012). The ALCADIA (AutoLogous Human CArdiac-‐Derived Stem Cell To 

Treat Ischemic cArdiomyopathy) Trial.  

Nehlin, Jan, Isa, Adiba, & Barington, Torben. (2011). Immunogenicity and immune-

modulating properties of human stem cells: InTech, Rijeka, Croatia. 

Nowbar, A. N., Mielewczik, M., Karavassilis, M., Dehbi, H. M., Shun-Shin, M. J., Jones, 

S., . . . group, Damascene writing. (2014). Discrepancies in autologous bone 

marrow stem cell trials and enhancement of ejection fraction (DAMASCENE): 

weighted regression and meta-analysis. BMJ, 348, g2688. doi: 10.1136/bmj.g2688 

Nsair, Ali, Schenke-Layland, Katja, Van Handel, Ben, Evseenko, Denis, Kahn, Michael, 

Zhao, Peng, . . . Vottler, Miriam. (2012). Characterization and therapeutic 

potential of induced pluripotent stem cell-derived cardiovascular progenitor cells. 

PloS one, 7(10), e45603.  

Nussbaum, J., Minami, E., Laflamme, M. A., Virag, J. A., Ware, C. B., Masino, A., . . . 

Murry, C. E. (2007). Transplantation of undifferentiated murine embryonic stem 

cells in the heart: teratoma formation and immune response. FASEB J, 21(7), 

1345-1357. doi: 10.1096/fj.06-6769com 

Ohi, Yuki, Qin, Han, Hong, Chibo, Blouin, Laure, Polo, Jose M, Guo, Tingxia, . . . Rossi, 

Derrick J. (2011). Incomplete DNA methylation underlies a transcriptional 

memory of somatic cells in human iPS cells. Nature cell biology, 13(5), 541-549.  

Park, Hansoo, Kim, Dohoon, Kim, Chun-Hyung, Mills, Ryan E, Chang, Mi-Yoon, Iskow, 

Rebecca Cheryl, . . . Yoo, Paulo Sng Man. (2014). Increased genomic integrity of 

an improved protein-based mouse induced pluripotent stem cell method compared 

with current viral-induced strategies. Stem cells translational medicine, 3(5), 599.  



41 

Rasmussen, M. B., Frost, L., Stengaard, C., Brorholt-Petersen, J. U., Dodt, K. K., 

Sondergaard, H. M., & Terkelsen, C. J. (2014). Diagnostic performance and 

system delay using telemedicine for prehospital diagnosis in triaging and 

treatment of STEMI. Heart, 100(9), 711-715. doi: 10.1136/heartjnl-2013-304576 

Rizzi, R, Di Pasquale, E, Portararo, P, Papait, R, Cattaneo, P, Latronico, MVG, . . . 

Hirsch, E. (2012). Post-natal cardiomyocytes can generate iPS cells with an 

enhanced capacity toward cardiomyogenic re-differentation. Cell Death & 

Differentiation, 19(7), 1162-1174.  

Sanada, Fumihiro, Kim, Junghyun, Czarna, Anna, Chan, Noel Yan-Ki, Signore, Sergio, 

Ogórek, Barbara, . . . Pesapane, Ada. (2014). c-Kit–positive cardiac stem cells 

nested in hypoxic niches are activated by stem cell factor reversing the aging 

myopathy. Circulation research, 114(1), 41-55.  

Sandstedt, Joakim, Jonsson, Marianne, Dellgren, Göran, Lindahl, Anders, Jeppsson, 

Anders, & Asp, Julia. (2014). Human C-kit+ CD45− cardiac stem cells are 

heterogeneous and display both cardiac and endothelial commitment by single-

cell qPCR analysis. Biochemical and biophysical research communications, 

443(1), 234-238.  

Sandstedt, Joakim, Jonsson, Marianne, Lindahl, Anders, Jeppsson, Anders, & Asp, Julia. 

(2010). C-kit+ CD45− cells found in the adult human heart represent a population 

of endothelial progenitor cells. Basic research in cardiology, 105(4), 545-556.  

Senyo, Samuel E, Steinhauser, Matthew L, Pizzimenti, Christie L, Yang, Vicky K, Cai, 

Lei, Wang, Mei, . . . Lee, Richard T. (2013). Mammalian heart renewal by pre-

existing cardiomyocytes. Nature, 493(7432), 433-436.  

Serradifalco, C., Catanese, P., Rizzuto, L., Cappello, F., Puleio, R., Barresi, V., . . . Di 

Felice, V. (2011). Embryonic and foetal Islet-1 positive cells in human hearts are 

also positive to c-Kit. Eur J Histochem, 55(4), e41. doi: 10.4081/ejh.2011.e41 

Sharma, S., Mishra, R., Simpson, D., Wehman, B., Colletti, E. J., Deshmukh, S., . . . 

Kaushal, S. (2015). Cardiosphere Derived Cells from Pediatric End-Stage Heart 

Failure Patients Have Enhanced Functional Activity due to the Heat Shock 

Response Regulating the Secretome. Stem Cells. doi: 10.1002/stem.1937 

Shen, D., Cheng, K., & Marban, E. (2012). Dose-dependent functional benefit of human 

cardiosphere transplantation in mice with acute myocardial infarction. J Cell Mol 

Med, 16(9), 2112-2116. doi: 10.1111/j.1582-4934.2011.01512.x 

Siciliano, C., Chimenti, I., Ibrahim, M., Napoletano, C., Mangino, G., Scafetta, G., . . . 

De Falco, E. (2015). Cardiosphere Conditioned Media Influence the Plasticity of 

Human Mediastinal Adipose Tissue-Derived Mesenchymal Stem Cells. Cell 

Transplant. doi: 10.3727/096368914X5771 



42 

Silverberg, Donald S, Wexler, Dov, Sheps, David, Blum, Miriam, Keren, Gad, Baruch, 

Ron, . . . Shapira, Itzhak. (2001). The effect of correction of mild anemia in 

severe, resistant congestive heart failure using subcutaneous erythropoietin and 

intravenous iron: a randomized controlled study. Journal of the American College 

of Cardiology, 37(7), 1775-1780.  

Simons, Michael, Annex, Brian H, Laham, Roger J, Kleiman, Neal, Henry, Timothy, 

Dauerman, Harold, . . . Whitehouse, MJ. (2002). Pharmacological treatment of 

coronary artery disease with recombinant fibroblast growth factor-2 double-blind, 

randomized, controlled clinical trial. Circulation, 105(7), 788-793.  

Simpson, D. L., Mishra, R., Sharma, S., Goh, S. K., Deshmukh, S., & Kaushal, S. (2012). 

A strong regenerative ability of cardiac stem cells derived from neonatal hearts. 

Circulation, 126(11 Suppl 1), S46-53. doi: 

10.1161/CIRCULATIONAHA.111.084699 

Smith, R. R., Barile, L., Cho, H. C., Leppo, M. K., Hare, J. M., Messina, E., . . . Marban, 

E. (2007). Regenerative potential of cardiosphere-derived cells expanded from 

percutaneous endomyocardial biopsy specimens. Circulation, 115(7), 896-908. 

doi: 10.1161/CIRCULATIONAHA.106.655209 

Song, Dongqiang, Li, Yuanmin, Cao, Jiatian, Han, Zhihua, Gao, Lin, Xu, Zuojun, . . . 

Wang, Changqian. (2013). Effect of iron deficiency on c-kit+ cardiac stem cells in 

vitro. PloS one, 8(6), e65721.  

Takahashi, K., & Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse 

embryonic and adult fibroblast cultures by defined factors. Cell, 126(4), 663-676. 

doi: 10.1016/j.cell.2006.07.024 

Takehara, N., Tsutsumi, Y., Tateishi, K., Ogata, T., Tanaka, H., Ueyama, T., . . . Oh, H. 

(2008). Controlled delivery of basic fibroblast growth factor promotes human 

cardiosphere-derived cell engraftment to enhance cardiac repair for chronic 

myocardial infarction. J Am Coll Cardiol, 52(23), 1858-1865. doi: 

10.1016/j.jacc.2008.06.052 

Tasso, Roberta, & Pennesi, Giuseppina. (2009). When stem cells meet 

immunoregulation. International immunopharmacology, 9(5), 596-598.  

Torella, Daniele, Ellison, Georgina M, & Nadal-Ginard, Bernardo. (2014). Adult c-kitpos 

Cardiac Stem Cells Fulfill Koch’s Postulates as Causal Agents for Cardiac 

Regeneration. Circulation research, 114(4), e24-e26.  

Tritos, Nicholas A, & Danias, Peter G. (2008). Growth hormone therapy in congestive 

heart failure due to left ventricular systolic dysfunction: a meta-analysis. 

Endocrine Practice, 14(1), 40-49.  

Tseliou, Eleni, Pollan, Sara, Malliaras, Konstantinos, Terrovitis, John, Sun, Baiming, 

Galang, Giselle, . . . Marbán, Eduardo. (2013). Allogeneic cardiospheres safely 



43 

boost cardiac function and attenuate adverse remodeling after myocardial 

infarction in immunologically mismatched rat strains. Journal of the American 

College of Cardiology, 61(10), 1108-1119.  

van Berlo, Jop H, Kanisicak, Onur, Maillet, Marjorie, Vagnozzi, Ronald J, Karch, Jason, 

Lin, Suh-Chin J, . . . Molkentin, Jeffery D. (2014). c-kit+ cells minimally 

contribute cardiomyocytes to the heart. Nature, 509(7500), 337-341.  

Welt, F. G., Gallegos, R., Connell, J., Kajstura, J., D'Amario, D., Kwong, R. Y., . . . 

Pfeffer, M. A. (2013). Effect of cardiac stem cells on left-ventricular remodeling 

in a canine model of chronic myocardial infarction. Circ Heart Fail, 6(1), 99-106. 

doi: 10.1161/CIRCHEARTFAILURE.112.972273 

White, A. J., Smith, R. R., Matsushita, S., Chakravarty, T., Czer, L. S., Burton, K., . . . 

Makkar, R. (2013). Intrinsic cardiac origin of human cardiosphere-derived cells. 

Eur Heart J, 34(1), 68-75. doi: 10.1093/eurheartj/ehr172 

Williams, A. R., Hatzistergos, K. E., Addicott, B., McCall, F., Carvalho, D., Suncion, V., 

. . . Hare, J. M. (2013). Enhanced effect of combining human cardiac stem cells 

and bone marrow mesenchymal stem cells to reduce infarct size and to restore 

cardiac function after myocardial infarction. Circulation, 127(2), 213-223. doi: 

10.1161/CIRCULATIONAHA.112.131110 

Wollert, K. C. (2015). Bone marrow mononuclear cell therapy for acute myocardial 

infarction: we know what we want, but we just don't know how yet. Heart, 

101(5), 337-338. doi: 10.1136/heartjnl-2014-306787 

Xie, Y., Ibrahim, A., Cheng, K., Wu, Z., Liang, W., Malliaras, K., . . . Marban, E. (2014). 

