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ABSTRACT OF THE THESIS 

The Mesendodermal Stage of Development is Sustained within a Novel Population of 

Human Neonatal Cardiovascular Progenitor Cells 

 

by 

Julia Kim 

Master of Science, Graduate Program in Biochemistry 

Loma Linda University, June 2017 

Dr. Mary Kearns-Jonker, Chairperson 

 

 

 The rise in mortality due to cardiovascular disease has increased the need to 

develop an efficient regenerative therapeutic for heart failure. Numerous cell-based 

therapies have been investigated for myocardial regeneration; however, an optimal 

progenitor has yet to be discovered. Identifying a resident cell population with enhanced 

ability to differentiate into multiple lineages would greatly contribute to the field of stem 

cell-based regenerative therapy. Evidence suggests that endogenous cardiovascular 

progenitor cells (CPCs) that have been isolated from the heart itself express ISL1, KDR, 

and MESP1, and are capable of differentiating into all major cardiac lineages. The earlier 

developmental stage at which endogenous CPCs reside may be associated with enhanced 

multipotency and differentiation capacity. A clonal population of human neonatal CPCs 

expressing markers of early cardiovascular development was therefore selected for 

analysis. Based upon recent reports of differentiation into osteoblasts by cells expressing 

ISL1, we performed differentiation of the selected neonatal CPC into cardiovascular 

lineages as well as the mesodermal derivative, osteoblasts. Gene expression analysis and 

flow cytometry demonstrated differentiation into both cardiovascular and osteoblast 

lineages. To further address the relationship between an earlier developmental stage and 



xi 

differentiation capability, we measured the expression of mesendodermal regulatory 

markers, and discovered that this population of progenitor cells may reside earlier in 

development than previously recognized. These results suggest that neonatal 

cardiovascular progenitors expressing transcripts of the mesendoderm persist within the 

newborn human heart, exhibit enhanced differentiation capacity into various mesodermal 

lineages, and can be expanded for further assessment of functional and regenerative 

ability
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CHAPTER ONE 

INTRODUCTION 

 

For the last fifteen years, cardiovascular disease has been the leading cause of 

death worldwide1. Heart failure is predominantly associated with the loss of 

cardiomyocyte number and function following myocardial infarction, leading to 

cardiomyocyte hypertrophy, pathological remodeling of the heart, and ultimately to 

cardiac dysfunction (Lam et al., 2009). The heart’s limited regenerative capacity has 

prompted the investigation of stem cell-based therapeutics for cardiac repair (Cyganek et 

al., 2013; Garbern et al., 2013; Karra et al., 2008). Among the myriad of stem cell 

populations that have been investigated, endogenous cardiac stem cells show great 

promise for the treatment of heart failure (Fuentes et al., 2013; Mayfield et al., 2014; 

Nadal-Ginard et al., 2014). However, the origins of these progenitor cells and the 

mechanisms governing lineage specification and differentiation have yet to be fully 

elucidated (Chong et al., 2014). A comprehensive understanding of the identity and 

differentiation capacity of endogenous CPCs would greatly advance the field of stem 

cell-based regenerative therapy. 

The heart has long been thought to originate from two bilateral heart fields during 

early gastrulation (Brand, 2003); whereby the first heart field (FHF) contributes to the 

formation of the left ventricle and atria, and the second heart field (SHF) contributes 

predominantly to the right ventricle, outflow tract, and parts of the atria (Bruneau, 2013). 

Recently, however, an alternative school of thought regarding the origin of the heart has 

                                                 
1 Available at: http://www.who.int/mediacentre/factsheets/fs310/en/ Accessed March 4, 2017. 
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developed. Several studies have provided key insight into population(s) of multipotent 

cardiovascular progenitors that exist during the early stages of embryonic development, 

suggesting that the heart may actually be derived from a single primordial precursor with 

the ability to differentiate into all cardiac lineages rather than two separate progenitor 

populations (Abu-Issa et al., 2004; Meilhac et al., 2004; Moorman et al., 2007). Emerging 

evidence of an inverse relationship between the developmental stage and regenerative 

capacity of cardiac progenitors supports the need to investigate endogenous 

cardiovascular cell populations that reside at early stages of development (Porrello et al., 

2011; Fuentes et al., 2013; Jaszczak et al., 2016).  