Importance of cell-cell contact in the therapeutic benefits of cardiosphere-derived 

cells. Stem Cells, 32(9), 2397-2406. doi: 10.1002/stem.1736 

Xiong, Qiang, Ye, Lei, Zhang, Pengyuan, Lepley, Michael, Tian, Jinfeng, Li, Jun, . . . 

Kaufman, Dan S. (2013). Functional Consequences of Human Induced 

Pluripotent Stem Cell Therapy Myocardial ATP Turnover Rate in the In Vivo 

Swine Heart With Postinfarction Remodeling. Circulation, 127(9), 997-1008.  

Xu, Rende, Ding, Song, Zhao, Yichao, Pu, Jun, & He, Ben. (2014). Autologous 

Transplantation of Bone Marrow/Blood-Derived Cells for Chronic Ischemic Heart 

Disease: A Systematic Review and Meta-analysis. Canadian Journal of 

Cardiology, 30(11), 1370-1377.  

Ye, J., Boyle, A. J., Shih, H., Sievers, R. E., Wang, Z. E., Gormley, M., & Yeghiazarians, 

Y. (2013). CD45-positive cells are not an essential component in cardiosphere 

formation. Cell Tissue Res, 351(1), 201-205. doi: 10.1007/s00441-012-1511-8 

Ye, Lei, Chang, Ying-Hua, Xiong, Qiang, Zhang, Pengyuan, Zhang, Liying, 

Somasundaram, Porur, . . . Wendel, Jacqueline S. (2014). Cardiac Repair in a 



44 

Porcine Model of Acute Myocardial Infarction with Human Induced Pluripotent 

Stem Cell-Derived Cardiovascular Cells. Cell stem cell, 15(6), 750-761.  

 

 

 

  



45 

CHAPTER TWO 

HUMAN NEONATAL CARDIOVASCULAR PROGENITORS: UNLOCKING 

THE SECRET TO REGENERATIVE ABILITY 

 

 

Tania I Fuentes1, Nancy Appleby1, Eric Tsay1, J. Julian Martinez1, Leonard Bailey2, 

Nahidh Hasaniya2, and Mary Kearns-Jonker1 

  

 

 

The work presented in this chapter has been published. 

(PloS one. 2013 8, no. 10 (2013): e77464 PMID: 24204836) 

 

 

1Departments of Pathology and Human Anatomy and 2Cardiothoracic Surgery, Loma 

Linda University School of Medicine, Loma Linda, California, USA 

 

 

 

 

 

 

Running Title: Human Neonatal Cardiovascular Progenitors 

 

 

 

Address correspondence to: Mary Kearns-Jonker, Ph.D., Loma Linda University/Division 

of Human Anatomy, 24760 Stewart St. Ste 2215, Loma Linda, CA 92350; Phone: (909) 

558-8694; Email: mkearnsjonker@llu.edu. 

  



46 

Abstract 

Although clinical benefit can be achieved after cardiac transplantation of adult c-

kit+ or cardiosphere-derived cells for myocardial repair, these stem cells lack the 

regenerative capacity unique to neonatal cardiovascular stem cells. Unraveling the 

molecular basis for this age-related discrepancy in function could potentially transform 

cardiovascular stem cell transplantation. In this report, clonal populations of human 

neonatal and adult cardiovascular progenitor cells were isolated and characterized, 

revealing the existence of a novel subpopulation of endogenous cardiovascular stem cells 

that persist throughout life and co-express both c-kit and isl1. Epigenetic profiling 

identified 41 microRNAs whose expression was significantly altered with age in 

phenotypically-matched clones. These differences were correlated with reduced 

proliferation and a limited capacity to invade in response to growth factor stimulation, 

despite high levels of growth factor receptor on progenitors isolated from adults.  Further 

understanding of these differences may provide novel therapeutic targets to enhance 

cardiovascular regenerative capacity. 
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Introduction 

Endogenous cardiac progenitor cells (CPCs) are being carefully investigated to 

determine whether they have the ability to repair the heart when expanded in vitro and re-

administered as a cell-based treatment after myocardial infarction in human clinical trials 

(Bolli et al., 2011; Makkar et al., 2012).  As CPCs age, however, they lose the ability to 

efficiently regenerate damaged heart tissue.  Telomerase activity is reduced with 

chronological age and an associated decline in the number of functionally-competent 

cardiac progenitor cells results in a dramatic loss of growth reserve within the adult heart 

(Cesselli et al., 2011; Torella et al., 2004).  Functional studies in mice have shown that 

neonatal, not adult, c-kit+ cardiac progenitors support post-infarct myogenesis (Jesty et 

al., 2012).  The molecular basis underlying the enhanced capacity for regeneration that 

distinguishes human neonatal cardiovascular progenitor cells from adults has not been 

defined. 

As a fetus matures into a neonate, several developmental changes impact the 

CPC.  Lineage tracing studies using embryonic stem cells show that early cardiovascular 

progenitors expressing MESP1 differentiate into two separate classes of Nkx2.5+ 

progenitor populations, one characterized by the expression of Isl1 and another 

characterized by the absence of Isl1 (Bondue et al., 2011).  The Isl1+ cardiac progenitors 

can be differentiated into all three cardiac lineages including endothelial cells, smooth 

muscle cells, and cardiomyocytes (Laugwitz et al., 2005). The differentiation capacity of 

Isl1- CPCs is limited to smooth muscle cells and cardiomyocytes (Bondue et al., 2011).  

Histological analysis suggests that cells positive for Isl1, and SSEA-4 (an early stem cell 

marker) are abundant in the fetus and are only sporadically found in the neonate. Cells 
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expressing c-kit and Nkx2.5 decline in number significantly as a neonate transitions into 

an infant (Amir et al., 2008; Mishra et al., 2011).  A gradual reduction of proliferation 

occurs in the heart at this time; during the neonatal period there are 3 times as many 

proliferating cells as those identified in children >2 years of age (Mishra et al., 2011).  

After the first month of life, the dynamics of the CPC population changes dramatically, 

highlighting the neonatal window as an optimal time during which progenitor cells can be 

isolated for therapy.  The biological features that distinguish neonatal cardiovascular 

progenitor cells in humans will provide new insight that can be used to improve the 

outcome of stem cell-based treatment. 

In this report, the epigenetic, phenotypic and functional changes that distinguish 

neonatal from adult cardiovascular progenitor cells are detailed within a newly-defined 

population of Isl1, c-kit co-expressing cardiovascular progenitor cells.  By comparing 

matched, clonal cardiovascular progenitor cell populations that differ only by age, we 

identify significant differences in microRNA regulation and gene expression that 

correlate with functional limitations in the adult cardiovascular progenitor cell 

population.      

 

Results 

Phenotypic Profiling and Identification of Cardiovascular Progenitor Cell Clones 

Isolated from Human Neonates and Adults 

 The surface marker profile of cardiovascular progenitor cell clones residing 

within the heart of human neonates <1 month old and 57-75 year old adults was directly 

compared by flow cytometry (Fig. 1, Appendix; Supplementary Table 1).  Over 240 
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Figure 1. Phenotypic characterization of surface markers on neonatal and adult CPC clones.  

CPC clones from human neonates and adults were compared using flow cytometry to 

identify the surface phenotype of these cells.  Labeling for select markers on representative 

CPC are shown in the figure where positive staining above the isotype control is shown in 

black.  Each column represents a separate and representative clonal population.  The 

surface phenotype of 24 clones was examined in total.   
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cardiovascular cell clones were isolated by single cell expansion. Phenotypic profiling 

using seventeen different antibodies (Appendix; supplementary table 2), specific for 

surface antigens reported to be present on functionally competent cardiovascular 

progenitors, provided a basis for identifying comparable cardiovascular progenitor cells 

residing in the heart of both newborns and adults.  All clones expressed moderate to high 

levels of CD105 (60.6 – 99.8%), CD73 (41.0 – 98.3%), CD44 (60.6 – 99.8%), CD13 

(73.7 - 99.9%), IGF1R (58.0 – 99.1%), and CD146 (35.7 – 99.9%).  c-kit was expressed 

at lower levels (2.5 – 52.4%), and expression of KDR (0 – 75.1%), PDGFR (2.4 – 

57.9%), CD34 (4.9 – 78.8%) and SSEA4 (0 –95.7%) was variable, thereby distinguishing 

specific populations.   Interestingly, the majority of surface antigens were not expressed 

at significantly different levels in adult and neonatal cardiac progenitors.  Of the 17 

surface antigens profiled, only CD31 was expressed at significantly lower levels in adult 

cardiovascular progenitors (p=0.04). The progenitors were positive for the expression of 

HLA class I antigens (82.6 – 99.9%) and HLA class II antigens were either not expressed 

(0 - 3.9% in 21 CPC clones) or expressed at low to moderate levels (3 CPC clones 8.3%, 

28.6%, 34.1%).   

 

Coexpression of Isl1 and C-Kit on Human Neonatal and Adult Cardiac Progenitors 

 Expression of Isl1 and c-kit identifies cells with cardiomyogenic potential 

(Ferreira-Martins et al., 2012; Moretti et al., 2006).  Characterization by flow cytometry 

and PCR revealed that Isl1 and c-kit were co-expressed on CPC clones isolated from both 

neonates and adults (Fig. 2). The majority of CPC clones expressed moderate levels of c-

kit (23 ± 3% in neonates, 27 ± 3% in adults).  In neonates, Isl1 was present on most, but   
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Figure 2. Co-expression of Isl1 and c-kit on neonatal and adult cardiovascular progenitors.  

Adult and neonatal cardiovascular progenitor cell clones were examined by PCR and flow 

cytometry to determine whether Isl1 was expressed in these cells.  c-kit expression, initially 

identified by flow cytometry, was confirmed by PCR.  PCR products were run on a gel, 

transcripts for Isl1 (size=202bp) and c-kit (size=105bp) were co-expressed on both 

neonatal (A) and adult (B) cardiovascular progenitor cell clones.  Flow cytometry 

confirmed the expression of Isl1 protein (C & D) and the coexpression of Isl1 and c-kit 

protein (E) on neonatal and adult cardiovascular progenitors. 



54 

not all kit+ clones (78%, N=13).  In adults, cardiac progenitor clones were all c-kit+ and 

Isl1+ (N=16).   

 The Isl1+ c-kit+ neonatal and adult CPC clones were differentiated into 

cardiomyocytes using previously reported protocols (Smits et al., 2009).  Successful 

differentiation was supported by the expression of  mRNA transcripts  for NK2 

homeobox 5, gata binding protein 4, cardiac myosin light chain 2, cardiac myosin heavy 

chain alpha and troponin T, which were induced during the differentiation protocol 

(N=12, Appendix; Supplementary Fig. 1).  There were no significant differences in 

transcription of these proteins between neonatal and adult Isl1+ c-kit+ cardiovascular 

progenitors.  Cardiac progenitor cells were shown by immunocytochemistry to express 

cardiac Troponin I (Appendix; Supplementary Fig. 2). When treated with 10nM 

dexamethasone for 6 days (D'Amario, Fiorini, et al., 2011), CPCs were successfully 

differentiated into all three cardiovascular lineages as demonstrated by a shift in mean 

fluorescence intensity when the cells were treated with antibodies to identify binding to 

smooth muscle actin, von Willebrand Factor, cardiac Troponin T and cardiac Troponin I 

using flow cytometry.    

 

MicroRNA Profiling Predicts Functional Differences in Neonatal and Adult 

Cardiovascular Progenitors. 

Unique differences in epigenetic regulation emerged when comparing cardiovascular 

progenitor cell clones by microRNA profiling.  MicroRNAs (miRNAs) function to 

negatively regulate mRNA expression by either translational inhibition or degradation.  

When comparing neonatal and adult CPC clones, 41 out of 88 microRNAs analyzed were  
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Figure 3.  MicroRNA profiling and gene expression predicts functional differences when 

comparing neonatal and adult cardiovascular progenitors.  A) Heat map of 41 microRNAs 

differentially regulated in neonatal (N=8) and adult (N=3) cardiac progenitors. hESC were 

also profiled as a means for comparison. Red color identifies maximum expression, black 

color represents average expression, blue color identifies microRNAs with minimum 

expression.  Sets of co-regulated microRNAs were grouped together by RT2 Profiler PCR 

Array Data Analysis Version 3.5 software (SABiosciences).  B) MicroRNAs expressed at 

significantly different levels in adult vs. neonatal CPCs suggest that proliferation is higher 

in neonatal CPCs. MicroRNA 17, miR-20a, and miR-106b levels, positively correlated 

with proliferation, were significantly higher in neonatal CPCs (p=0.0094, p=0.0030, 

p=0.0085, respectively). C) MicroRNA-371-3p, associated with senescence, was 

expressed at significantly higher levels in adult CPCs (p=0.0238). D) Messenger RNA 

transcripts for E2F1 (N=6) and E) Myc (N=5) were significantly higher in adult 

cardiovascular progenitors (p=0.0075, p=0.0086 respectively).  E2F1 regulates the G1 to 

S transition of the cell cycle.  F)  Expression of DNA repair proteins ATM (N=5) and 

RAD50 (N=5) were significantly higher in adult CPCs (P=0.0099, P<0.0001, respectively). 

G) Representative cell cycle analysis of neonatal and adult CPCs.  H) Quantification of cell 

cycle analysis. The frequency of adult CPCs (N=5) in G1 was significantly higher than 

neonatal CPCs (P=0.0038).  The frequency of neonatal CPCs (N=5) in the S and G2 phases 

of the cell cycle was significantly higher than adult CPCs (p=0.0066, p=0.0051 

respectively).  
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expressed at significantly (P<0.05) different levels (Fig. 3a, Appendix; Supplementary 

Table 3). MicroRNA expression levels in hES-3 embryonic stem cells were also 

identified and the results are shown in Figure 3 for comparison.  The microRNA 

expression pattern of neonatal cardiac progenitors was more similar to that of human 

embryonic stem cells, highlighting a number of shared characteristics.  DIANA mirPath 

computational software identified forty-six pathways that were significantly (P<0.05) 

impacted by differentially-expressed microRNAs (Appendix; Supplementary Table 4).  

Fourteen of these pathways were relevant to proliferation, including Wnt signaling, 

MAPK signaling, p53 signaling, TGF-β signaling, VEGF signaling, and base excision 

repair. Functional differences in proliferation would be anticipated based on the 

expression of microRNAs 17, miR-20a, and miR-106b which were expressed at 

significantly higher levels in neonatal cardiovascular progenitors (Fig. 3b) (B. Li et al., 

2011; Petrocca et al., 2008; Pickering, Stadler, & Kowalik, 2009; Trompeter et al., 2011).  

High levels of expression of these microRNAs promotes cell cycle progression by 

suppressing the inappropriate accumulation of E2F1 transcription factors that lead to G1 

arrest (Petrocca et al., 2008; Pickering et al., 2009).  E2F1 regulates the G1 to S transition 

of the cell cycle to induce proliferation (Wu et al., 2001).  The 16-fold reduction in 

mRNA transcripts for E2F1 in neonatal cardiac progenitors was confirmed by RT-PCR 

(p=0.0075, Fig. 3c).  

 

Replicative Senescence in Adult Cardiac Progenitors Predicted by MicroRNA and 

Gene Expression Differences 

Replicative senescence is defined by a progressive loss in proliferative ability 

despite normal viability and metabolic activity (Morgado-Palacin, Llanos, & Serrano, 
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2012) and is associated with an increased DNA damage response and increased cell size 

(Rodier & Campisi, 2011). Several microRNAs that were highly expressed in neonatal 

CPCs are linked to proliferative ability and play a role in preventing cellular senescence.   

MicroRNAs 20a and 17, which were upregulated in neonatal CPCs (27.3 fold, P=0.0030 

and 12.5 fold, P=0.0094 Fig. 3b), function to rescue cells from Ras-induced cellular 

senescence (L. Li et al., 2012) and reduce DNA double-stranded breaks (Pickering et al., 

2009).  In contrast, microRNA-371-3p (Wagner et al., 2008), upregulated 27.9 fold 

(p=0.0238) in adult cardiovascular progenitor cells, is induced during replicative 

senescence.  Myc expression has been associated with the induction of cellular 

senescence (Campaner et al., 2010) due to DNA stress (Robinson, Asawachaicharn, 

Galloway, & Grandori, 2009).  Transcripts for Myc and DNA repair proteins, RAD50 

and ATM were significantly elevated in adult cardiac progenitors (2.9 fold, P=0.0086, 

28.5 fold, P<0.0001, 35.7 fold, P=0.0099 respectively, Fig. 3c&d).  Comparison of cell 

size by flow cytometry in three separate experiments using forward scatter gating 

demonstrated that adult cardiac progenitors had a greater percentage of large cells when 

compared with neonatal CPCs (56.3% vs. 40.2%, N=5, p=0.0073).     

 

Rate of Progression through the Cell Cycle Differs in Neonatal and Adult 

Cardiovascular Progenitors 

To further investigate the predicted proliferative differences demonstrated by 

microRNA profiling, propidium iodide (PI), a DNA intercalating agent, was used to 

identify the percentage of cells in each phase of the cell cycle.  Using flow cytometry to 

detect PI fluorescence intensity, a higher frequency of adult cardiac clones were  
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Figure 4 –MicroRNAs expressed at significantly different levels (p<0.05) impact invasion. 

MicroRNAs that both promote (A) and inhibit (B) invasion were expressed at significantly 

different levels when comparing neonatal and adult CPC by RT-PCR.  MicroRNAs that 

promote the ability to invade are transcribed at significantly higher levels in neonatal CPCs. 
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identified in G1 (82.5% vs. 63.3%, P=0.0046) and a higher frequency of neonatal clones 

were identified in S phase (19.4% vs. 7.0%, P=0.0026) and in G2 (15.0% vs. 7.5%, 

P=0.0051) (Fig. 3e).  Neonatal CPCs proliferate more actively when compared to adult 

CPCs. 

 

Cardiovascular Progenitors from Neonates and Adults Differ in Their Ability to 

Respond to Growth Factor Stimulation 

Cardiac regeneration requires CPC migration away from its stem cell niche, 

followed by invasion into the area of injury in response to external stimuli.  Nine 

microRNAs reported to regulate invasion (Aigner, 2011; Xuwei Hou et al., 2012; Jain et 

al., 2012; Ucar et al., 2010) were expressed at significantly (P<0.05) different levels in 

neonatal and adult CPCs (Fig. 4).  To investigate the possibility that neonatal and adult 

progenitors differ in their ability to invade the site of injury within the heart, transwell 

invasion assays were performed to test the response of cells to SDF-1α (stromal cell-

derived factor-1).  SDF-1α is secreted in the infarcted heart and recruits endogenous 

cardiac stem cells to the site of injury (J. M. Tang et al., 2011; Y. L. Tang et al., 2009).  

Fewer adult cardiac progenitors (6.7 x 103) were able to invade through the basement 

membrane extract when compared to neonatal CPCs (14.6 x 103, p=0.0463, Fig. 5a).  The 

inability of adult CPCs to invade in response to SDF-1α was not due to the lack of SDF-

1α receptor expression on the surface of these CPCs, as demonstrated by flow cytometry.  

The surface expression of CXCR4 and CXCR7, both of which are receptors for SDF-1α 

(Tarnowski et al., 2010), was comparable on progenitors isolated from neonates and 

adults (Fig. 5b).    
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Figure 5. Cell invasion in response to SDF-1.  A) Phenotypically similar neonatal and adult 

clones were run on a transwell invasion assay. The adult CPC clones were less invasive 

than their neonatal counterparts (n=5, run in triplicate) in response to SDF-1α, results were 

significant to P = 0.0463. B) SDF-1α receptors, CXCR4 and CXCR7, were expressed on 

both neonatal and adult cardiovascular progenitor cell clones.  Each column represents a 

separate and representative clonal population.  Isotype control labeling is shown in white, 

positive labeling is shown in black. 
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SSEA-4+ Cardiovascular Progenitors Invade More Readily 

SSEA-4 was not expressed on all CPC clones.  Inherent differences were noted in 

neonatal and adult cardiac progenitors that were found, by flow cytometry, to express 

SSEA-4.  MicroRNA profiling revealed 26 microRNAs expressed at significantly 

different levels between SSEA4+ adult and neonatal progenitors (P<0.05, Fig. 6A, 

Appendix; Supplementary Table 5).  The top ten pathways, regulated by these 

microRNAs that impact cardiovascular stem cell function are shown in figure 6b.  Six of 

these pathways impact invasion (marked with an arrow).  In functional studies, the 

SSEA-4+ progenitors were more highly invasive than SSEA4- clones within the neonatal 

cardiovascular progenitor cell population (2.0 x 104 vs 9.1 x 103, p=0.0186, Fig. 6C).  

Adult CPC clones expressing SSEA4+ were similarly more responsive to SDF-1 (8.1 x 

103 vs 3.9 x 103, p=0.0297).  SSEA4+ cardiovascular progenitors display an enhanced 

capacity to invade infarcted tissue in response to injury.  

 

Discussion 

In the present study, Isl1+ c-kit+ cardiovascular progenitor cells, identified in 

both human neonates and adults, were expanded as clonal populations and utilized as a 

resource to unravel the  phenotypic and epigenetic features that distinguish neonatal and 

adult cardiac progenitors.    