Although little is known regarding the molecular identity of a single primordial 

precursor, advances in cell fate-mapping techniques revealed that CPC populations may 

be found prior to formation of the primitive streak in the developing mouse embryo 

(Audo-Boucher et al., 2000). Various signaling molecules and transcription factors play 

critical roles in promoting differentiation of CPCs that are present during this “pre-

streak” stage. Expression of the molecular markers Mesp1, Brachyury (T), and Flk-1 

(also known as KDR in humans) have been suggested to mark a population of cardiogenic 

primordial cells during murine embryonic development that are capable of differentiating 

into functional cardiomyocytes, endothelial, and smooth muscle cells (Kattman et al., 

2006; Meilhac et al., 2014; Chiapparo et al., 2016; Liu et al., 2016). The temporal 

appearance of Brachyury and Mesp1 have been shown to regulate the specification of the 

primitive streak (Bondue et al., 2008). Furthermore, knock out studies in mice support 

evidence suggesting that Mesp1 and Flk-1 are required for proper differentiation into the 

cardiovascular lineage (Saga et al., 1999; Kitajima et al., 2000; Abunnaja et al., 2014).  
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Analogous studies on human embryonic stem cells (hESCs) have revealed that 

MESP1 and KDR are expressed in human CPCs and are essential for heart formation 

(Yang et al., 2008; Ardehali et al., 2013). Cardiovascular progenitors expressing MESP1 

contribute to both first and second heart field derivatives (Bondue et al., 2010; Lescroart 

et al., 2014), and MESP1-null hearts lead to abnormalities during heart morphogenesis, 

resulting in cardia bifida. (Saga et al., 1996; 1999). Piccini and colleagues published data 

demonstrating that MESP1 expression peaks at day 2 of hESC differentiation, thereby 

indicating early and temporal expression of MESP1 in cardiac development (Piccini et 

al., 2016). Den Hartogh and Passier investigated the differentiation events of 

cardiovascular development in a dual MESP1mCherry/w-NKX2-5eGFP/w reporter line 

generated from hESCs and reported the gene expression profile of MESP1-positive cells 

compared to that of MESP1-negative cells. Results from this study revealed that early 

cardiac genes were enriched during peak expression of MESP1 (Den Hartogh et al., 

2014). These results are consistent with earlier findings that MESP1 expression occurs at 

early stages of development and serves as a key regulator of cardiovascular 

differentiation. Identifying a population of CPCs with multipotential capability would 

provide access to an optimal cell source for regenerating vital organs such as the heart. 

There has been an increasing emphasis on understanding the molecular role of 

MESP1 and KDR in the context of cardiovascular development; and more specifically, 

their interactions with cardiac transcription factors, such as ISL1 (Solloway et al., 2003; 

Kattman et al., 2007). Interestingly, ISL1 has been reported to be co-expressed with 

MESP1 in a subset of early MESP1-expressing cells (Bondue et al., 2008 & 2011). The 

LIM-homeodomain transcription factor, ISLET1, plays a critical role in cardiovascular 
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development (Laugwitz et al., 2005; Moretti et al., 2006, Wu et al., 2006). ISL1 marks a 

population of CPCs capable of giving rise to all cardiac lineages (Moretti et al., 2006; Ma 

et al., 2008; Fonoudi et al., 2013), and Isl1-null hearts in mice fail to undergo looping 

morphogenesis and are completely devoid of major components of the heart, including 

the outflow tract, right ventricle, and parts of the atria (Cai et al., 2003). ISL1 expression 

is required for the survival, proliferation and migration of progenitor cells into the cardiac 

tube during heart development (Laugwitz et al., 2008). A recent report on the engraftment 

of human ISL1-CPC spheroids after myocardial infarction in murine hearts showed that 

mice treated with ISL1-CPC spheroids exhibited reduced infarct area, increased blood 

vessel formation, and increased left ventricular contractile function compared to control 

animals (Bartulos et al., 2016). These results indicate that an MESP1+/ISL1+ CPC 

population is capable of demonstrating multipotential capability and could serve as a 

promising candidate for stem cell-based regenerative therapeutics. 

The efficacy of regeneration by CPCs expressing markers that are prevalent at 

varying stages of development have been investigated in both murine and human hearts. 