This population of cells was not previously described within the endogenous 

cardiovascular progenitor cell population in adult humans and challenges current dogma 

suggesting that Isl1+ CPCs are abundant only in the fetal or neonatal heart (X.   Hou et 

al., 2012; Simpson et al., 2012).  Previous reports comparing neonatal and adult  
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Figure 6 – SSEA-4 separates cardiovascular progenitors by the ability to invade.  A) Heat 

map of 26 microRNAs whose expression was differentially regulated in SSEA4+ neonatal 

and adult cardiovascular progenitors (p<0.05).  Red color identifies microRNAs with 

maximum expression, black color indicates average expression, blue color shows 

microRNAs with minimum expression.   Sets of similarly expressed microRNAs are 

grouped together by RT2 Profiler PCR Array Data Analysis Version 3.5 software 

(SABiosciences). B) MicroRNAs expressed at significantly different levels when 

comparing SSEA4+ adult and neonatal CPCs were analyzed using DIANA mirPATH 

software.  The top ten pathways that impact cardiovascular stem cell function, and are 

regulated by these microRNAs, are shown.  Six of the top ten pathways impact invasion 

and are marked with an arrow.  The red line denotes significance of P=0.05. C) The 

invasive response of SSEA4+ neonatal and adult cardiovascular progenitor cell clones, run 

on a transwell migration assay, was compared.  Both SSEA4+ neonatal and adult CPCs 

were significantly more responsive to SDF-1α when compared to SSEA4- neonatal and 

adult CPC, respectively (P=0.0186, P=0.0297).   SSEA4+ neonatal cardiovascular 

progenitor cell clones were most responsive to SDF-1.  These cells were significantly more 

invasive when compared to both SSEA4+ adult and SSEA4- neonatal CPC clones 

(p=0.0183, p=0.0186).  
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cardiosphere-derived cells (CDCs) for  Isl1 expression indicated that Isl1 is abundant in 

neonatal CDCs but not in CPCs isolated from adults (36.2% of neonatal CPCs versus 

3.2% adult CPCs) (Simpson et al., 2012).  Cardiac progenitors co-expressing c-kit and 

Isl1, identified in the fetal heart (Serradifalco et al., 2011), have not been isolated from 

the adult myocardium.  Stem cells isolated from the adult heart were reported to have no 

overlap in expression of c-kit and Isl1 (0.01% coexpression by flow cytometry) (Itzhaki-

Alfia et al., 2009).  The very existence of an Isl1+ c-kit+ progenitor in human adults has 

been questioned (Sussman, 2012).  Our results demonstrate, for the first time, that the 

Isl1+ c-kit+ cardiac progenitor phenotype exists in both the neonatal and adult human 

heart.  As in the embryonic heart (Serradifalco et al., 2011), all progenitors that expressed 

Isl1 expressed c-kit, however not all c-kit+ cells expressed Isl1, suggesting that the Isl1+ 

c-kit+ progenitor may be a subpopulation of c-kit+ progenitors.  PDGFR and IGF1R, 

which are present on subpopulations of c-kit+ progenitors with superior regenerative 

capacity (D'Amario, Cabral-Da-Silva, et al., 2011; Hidaka et al., 2010), were expressed at 

moderate to high levels on these cells.   

HLA Class II antigens were not expressed on the majority of neonatal and adult 

CPC clones.  MHC class II expression activates acute T-cell mediated graft rejection 

(Pietra, Wiseman, Bolwerk, Rizeq, & Gill, 2000).  Allogeneic transplantation of class I 

positive, class II negative cardiac progenitors would be expected to elicit a minor, but 

transient local immune response (Malliaras et al., 2012).   

Based on findings reported here, the capacity for cardiac regeneration after 

transplantation of CPCs in neonates and adults is impacted by underlying differences in 

epigenetic regulation.  Forty-one microRNAs were expressed at significantly different 
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levels as a consequence of age.  Pathways significantly impacted by these microRNAs 

fell into broad categories such as proliferation (ex. p53 signaling, base excision repair, 

MAPK signaling) and migration/invasion (ex. Regulation of Actin Cytoskeleton, TGF-β 

signaling, VEGF signaling) suggesting that regulatory mechanisms governing these 

processes differed significantly in neonatal and adult progenitors. In rodents, microRNA 

profiling similarly identified mechanisms by which a proliferative difference occurs when 

comparing neonatal and adult CPCs (Sirish et al., 2012).  Human embryonic CPCs 

directly isolated from the heart without culture have a proliferative advantage over adult 

CPCs (Sirish et al., 2012).  Our studies take this work a step further by using matched 

clonal populations to document distinct differences in microRNA expression when 

comparing neonatal and adult human cardiovascular progenitor cells.  

A possible mechanism for decreased proliferation in adult cardiac progenitors is 

complex regulation of the Myc-E2F1 axis by microRNAs leading to an increase in 

cellular senescence.  E2F1 is a transcriptional activator that is important in the G1/S 

transition; inappropriate accumulation of E2F1 increases DNA damage response and 

significantly impacts the ability of cells to enter the S phase of the cell cycle (Pickering et 

al., 2009).  High levels of Myc expression may result in senescence by initiating cellular 

stress (Campaner et al., 2010). This stress leads to upregulation of DNA repair proteins 

and cell cycle arrest (Robinson et al., 2009), both of which were observed in adult cardiac 

progenitors.  MicroRNA-371-3p, which was highly expressed in adult CPCs, is correlated 

with induction of senescence (Wagner et al., 2008).  Pro-proliferative microRNAs such 

as miR-106b, mir-20a, and mir-17 also play a role; these microRNAs help reduce G1 

arrest through regulation of E2F1 transcription factors (Pickering et al., 2009; Trompeter 
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et al., 2011).  Transcripts for all three microRNAs were significantly elevated in neonatal 

CPCs and mir-17 and mir-20a are directly regulated by Myc expression (Coller, Forman, 

& Legesse-Miller, 2007; Pickering et al., 2009).   

MicroRNA profiling and pathway analysis also predicted differences in the 

capacity to invade, results that were confirmed in vitro.  Fewer adult CPCs responded to 

SDF-1α, despite having adequate CXCR4 and CXCR7 receptor levels on their surface.  

SDF-1α is secreted in the damaged heart and recruits both exogenous and endogenous 

cardiovascular stem cells to the site of injury (Y. L. Tang et al., 2009).  Interestingly, not 

all neonatal and adult cardiac progenitors responded equally to SDF-1α; we identified a 

subpopulation of neonatal and adult progenitors that expressed SSEA-4.   SSEA-4 is a 

stem cell marker that identifies cells in early stages of progenitor development 

(Henderson et al., 2002).  In our study, SSEA-4 expression was correlated with 

differential expression of microRNAs involved in invasion-related pathways.  SSEA-4 is 

expressed on cancer cells that are more highly invasive (Van Slambrouck & Steelant, 

2007), however little is known about the impact of SSEA-4 on SDF-1α-induced invasion 

in cardiovascular cells.  Our study shows that SSEA-4+ progenitors invaded more readily 

in response to SDF-1α when compared to their SSEA-4- counterparts.  Comparison of 

SSEA4+ neonatal and adult CPCs demonstrated that age negatively impacts invasion.  

There may be several reasons for this age-related functional discrepancy.  SDF-1α 

signals primarily through Akt signaling or ERK1/2 signaling.  Depending on the cell 

type, these pathways can signal independently, one regulating the survival and 

proliferation functions of SDF-1 signaling, the other regulating invasion and migration 

(Peng et al., 2005).  After activation by SDF-1α, CXCR4 dimerizes and is phosphorylated 
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by JAK2 and JAK3 which create docking sites for transcription factors to propagate 

signaling (Vila-Coro et al., 1999).  Adult CPCs may demonstrate decreased CXCR4 

dimerization, reduced numbers of cosignaling molecules, or lower levels of 

phosphorylation and activation of the receptor.  Additionally, the cells themselves may 

secrete different levels of growth factors which could contribute to lower levels of 

receptor activation.  

MicroRNAs play a role in SDF-1α signaling and invasion. Significant differences 

in microRNA expression in aged cardiac progenitors influences functional parameters 

relevant for cardiovascular repair.  For example, activation of the SDF-1α receptor, 

CXCR4, induces the expression of proteases such as matrix metallopeptidase 9 (MMP9) 

which help to degrade the extracellular matrix, allowing cells to invade (Yu et al., 2011).  

The expression of MMP9 is inhibited by miR-132 (Ucar et al., 2010) and miR-206 (H. 

Liu, Cao, Ye, & Sun, 2010). The expression of these microRNAs were significantly 

upregulated in adult CPCs when compared with their expression level in neonatal CPCs 

(6.0 fold, p=0.0005, 9.6 fold, p=0.0166 respectively).  Inhibitors of invasion, such as 

metallopeptidase inhibitor (TIMP3) (Jain et al., 2012) and homeo box A5 (HOXA5) (X. 

H. Liu et al., 2012) are targeted by microRNAs upregulated in neonatal cardiac 

progenitors.  MicroRNA-103 represses the expression of TIMP-3 (Jain et al., 2012) 

(elevated 8.7 fold in neonatal CPCs, p=0.0027) and microRNA-130a represses the 

expression of HOXA5 (Chen & Gorski, 2008) (elevated 2.4 fold in neonatal CPCs, 

p=0.0288).  If adult progenitors cannot effectively invade the site of injury, a dramatic 

difference in regeneration will occur with age.   
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MicroRNA-mediated regulation of gene expression is a novel, rapidly expanding 

area of research which has opened up new therapeutic options for the reversal of heart 

disease.   Pretreatment of cardiac progenitors prior to transplantation, or direct 

administration into the heart may activate stem cell recruitment from endogenous 

sources.  In neonatal rodents, microRNA mimics had a positive effect on cytokinesis, 

DNA synthesis, and cell cycle re-entry (Eulalio et al., 2012).  MicroRNAs whose 

expression levels are altered in aged CPCs may be manipulated in vivo to promote 

recovery from myocardial damage.  For example mir-24 (upregulated 8.4 fold in neonatal 

CPCs) when introduced after myocardial infarction reduces infarct size (Boregowda et 

al., 2012). Conversely, inhibition of mir-208a (upregulated 12.4 fold in adult CPCs) 

reduced cardiac remodeling, improved cardiac function, and survival after hypertension-

induced heart failure (Abdelalim & Tooyama, 2012). The potential for microRNA-based 

therapeutics to promote stem cell mobilization, combined with an understanding of the 

role of microRNAs in cardiac regeneration, promises to open up new treatment options 

that may improve the outcome of stem cell-based therapies.  

Cardiovascular progenitor cells co-expressing c-kit and Isl1 can be identified and 

expanded in vitro from neonatal and adult heart tissue.  Epigenetic differences highlight 

the mechanism by which neonatal cardiovascular progenitor cells can proliferate and 

invade in response to cytokine stimulation, whereas the adult cells have a diminished 

capacity for mobilization.   Neonatal cardiac progenitor cell clones expressing SSEA-4 

are more responsive to stimulation and may be optimal for cardiac regeneration.   
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Methods 

Ethics Statement/ Cell Isolation and Expansion 

 The Institutional Review Board of Loma Linda University approved the protocol 

for use of tissue that was discarded during cardiovascular surgery, without identifiable 

private information, for this study with a waiver of informed consent. Discarded atrial 

cardiac tissue from human neonates (<1 month old) and adults (57-75 years old), was cut 

into small clumps (approximately 1mm3) and collagenase digested (Roche Applied 

Science, Indianapolis, IN) for approximately 2 hours at 37 degrees at a proportion of 

1:2.5 tissue volume vs. collagenase.  This solution was then passed through a 40μm cell 

strainer to isolate cardiac progenitors (Smits et al., 2009).  Resulting cells were cloned by 

limiting dilution at a concentration of 0.8 cells per well to create clonal populations 

which were expanded for further study.  Over two hundred and forty clones were isolated 

from human patients by this procedure; seventeen neonatal and sixteen adult 

cardiovascular cell clones were compared in detail for this study. The human embryonic 

stem cell line hES-3 was cultured as previously published (Kearns-Jonker et al., 2012).  

Cardiac progenitor cell clones were differentiated both by treatment with 5-azacytidine 

followed by ascorbic acid and TGF- β to induce cardiomyogenic differentiation (Smits et 

al., 2009) and by treatment with 10nM dexamethasone in DMEM/F12 media 

supplemented with 10% fetal bovine serum to induce differentiation into all three 

cardiovascular lineages (D'Amario, Fiorini, et al., 2011).  Cardiomyogenic differentiation 

was confirmed by measuring the induction of mature cardiac-specific transcripts by RT-

PCR.  Expression of endothelial, smooth muscle, and cardiomyocyte markers induced by 

dexamethasone treatment were quantified by flow cytometry.   
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Flow Cytometry Experiments 

 Cells were labeled using antibody concentrations that were recommended by the 

manufacturer(s).  Fluorescently labeled cells were analyzed using a MACSquant analyzer 

(Miltenyi Biotec, Auburn, CA).  FlowJo software (Ashland, OR) was used for 

quantification.  Dead cells and small particles were gated out using forward-scatter, side-

scatter gating.  Isotype controls (MS IgG1) were used to define negative and positive 

populations.  Antibodies used included CD105-PE, IGF1R-PE, CXCR4-PE, CXCR7-PE, 

CD140a-PE, CD146-PE, SSEA-4-FITC, Pan HLA-FITC, CD309-PerCP/Cy5.5 

(Biolegend, San Diego, CA), CD44-FITC, CD13-PE, CD31-PE, HLA-Dr-PE, CD73-PE, 

CD34-PE (BD Biosciences San Jose, CA), CD90-PE (Immunotech, Brea, CA), CD117-

PE (Millipore, Billerica, MA).  Additional antibody data can be found in appendix; 

supplementary table 2. Relative percentage of large neonatal and adult cardiovascular 

progenitors was assessed by flow cytometry.  Large cells were defined by forward scatter 

gating that was uniformly applied to all samples and the percentage of cells within this 

gate was compared. Each test was run in duplicate. 

 

RT-PCR 

 Total RNA was extracted from neonatal and adult cardiovascular progenitor cell 

clones and reverse transcribed into cDNA using superscript III (Invitrogen, Grand Island, 

NY). Real-time PCR was performed using Go Taq® Green Master Mix (Promega, 

Madison, WI). The PCR conditions were: 94°C for 10 minutes, 94°C for 15 seconds, 

56°C for 60 seconds, 72°C for 30 seconds for a total of 40 cycles. Human primers were 

created using NCBI primer blast and included tyrosine-protein kinase (c-kit), 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and ISL LIM homeobox 1 (Isl1).  

Primer sequences are listed in appendix; supplementary table 6.   

 For microRNA profiling experiments, total RNA was extracted from 

representative neonatal (N=8) and adult (N=3) CPC clones and converted to cDNA using 

the RT2 miRNA First Strand Kit (SABiosciences, Valencia, CA).  The Cell Development 

& Differentiation miRNA PCR array plates (SABiosciences, Valencia CA) and RT2 

SYBR Green qPCR Mastermix (SABiosciences, Valencia, CA) was used.  Plates were 

run on an iCycler iQ5 PCR Thermal Cycler (Bio-Rad, Hercules, CA) for 94°C for 10 

minutes, 94°C for 15 seconds, 60°C for 60 seconds, 72°C for 30 seconds for a total of 40 

cycles.  Fold change was calculated using the ΔΔCt method(Rodier & Campisi, 2011).  

Data from representative cardiovascular cell clones was analyzed individually, then 

pooled within age groups.  The microRNA expression data has been deposited in NCBI’s 

Gene Expression Omnibus (Edgar, Domrachev, & Lash, 2002) and are accessible through 

GEO series accession number GSE49235.  miRNAs that were expressed at significantly 

different levels when comparing neonatal CPC with adult CPC were analyzed using 

DIANA mirPath computational software (Athens, Greece) which performs an enrichment 

analysis of multiple microRNA target genes, comparing each set of microRNA targets to 

all known KEGG pathways (T. M. Liu et al., 2013).   

 

Cell Cycle Analysis 

 Cells were trypsinized at 60-80% confluency, counted, and concentrated to 105 

cells/0.3ml PBS.  Ethanol (0.7ml) was added dropwise to fix the cells.  Cells were stored 

for at least 1 hour at -20 degrees, washed, incubated at 37 degrees with RNase A 
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(0.5mg/ml Invitrogen, Grand Island, NY) and propidium iodide was then added at a final 

concentration of 10μg/ml. Samples were run on MACSquant analyzer (Miltenyi BIotec, 

Auburn, CA).  Cell cycle analysis was done using FlowJo software (Ashland, OR).  

 

Transwell Invasion Assay 

 Cells were plated in the top well of Costar Transwell plates (8μm pores), coated 

with Cultrex™ basement membrane extract (Trevigen, Gaithersburg, MD) mimicking 

extracellular matrix.  Cells were plated at a density of 100,000 cells per 100μl in starved 

medium.  Stromal cell-derived factor-1α (SDF-1α, Invitrogen, Grand Island, NY) was 

used as a chemoattractant at a concentration of 100ng per ml of M199 plus EGM-2 in the 

bottom chamber of a transwell plate.  After 24 hours, cells in the bottom wells were 

trypsinized and counted using a flow cytometer. The response of neonatal and adult CPC 

clones was analyzed individually then pooled by age and subdivided according to the 

presence or absence of SSEA-4 expression.    

 

Immunocytochemistry 

 Neonatal and adult CPC were plated on gelatin coated Lab-Tek II cc2 chamber 

slides (Nunc, Rochester, NY) and grown at 37º for 4 days, fixed in 4% paraformaldehyde 

and stained using a primary anti-troponin I antibody at 10μg/ml (Millipore #MAB1691, 

Billerica, MA) and FITC-conjugated, goat anti-mouse IgG secondary antibody at 2μg/ml 

(Southern Biotech, Birmingham, Alabama).  Coverslips were mounted using Prolong 

Gold antifade with DAPI (Invitrogen, Grand Island, NY).  Slides were imaged using a 

Zeiss confocal LSM 710 NLO laser-scanning, confocal microscope (GmbH, Germany). 
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Statistics 

 RT2 Profiler PCR Array Data Analysis software (SABiosciences, version 3.5) was 

used to calculate statistical significance for microRNA profiling.  Data was tested for 

normal distribution using the Anderson-Darling normality test calculator Version 6.0 

with an alpha of 0.05 (faculty.missouri.edu/~glaserr/3700s11/AD-Test_Calculator.xls).  

For normally distributed data, an unpaired, two-tailed student's t test was performed. For 

data that was not normally distributed, a Mann-Whitney Rank Sum Test was performed.  

Statistically significant differences were identified as P < 0.05. Data was reported as the 

mean +/- standard error. 
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CHAPTER THREE 

INVESTIGATION OF A NOVEL THERAPEUTIC STRATEGY TO IMPROVE 

ENDOGENOUS CARDIAC STEM CELL FUNCTION 

 

Introduction 

The ERK signaling pathway is the classical mitogen-activated protein kinase 

signaling pathway that is stimulated by a variety of growth factors including SDF-1α (Hu 

et al., 2007; Yin et al., 2011).   Changes in the phosphorylation of ERK can have 

functional consequences on cell proliferation, invasion, and secretory phenotype (Howe, 

Aplin, & Juliano, 2002; H. J. Lee, Cho, Kwon, Park, & Kim, 2013; Xie et al., 2014). 

ERK signaling is required for cardiosphere formation and subsequent VEGF production, 

and inhibition of ERK results in increased levels of stemness associated genes such as 

OCT4 (Cho et al., 2012).  Tight regulation of the ERK signaling pathway in CPCs is 

essential, as small increases in phosphorylation can result in functional benefits whereas 

large increases in ERK phosphorylation are associated with replicative senescence (Choi 

et al., 2013).  Duration and intensity of ERK phosphorylation can also impact 

downstream functional consequences (Murphy & Blenis, 2006).   

In this chapter we investigated the potential for a novel combination of short-term 

hypoxia and prostaglandin E2 treatment to improve endogenous CPC function through 

regulation of the MAPK/ERK signaling pathway.  There is evidence that treatment of 

with a combination of hypoxia and PGE2 can result in additive functional improvements 

(Jung, Choi, Yoo, Baek, & Kwon, 2013) through overlapping signaling.  In human cancer 

cells, 24 hours of hypoxia (1% oxygen) activated the cyclooxygenase-2-PGE2 synthase 

axis (J. J. Lee et al., 2010).  Conversely, treatment with PGE2 induced hypoxia-inducible 
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factor-1α (HIF-1α) stabilization and nuclear localization (X. H. Liu et al., 2002).  In 

endothelial cells, exogenous administration of PGE2 augmented hypoxia-induced 

proliferation and VEGF secretion (Zhao et al., 2012) and in hematopoietic stem cells, 

increased HIF-1α was required for increased migration through PGE2 mediated 

upregulation of CXCR4 (Speth, Hoggatt, Singh, & Pelus, 2014).  Both migration and 

invasion are important CPC functions required for cardiac regeneration.  In response to 

external stimuli, cardiac progenitors must first migrate through the blood and 

extracellular fluid towards the site of injury.  Once at the site of injury, CPC must then 

invade, through the use of proteases and other proteins and infiltrate the injured area.  In 

this chapter, we report the response of neonatal and adult cardiovascular progenitors 

treated with short-term hypoxia and prostaglandin E2.  We measured the relative 

phosphorylation of ERK and the functional consequences of altered signaling after cell 

treatment, specifically, cell cycle progression, expression of paracrine factors, and 

migration.   

The portion of this work that was prepared for publication is included in this 

chapter.  The data summarizing the treatment of cells with hypoxia alone and treatment 

of cells with a combination of hypoxia and prostaglandin E2 is included in the appendix.  

In brief, exposure to hypoxia (1% oxygen) increased the phosphorylation of ERK 

(Appendix, supplementary figure 3) and combination of prostaglandin E2 with hypoxia 

further increased the phosphorylation of ERK (Appendix, supplementary figure 4).  

Migration, which was not altered by hypoxia exposure, was increased with a combination 

of prostaglandin E2 and hypoxia when compared with untreated cells (9803 vs 1987 cells, 

p=0.07, appendix, supplementary figure 5). Cell cycle progression, on the other hand was 
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not significantly altered by either hypoxia treatment alone or a combination of hypoxia 

and prostaglandin E2 (Appendix, supplementary figure 6).  Therefore, the combination of 

prostaglandin E2 with hypoxia can increase CPC ERK phosphorylation and migration 

when compared with hypoxia treatment alone.   

 

  



86 

Prostaglandin E2 Treatment Reduces Paracrine Factor Expression and ERK 

Phosphorylation in Human Endogenous Cardiac Stem Cells 

 

 

 

Tania I Fuentes1, Ivan Hernandez1, Leonard Bailey2, Nahidh Hasaniya2, and Mary 

Kearns-Jonker1* 

  

 

 

 

 

 

 

1Departments of Pathology and Human Anatomy and 2Cardiothoracic Surgery, Loma 

Linda University School of Medicine, Loma Linda, California, USA 

 

 

 

 

 

 

 

Running Title: Prostaglandin E2 and cardiac stem cells 

 

* Corresponding author 

Email: mkearnsjonker@llu.edu (MKJ) 

 

 



87 

Abstract 

Prostaglandin E2 improves functional outcome when injected into the heart or co-

transplanted with stem cells after a myocardial infarction.  This effect may be mediated 

through activation of select populations of existing stem cells.    The signaling and 

functional events associated with treatment of human endogenous cardiac stem cells with 

prostaglandin E2 is unknown.  In this report we used clonal populations of Islet-1+ c-kit+ 

cardiac stem cells that were derived from the human heart to study the effect of 

prostaglandin E2 on migration, cell cycle progression, gene expression and signaling. 

Islet-1+ c-kit+ cardiac progenitors expressed transcripts for prostaglandin receptors EP1, 

EP2, and EP4 but not EP3 by PCR.  A significant increase in migration of cardiac 

progenitors was identified after 24 hours of prostaglandin E2 treatment, using a transwell 

migration assay.  On the other hand, cell cycle progression (as measured by flow 

cytometry) was unchanged and differentiation along the cardiac specific lineage as 

identified by transcripts for troponin T and myosin light chain 2v was not significantly 

induced by a short term exposure to prostaglandin E2.  Transcripts for genes encoding 

paracrine factors that play a key role in cardiac stem cell regenerative ability, including 

insulin-like growth factor 1, stromal cell-derived factor 1α, and vascular endothelial 

growth factor A, were expressed at significantly lower levels in endogenous cardiac 

progenitors following prostaglandin E2 treatment.  Phosphorylation of ERK and the 

prosurvival protein, AKT, was also reduced.  Our studies show that prostaglandin E2 

treatment for 24 hours improves Islet-1, c-kit+ progenitor cell migration but reduces 

cytokine expression and the activation of key pathways involved in cardiac stem cell 

regenerative ability. 
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Introduction 

The inability of the adult human heart to completely repair itself after injury, and 

the growing number of patients with heart disease, has fueled the investigation of stem 

cell-based therapeutics to enhance cardiac regeneration.  Recent clinical trials using 

endogenous cardiac stem cells administered after myocardial infarction have 

demonstrated some benefit following transplantation, however outcomes are varied and 

do not completely ameliorate dysfunction (Bolli et al., 2012; Malliaras et al., 2014).  Pre-

treating stem cells prior to transplantation can lead to increased cardiac regeneration after 

myocardial infarction (Hahn et al., 2008; Li et al., 2010)  and several approaches have 

been taken to optimize stem cell function in vitro.  One concept is to harness the innate 

response to injury as a means of developing new methods that may further enhance 

regeneration.  For example, in response to cellular injury such as myocardial infarction, 

prostaglandin E2 is secreted within the infarct zone.  Prostaglandin E2 (PGE2) is a lipid 

compound derived from arachidonic acid through a reaction catalyzed by COX-2.  

Although prostaglandin E2 is immunomodulatory (Dhingra et al., 2013; Kalinski, 2012) 

and has been shown to promote tolerance when co-transplanted with stem cells into the 

heart (Dhingra et al., 2013),  there is evidence that it may also facilitate cardiac repair 

(Xiao et al., 2004).  After myocardial infarction, injection of prostaglandin E2 increases 

the number of cardiomyocytes in the border zone (Hsueh, Wu, Yu, Wu, & Hsieh, 2014), 

whereas knockout of prostaglandin receptor EP4 increases infarct size (Xiao et al., 2004) 

and microsomal deletion of prostaglandin E2 synthase-1 impairs restoration of left 

ventricular systolic and diastolic function (Degousee et al., 2008).  Prostaglandin E2, 

therefore, is crucial to repair and may play a role in activating endogenous stem cells.  
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We hypothesized that pretreatment of cardiac stem cells with PGE2 prior to 

transplantation may enhance their regenerative capacity.   

We have previously identified an early cardiovascular progenitor cell population 

that can be isolated from the human heart and expresses both the early stem cell marker 

Islet-1 (Isl-1) as well as tyrosine protein kinase, c-kit (Fuentes et al., 2013).  In this 

report, we characterized the effect of prostaglandin E2 on gene expression, signaling, cell 

cycle progression and migration in clonal populations of human Isl-1+c-kit+ cardiac 

progenitor cells (CPCs). 

 

Materials and Methods 

Ethics Statement/Cell Isolation and Expansion 

The Institutional Review Board of Loma Linda University approved the protocol 

for use of tissue that was discarded during cardiovascular surgery, without identifiable 

private information, for this study with a waiver of informed consent. All experiments 

were performed according to the principles expressed in the Declaration of Helsinki.  

Discarded cardiac tissue from the right atrium was cut into ~1mm3 clumps then incubated 

at 37oC for 2 hours with collagenase (Roche Applied Science, Indianapolis, IN).  This 

solution was then passed through a 40µM cell strainer to isolate cardiac progenitors 

(Smits et al., 2009).  To create clonal populations for further study, cells were grown at a 

concentration of 0.8 cells/well and expanded for further study.   

 

Prostaglandin E2 Dilution 

Lyophilized prostaglandin E2 (Cayman Chemical, Ann Arbor, MI) was dissolved 
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in DMSO at a concentration of 10mM and stored at -20oC.  Prior to adding PGE2 to cell 

culture medium, the pH of the media was adjusted to approximately 6.8-7.0. 

 

Cell Cycle Progression 

To investigate relative cell cycle progression, cells were treated for 24 hours with 

normal growth medium supplemented with 10µM PGE2.  After 24 hours, cells were 

trypsinized and counted.  One hundred thousand cells were fixed in 70% ethanol, 

incubated at 37oC with RNAse A (0.2mg/ml, Fisher Scientific Pittsburg, PA), then 

labeled with propidium iodide.  Stained samples were run on a MACSquant analyzer 

(Miltenyi Biotec, Auburn, CA) and analyzed using Flowjo software. 

 

Flow Cytometry 

We used flow cytometry to measure phosphorylated proteins. Quantitation of 

phosphorylated proteins by flow cytometry is consistent with data obtained by the more 

conventional western blot technique and has the added advantage of being able to assess 

phosphorylation levels on single cells (Abrahamsen & Lorens, 2013; Jun, Lee, Song, 

Mansfield, & Chou, 2011; Krutzik & Nolan, 2003).  This technique can also determine 

whether or not the level of response is homogenous within the population (Krutzik, Irish, 

Nolan, & Perez, 2004).  Cardiovascular progenitor cell clones were grown for 24 hours in 

starving medium then treated with 10µM PGE2 for 15 minutes.  Following treatment, 

cells were trypsinized, fixed with 4% paraformaldehyde, permeabilized with 90% 

methanol, and labeled with antibodies against phosphorylated ERK 1/2 (Thr202/Tyr204, 

Cell Signaling Technology, Danvers, MA) at a 1/200 dilution or pAKT (Ser473, Cell 
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Signaling Technology, Danvers, MA) at a 1/100 dilution. FITC-labeled goat anti-rabbit 

IgG (BD Biosciences San Jose, CA) at a dilution of 1/150 was used as a secondary 

antibody.  After antibody incubation, cells were analyzed using MACSquant analyzer 

(Miltenyi Biotec, Auburn, CA).  Small particles and dead cells were gated out using 

forward-scatter, side-scatter gating.  FlowJo software (Ashland, OR) was used for 

quantification. 

 

Migration 

Migration experiments were performed after CPCs were grown in normal growth 

medium supplemented with 10µM PGE2 for 24 hours.  Cardiac progenitors were then 

trypsinized, counted and plated at a density of 50,000 cells per well in a 96 well transwell 

migration assay with 8 micron pores (Corning, Union City, CA).  Migration experiments 

were performed according to manufacturer’s instructions.  In brief, CPCs were 

resuspended in starving medium and plated in the top chamber.  Normal growth medium 

supplemented with 100ng/mL of SDF-1α (Life Technologies, Grand Island, NY) was 

used as a chemoattractant in the bottom chamber.  After 6 hours, migrated cells in the 

bottom chamber were stained using Calcein AM (Fisher Scientific Pittsburg, PA) and 

fluorescence was measured using a FLX800 fluorescent plate reader (Bio-Tek, Winooski, 

VT).  Fluorescence was converted to cell number using a standard curve as per 

manufacturer’s instructions. 

 

Quantitative RT-PCR 

Trizol reagent (Life Technologies, Grand Island, NY) was used to store cells after 
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PGE2 treatment (10µM for 24 hours).  RNA was isolated using the RNeasy Mini-spin 

Columns (Qiagen, Valencia, CA) and 500ng of RNA was used to make cDNA using the 

Superscript III protocol (Life Technologies, Grand Island, NY).  Beta actin was used as a 

housekeeping control.  RT-PCR was run on an IQ5 machine (Bio-rad, Hercules, CA).  

The PCR conditions were: 94°C for 10 minutes, 94°C for 15 seconds, 56°C for 60 

seconds, 72°C for 30 seconds for a total of 45 cycles or 94°C for 10 minutes, 94°C for 15 

seconds, 55°C for 60 seconds, 72°C for 30 seconds for a total of 45 cycles.  Primer 

sequences can be found in appendix, supplementary table 7.  Fold change was derived 

using the ∆∆Ct Method (Schmittgen & Livak, 2008).  

 

Statistics 

A paired student’s t test was used to calculate significance in cell cycle, 

migration, and flow cytometry experiments.  A student’s t test was used for RT-PCR 

experiments.  Significance was set at p<0.05.  Data is represented as the mean +/- the 

standard error. 

 

Results and Discussion 

The vital role of prostaglandin E2 in heart regeneration (Degousee et al., 2008; 

Hsueh et al., 2014; Xiao et al., 2004) lends credence to the idea that PGE2 can activate 

the human cardiac progenitor population.  However, this has not been thoroughly 

investigated.  It is unknown whether the majority of benefits after prostaglandin E2 

administration are mediated through direct activation of existing stem cells within the 

heart, or are mediated through other cell types.  In this study, we used clonal populations  



93 

 

 

 

 

 

 

Fig. 7. Cell cycle progression after 24 hour treatment of cardiac progenitors with 10µM 

PGE2.  A) Representative histogram of cell cycle progression in a cardiac progenitor cell 

clone.  B) Quantification of cell cycle analysis.  There was no significant difference in the 

cell cycle progression in cardiac progenitor cell clones (n=4) after 24 hours of 10µM PGE2 

treatment. 
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of human endogenous cardiac progenitors that co-express both c-kit and Isl-1 to elucidate 

whether PGE2 could be used as a pretreatment to improve CPC function.   The use of 

single cell clones with a clearly defined phenotype (Fuentes et al., 2013) allows us to 

correlate functional response after PGE2 exposure to a single cell type that normally 

resides within the heart.   

Methods to promote efficient cardiac regeneration will ideally optimize functions 

such as cell proliferation and migration.  The ability of stem cells to effectively divide 

and repopulate damaged tissue is key to their capacity for cardiac repair.  We measured 

the effect of PGE2 treatment on proliferation of Isl-1+c-kit+ cardiac progenitors using a 

flow cytometry-based approach.  After 24 hours, 10µM PGE2 treatment did not alter the 

percentage of dividing cells.  There was no significant change in the frequency of cells in 

G1, S, or G2 phase of the cell cycle (n=4, Fig. 7).  This outcome is consistent with results 

from other studies using other cell types, such as neuroectodermal stem cells that do not 

demonstrate changes in cell proliferation after PGE2 treatment (Wong, Ahmad, Li, & 

Crawford, 2014).  By and large, the cellular response to PGE2 appears to be dependent on 

variables that include cell source, cell type and dose of PGE2.  In certain populations of 

mesenchymal stem cells, treatment with 10µM of PGE2 for 24 hours increases 

proliferation (Jang et al., 2012).  In other cell types, proliferation is inversely related to 

dose, high doses of prostaglandin E2 decreases proliferation and low doses increases 

proliferation (Kleiveland, Kassem, & Lea, 2008; Zhang & Wang, 2014).  It is important 

to note that cell cycle progression, although unchanged, was not adversely affected by 

prostaglandin E2 treatment. 
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Fig. 8. Migration after PGE2 treatment in cardiac progenitor cell clones.  Treatment with 

10µM PGE2 significantly altered cardiac progenitor cell migration after 24hrs (n=4, 

p=0.049) but not after 6 hours (n=4, p=0.32). 
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Migration is also key to regeneration.  After injury, cardiac progenitors must 

migrate away from the stem cell niche towards the site of injury.  One of the factors that 

can induce CPC migration after myocardial infarction is SDF-1α (J. M. Tang et al., 

2011).  Previously, we have demonstrated that Isl-1+c-kit+ cardiac progenitor cell clones 

have ample expression of the SDF-1α receptor responsible for cell migration, CXCR4 

(Fuentes et al., 2013).  We therefore tested the effect of prostaglandin E2 on migration of 

human Isl-1+c-kit+ cardiac stem cells in response to normal growth medium 

supplemented with SDF-1α.  We compared the effect of both a 6 hour, and a 24 hour 

treatment with 10µM PGE2.  As with other cell types (Hoggatt, Singh, Sampath, & Pelus, 

2009; X. H. Liu et al., 2002; Speth et al., 2014; Weller et al., 2007), prostaglandin E2 

significantly increased SDF-1α-induced migration of Isl-1+c-kit+ cardiac stem cells after 

24 hours (9.7x103 cells, PGE2-treated CPCs vs 6.7x103 cells, untreated CPCs, n=4, 

p=0.049, Fig. 8).  A six hour treatment, however, did not alter cell migration (6.1x103 

cells, PGE2-treated CPCs vs 5.5x103 cells, untreated CPCs, n=4, p=0.32, Fig. 8), 

suggesting that time may be a factor in stem cell activation.  The increased chemotaxis of 

CPCs after PGE2 treatment may explain the elevated expression levels of stem cell 

markers (noted by others) within the heart after prostaglandin E2 injection in mice (Hsueh 

et al., 2014).  This suggests that prostaglandin E2 may play a role in homing resident 

cardiac stem cells to the site of injury and could hypothetically be used as a pretreatment 

to increase cell migration. 

There are four receptors for prostaglandin E2 including EP1, EP2, EP3, and EP4.  

In mice, EP4 is the most abundantly expressed prostaglandin receptor within the heart 

(Xiao et al., 2004).  Previous reports have demonstrated expression of all four  
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Fig. 9. Expression of prostaglandin E2 receptors by PCR.  Cardiac progenitor cell clones 

were examined by PCR to determine whether they expressed prostaglandin E2 receptors.  

PCR products were run on a gel.  Transcripts for EP1 (size = 323bp) EP2 (size = 327bp) 

and EP4 (size = 464bp) were expressed on cardiac progenitor cell clones.  EP3 (size = 384 

bp) transcript expression was not found.   
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prostaglandin E2 receptors on other human stem cell types such as mesenchymal (Jang et 

al., 2012) and hematopoietic stem cells (Hoggatt et al., 2009), however whether resident 

human cardiac progenitors express receptors for prostaglandin E2 is unknown.  We 

therefore measured transcripts for the four prostaglandin receptors by PCR.  Isl-1+ c-kit+ 

cardiac progenitors expressed transcripts for EP1 (product size 323bp), EP2 (product size 

327bp), and EP4 (product size 464bp).  EP3 (product size 384bp), however, was not 

expressed in any of the CPC clones tested (Fig. 9).     This suggests that the response of 

human CPCs to prostaglandin E2 is possibly mediated through signaling in one or more 

of the prostaglandin receptors including EP1, EP2, and EP4, but not likely EP3. 

Enhanced migration in cardiac progenitors after prostaglandin E2 treatment could 

involve signaling in the PI3K-AKT pathway (Guo et al., 2014).   Prostaglandin E2 

treatment (in cancer cells, tendon stem cells, and dendritic cells) can increase PI3K-AKT  

signaling as evidenced by increased levels of phosphorylated AKT (George, Sturmoski, 

Anant, & Houchen, 2007; J. Liu, Chen, Tao, & Tang, 2013; Vassiliou, Sharma, Jing, 

Sheibanie, & Ganea, 2004).  In this study, we quantified the activation of the PI3K-AKT 

signaling pathway after prostaglandin E2 treatment by measuring the level of 

phosphorylated AKT by flow cytometry.  Surprisingly, treatment with 15 minutes of 

10µM PGE2, which can increase AKT phosphorylation in other cell types (Buchanan et 

al., 2006; Wang & Klein, 2007), decreased AKT phosphorylation levels in CPCs (3968 

MFU decrease, n=6, p=0.056, Fig. 10A&C).  This suggests that increased migration after 

PGE2 treatment in endogenous CPCs, is likely independent of PI3k-AKT signaling.  This 

decrease in phosphorylated AKT could hypothetically impact functions such as cell 

survival (Liou et al., 2007; Vassiliou et al., 2004).  
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Fig. 10. Changes in ERK and AKT phosphorylation after PGE2 treatment in starved 

medium.  Representative histograms displaying A) phosphorylated AKT and B) 

phosphorylated ERK protein expression levels by flow cytometry after 15 minutes of PGE2 

treatment.  C) Levels of phosphorylated AKT were decreased by PGE2 treatment but not 

significantly (n=6, p=0.056). D) Levels of phosphorylated ERK were significantly 

decreased after prostaglandin E2 treatment in cardiac progenitors (n=6, p=0.035).   
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At the present time, stem cell survival after transplantation has been reported to be 

relatively low to negligible on a long-term basis (K. U. Hong et al., 2014; Malliaras et al., 

2013).  Due to this fact, paracrine mechanisms (rather than direct differentiation), have 

been reported to account for the majority of the beneficial effects of cardiac stem cell 

transplantation (Chimenti et al., 2010; Kyung U Hong et al., 2014).  In other types of 

resident cardiac stem cells, the MAPK/ERK pathway regulates the secretion of beneficial 

paracrine factors (H. J. Lee et al., 2013).  When cardiac stem cells are in ERK-stimulating 

conditions, growth factors, such as VEGF, are secreted at elevated levels, whereas in 

ERK-inhibitory conditions, cells are more prone to cardiomyogenic differentiation (H. J. 

Lee et al., 2013).  The MAPK/ERK signaling pathway, if altered, can also affect cell 

proliferation, migration, stemness and secretory phenotype (Cho et al., 2012; H. J. Lee et 

al., 2013; Ryu et al., 2010; Xie et al., 2014).  We measured changes in the MAPK/ERK 

signaling pathway by quantifying the level of phosphorylated ERK (pERK) by flow 

cytometry.  After 15 minutes of exposure to 10µM PGE2, the level of pERK declined 

significantly (19,406 MFU decrease, n=6, p=0.035, Fig. 10B&D).  This same time frame 

increases ERK phosphorylation in other cell types (Krysan et al., 2005; Rao et al., 2007). 

Under “ERK-inhibitory” conditions (H. J. Lee et al., 2013) we would expect 

decreased growth factor expression.  After prostaglandin E2 exposure we used RT-PCR 

to quantify the expression of paracrine factors in Isl-1+c-kit+ cardiac progenitors.  These 

growth factors included hepatocyte growth factor (HGF), insulin-like growth factor 1 

(IGF-1), stromal cell-derived factor 1α (SDF-1α), and vascular endothelial growth factor 

A (VEGFA) which are all known to improve cell function and enhance cardiac  
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Fig. 11. Expression of growth factors in cardiac progenitor cell clones after PGE2 

treatment.  After 24 hours of 10µM PGE2, the expression of SDF-1, IGF1, and VEGFA 

were significantly downregulated in cardiac progenitor cell clones as shown by RT-PCR 

(n=3, run in triplicate, p<0.05). 
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regeneration after injury (Cheng et al., 2014; Hu et al., 2007; Linke et al., 2005; J. Tang 

et al., 2009).  As expected (based on ERK phosphorylation levels), 24 hours of 

prostaglandin E2 treatment significantly decreased the expression of transcripts for SDF-

1α, IGF1, and VEGFA (2.3 fold, 7.4 fold, and 9.5 fold respectively, p<0.0000001, Fig. 

11).  This decline in growth factor expression levels is a novel finding that is inconsistent 

with reports in other cell types (Jang et al., 2012; Junpeng Liu, Chen, Liu, & Tang, 2014; 

Peng et al., 2013; Zhao et al., 2012) and raises the possibility that prostaglandin E2 

treatment, in Isl-1+c-kit+ cardiac stem cells, may hinder their therapeutic efficacy after 

transplantation and consequently their regenerative capacity. 

In this study, prostaglandin E2 treatment lowered both the phosphorylation level 

of ERK and the expression of transcripts for SDF-1α, IGF-1, and VEGFA.  We therefore 

also measured the effect of PGE2 on the expression of cardiac specific transcripts, 

Troponin T and MLC2v.  After 24 hours of 10µM PGE2, we identified a trend (less than 

2-fold) towards increased expression levels of Troponin T and MLC2v that was not 

found to be significant when compared with untreated cells (Fig. 12, n=3, run in 

triplicate).  This suggests that 24 hours is not sufficient to significantly upregulate 

cardiac-specific transcripts associated with cardiomyogenic differentiation.   

 

Conclusions 

In this report, we evaluated the effect of prostaglandin E2 on Isl-1+c-kit+ cardiac 

progenitors derived from the human heart.  Although prostaglandin E2 is a crucial factor 

involved in cardiac regeneration (Degousee et al., 2008; Hsueh et al., 2014; Xiao et al., 

2004), at the current doses it is not a preferable pretreatment option for CPCs.  Resident  
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Fig. 12. Cardiac differentiation in CPCs after PGE2 treatment.  RT-PCR expression levels 

of cardiac-specific differentiation transcripts, cardiac troponin T (Trop T) and myosin light 

chain 2 (MLC2v), were not significantly altered after 24 hours of 10µM PGE2 treatment in 

cardiac progenitor cell clones (n=3, run in triplicate). 
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cardiac stem cells show enhanced cell migration after exposure to 10µM prostaglandin 

E2, however paracrine factor expression declines.  Likewise, the phosphorylation of ERK 

and AKT, key proteins involved in cell function and survival were decreased in CPCs 

after short-term prostaglandin E2 treatment. 
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CHAPTER FOUR 

CONCLUSIONS & FUTURE DIRECTIONS 

 

Summary 

 The purpose of this dissertation was to define key epigenetic, phenotypic, and 

functional changes that distinguish neonatal and adult cardiovascular progenitors.  In 

chapter 2, we determined that cardiac progenitors isolated from the adult human heart 

have a clear shift in microRNA expression profile with 41 significantly altered 

microRNAs.  These epigenetic differences may contribute to functional disparities 

evident between neonatal and adult cardiac progenitors including significantly decreased 

cell cycle progression and reduced SDF-1α-induced cell invasion in adult cardiac 

progenitors.  Interestingly, both neonatal and adult CPCs had similar cardiomyogenic 

differentiation ability as assessed by the expression of cardiac-specific transcripts during 

5-azacytidine induced cardiac differentiation by RT-PCR.  This change in cardiac stem 

cell functional ability is consistent with studies that have determined that neonatal CPCs 

have a higher regenerative ability in vivo when compared with adult CPCs (Simpson et 

al., 2012).  We also distinguished a subpopulation of cardiac progenitors that express 

SSEA4, which have superior ability to invade in response to growth factor simulation. 

In chapter 3, our goal was to investigate a novel strategy to improve cardiac 

progenitor cell function that could serve as a potential pre-treatment of cardiac 

progenitors prior to transplantation into the heart after injury.  To this end, we assessed 

the effect of a combination of hypoxia and prostaglandin E2 on CPC function.  The 

treatment of CPC with hypoxia for 48 hours followed by an acclimatization period of 

normal culture conditions for 6 hours and then 6 hours of 10µM prostaglandin E2 did 
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increase ERK phosphorylation and migration when compared with untreated CPCs and 

CPCs treated with hypoxia alone.  However, treatment of CPCs with hypoxia (when 

administered alone) and the combination of hypoxia with prostaglandin E2 did not 

significantly alter cell cycle progression.  

 In this chapter we were also able to elucidate novel changes in CPC function in 

response to prostaglandin E2.  Although PGE2 treatment can benefit the heart in vivo, it 

may not uniformly improve cardiac stem cell function in vitro. We identified that CPCs 

expressed three of the four prostaglandin E2 receptors including EP1, EP2, and EP4 by 

PCR.  Twenty-four hours of 10µM PGE2 treatment significantly increased cell migration, 

but decreased the expression of paracrine factors that play important roles in myocardial 

regeneration.  Furthermore, short-term treatment with prostaglandin E2 decreased the 

phosphorylation of AKT and ERK, key signaling molecules involved in stem cell 

regenerative ability. 

 

Future Directions 

At the end of this work, we are left with several important questions that may 

serve as building blocks for future studies.  Our long-term goals are to define the 

mechanisms that contribute to cardiac stem cell-mediated myocardial regeneration and to 

optimize cardiac stem cell functional ability.    

The significant change in microRNA expression profile with age lends credence 

to the idea that the packaging and secretion of expressed microRNAs is also affected in 

aged CPCs.  MicroRNAs can act as paracrine factors by being packaged and secreted 

within small membrane vesicles of endocytic origin known as exosomes (Théry, 
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Zitvogel, & Amigorena, 2002).  However, it is unknown whether age influences the level 

of exosomes secreted by cardiac stem cells, and secondly whether age can alter the type 

and levels microRNAs packaged within exosomes.  To test this, we will first isolate 

exosomes and validate isolation by western blot marker CD63 as well as confirmation of 

relative size of isolated particles.  We will then be able to compare relative secretion 

levels of neonatal and adult cardiac progenitors, isolate microRNAs from exosomes 

(Moldovan, Batte, Wang, Wisler, & Piper, 2013), and determine the relative profile of 

microRNAs within exosomes derived from the neonatal and adult CPC conditioned 

medium.  Lastly, the relative ability of exosomes derived from neonatal and adult CPC to 

regulate gene expression and resistance to cell death in cardiomyocytes will be measured 

in vitro.  This will provide novel information regarding the shift in microRNA expression 

within exosomes with age in CPCs, and will allow us to correlate this shift in microRNA 

expression with functional differences in cardiomyocytes after exosome treatment in 

vitro.  

  Exosomes can act as critical agents in cardiac regeneration (Chen et al., 2013); 

transplantation of CDC-derived exosomes into injured mouse hearts recapitulates the 

regenerative and functional effects produced by CDC transplantation, and this effect is 

partially mediated by the microRNAs packaged within them (Ibrahim, Cheng, & Marban, 

2014).  In our work, and work from other laboratories, we have demonstrated the superior 

functional capacity of cardiac stem cells derived from the neonatal heart when compared 

with cardiac stem cells from the adult heart (Fuentes et al., 2013; Simpson et al., 2012).  

It is unknown, however, whether exosomes secreted from neonatal CPCs have a superior 

ability to ameliorate cardiac injury when compared with exosomes from adult CPCs.  To 
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evaluate this we could isolate exosomes from human neonatal and adult CPC conditioned 

medium and compare their therapeutic efficacy in a mouse model of myocardial 

infarction by intramyocardial delivery of conditioned medium-derived exosomes.  Thirty 

days after exosome administration, relative infarct size and viable tissue as well as the 

level of apoptosis within the heart could be used to determine relative regenerative 

efficacy. 

The response of cardiovascular progenitors to prostaglandin E2 treatment outlined 

in chapter 3 in light of the overwhelming evidence of benefits of prostaglandin E2 in 

cardiac injury (Hsueh, Wu, Yu, Wu, & Hsieh, 2014) leaves the question as to the 

mechanisms responsible for this disparity in effect.  It is known, in other types of stem 

cells, that PGE2 can have a biphasic effect with opposing responses at low and high doses 

(Kleiveland, Kassem, & Lea, 2008; Zhang & Wang, 2014).  Although, in our study, we 

did not see uniformly beneficial effects of prostaglandin E2 treatment, this could be due 

to dose, duration of treatment, and receptor levels.  There are four known receptors for 

prostaglandin E2 including EP1, EP2, EP3, and EP4.  Interestingly, PGE2 treatment can 

regulate the abundance of its own receptors (Jang et al., 2012).  Therefore future work 

could contrast the effect of low and high doses of prostaglandin E2 on cardiac progenitor 

cell function, and evaluate the receptors responsible for functional changes. 

After low and high doses of PGE2 we would assess the relative level of EP1-4 

receptors and correlate receptor levels to changes in functional parameters such as cell 

stemness, cell differentiation, as well as cell cycle progression, migration, and growth 

factor expression.  To further define the mechanism by which differing doses of PGE2 

mediates its effect on CPCs, we would use specific receptor blockers (Sugimoto & 
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Narumiya, 2007) for the EP receptors to assess which receptors are responsible for select 

cardiac progenitor cell responses to PGE2.  We would also assess downstream signaling 

transcripts associated with a given receptor to pinpoint the signaling responsible for the 

differing effects.  This approach would further define the mechanism by which dose and 

PGE2 receptor levels govern CPC response to PGE2 treatment. 

 

Conclusions 

At the conclusion of this work, we have a better understanding of some of the 

various mechanisms underlying superior neonatal regenerative ability and have identified 

novel targets for improving adult CPC function.  We have established that, with age, 

there is a shift in human CPC microRNA expression profile which correlates with 

functional differences between neonatal and adult CPCs in vitro.  We have also evaluated 

a novel combination of prostaglandin E2 and hypoxia and identified changes in CPC 

function in response to PGE2 treatment including significantly reduced growth factor 

expression, and reduced signaling that may hinder CPC therapeutic efficacy.   

The work outlined in this dissertation provides important advancements to the 

field of cardiac stem cell mediated regeneration, and provides insight into novel 

therapeutic targets and strategies to help repair the damaged heart. 
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Supplementary Figure 3 Changes in ERK phosphorylation after time course of cardiac 

progenitor cell exposure to 1% O2. 

 

 

 

 
 

Cardiac progenitors were exposed to 6 hours (n=7), 24 hours (n=3), and 48 hours (n=8) of 

hypoxia (1% O2) and ERK phosphorylation was measured by flow cytometry.  The mean 

fluorescence shift above secondary antibody alone is shown above.  Levels of ERK 

phosphorylation in response to hypoxia were only significantly elevated in cardiac 

progenitors after 48 hours of hypoxia (3423 vs 2683 MFU, p=0.03). 
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Supplementary Figure 4 ERK phosphorylation after combination of Prostaglandin E2 

and hypoxia treatment.   

 

 

 

 
Cardiac progenitors were treated with 48 hours of 1% oxygen then 6 hours of normal 

growth medium (GM) followed by 6 hours of 10µM PGE2. Flow cytometry was used to 

measure ERK phosphorylation, mean fluorescence shift above secondary alone is shown 

above.  ERK phosphorylation was increased with a combination of hypoxia and 

prostaglandin E2 treatment (n=4, p=0.15) when compared with untreated cells.  
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Supplementary Figure 5 Cell cycle progression after hypoxia or combination hypoxia 

and prostaglandin E2 treatment.   

 

 

 
 

 

Cell cycle progression after hypoxia or combination hypoxia and prostaglandin E2 

treatment.  Cardiac progenitors were incubated for 48 hours with hypoxia (1% Oxygen) or 

a combination of hypoxia and prostaglandin E2.  For the combination treatment, cardiac 

progenitors were treated with 48 hours of hypoxia (followed by 6 hours of normal culture 

conditions for acclimatization) then 6 hours 10µM prostaglandin E2 in normal growth 

medium. Cell cycle progression was not significantly altered by treatment with hypoxia 

alone (n=4), or a combination of hypoxia and PGE2 (n=4) when compared with untreated 

cells. 
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Supplementary Figure 6 Migration in cardiovascular progenitors after consecutive 

treatment with hypoxia and PGE2.    

 

 

 
Cardiac progenitor cell clones were cultured in a hypoxia chamber for 48 hours, then 6 

hours of normal culture conditions, followed by 6 hours of 10µM PGE2. Migration was 

assessed using a transwell migration assay.  Combination treatment increased migration 

but not significantly (9083 vs 5455 cells, p=0.07). 
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Supplementary Table 1 Cell surface phenotype of neonatal and adult CPCs as 
identified by flow cytometry. 
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Supplementary Table 2 Antibodies used to characterize cell surface markers 
expressed on neonatal and adult CPC clones. 
 

 



126 

Supplementary Table 3 Relative expression of significantly altered microRNAs 
in neonatal and adult cardiovascular progenitors. 
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Supplementary Table 4 Pathway analysis associated with microRNAs that were 
differentially regulated when comparing neonatal and adult CPCs 
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Supplementary Table 5 Relative expression of significantly altered microRNAs 
in SSEA-4+ neonatal and adult cardiovascular progenitors 
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Supplementary Table 6 Primers used to detect gene expression by PCR  
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Supplementary Table 7 Primers used for Real-time PCR 
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