Studies in rodent hearts revealed a developmental stage-dependent discrepancy, whereby 

cell sources expressing early developmental markers demonstrated greater increases in 

regenerative capability than cells expressing late-stage markers (Table 1). Furthermore, 

cardiovascular progenitors expressing early developmental markers such as KDR, 

PDGFR, and ISL1 demonstrated better functional outcomes as measured by fractional 

shortening and/or ejection fraction (Table 1). Comparable results were shown in both 

mouse and human hearts following myocardial infarction. Such findings support the 

concept that early cardiovascular stem cells are better candidates for stem cell-based 
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therapies than late-stage cardiovascular stem cells. Moreover, CPCs provide a promising 

cell source for regenerative therapies due to minimal risk for teratoma formation 

following engraftment of cardiomyocytes relative to hESCs (Ardehali et al., 2013; Shiba 

et al., 2012; Chong et al., 2014; Harman et al., 2016). 

 

Table 1. Animal and human studies of next-generation cell-based regenerative therapies. 

 

Abbreviations: FS, fractional shortening; LVEF, left ventriclular ejection fraction; 

LVED, left ventricle at end-diastole volume. 

 

 

 

Among the wide array of cell populations studied within the field of stem cell-

based therapy for heart repair, endogenous CPCs from neonatal sources are considered to 

be the most promising. Cardiomyocyte exchange has been shown to occur more often in 

early childhood with a gradual decline throughout life (Bergmann et al., 2015), and 

Study Dev Stage Cell source Clinical effects 

Rodent 

(Fernandes et al., 2015) 

Early KDR+/PDGFR+ hESC-derived CPCs +28% FS 

(at 28 days) 

Rodent 

(Li et al., 2017) 

Early Isl1+ CPCs +20% LVEF  

(at 28 days)  

Rodent 

(Tang et al.., 2010) 

Late c-Kit+/EGFP+ CPCs +4% FS 

+8% LVEF 

(at 35 days) 

Human 

(Menasché et al., 2015) 

Early Isl1+/SSEA-1+ hESC-derived CPCs +10% LVEF 

(at 3 months) 

Human: CADUCEUS 

(Makkar et al., 2012) 

Late c-Kit+ cardiospheres +2% LVEF 

(at 6 months)  

Human: SCIPIO 

(Bolli et al., 2011) 

Late c-Kit+ Adult CPCs +12.3 ± 2.1% 

LVEF 

(at 4 months) 
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compelling results on the functional recovery of the human neonatal heart have been 

reported by numerous case studies (Saker et al., 1997; Farooqi et al., 2012; Cesna et al., 

2013; Haubner et al., 2016). Recent analysis of the injury response of human cardiac 

organoids (hCOs) revealed that, following cyroinjury in vitro, hCOs resembled neonatal-

like human cardiac tissue and underwent functional recovery in the absence of fibrosis or 

hypertrophy (Voges et al., 2017). Furthermore, neonatal CPCs demonstrate enhanced 

capacity for regulatory processes critical for regeneration, including proliferation, 

migration, and invasion (Fuentes et al., 2013; Mollova et al., 2013). MicroRNA analysis 

of neonatal CPCs co-expressing ISL1 and c-KIT, a population that is the focus of work 

done in our laboratory, revealed significant upregulation of transcripts that promote cell 

invasion compared to adult CPCs, and distinct clonal populations of neonatal CPCs 

expressed moderate to high levels of the pre-cardiac mesoderm markers KDR and 

PDGFR (Fuentes et al., 2013). Thus, this neonatal ISL1+/c-KIT+ population expressing 

markers of early cardiac development could serve as a cell source similar to that of a 

single primordial precursor with enhanced efficacy for heart repair. 

Stem cells expressing ISL1 have been shown to be capable of differentiation into 

an osteoblastic phenotype (Eberhardt et al., 2006; Itzhaki-Alfia et al., 2009; Akiyama et 

al., 2014). MESP1 expressing cells can differentiate into mesodermal derivatives 

including skeletal muscle and bone (Chan et al., 2013; Bondue et al., 2011). Emerging 

evidence suggests that MESP1 plays an important regulatory role in development (Liu, 

2017). Moreover, studies show that cells at early stages of development adopt their fate 

by location (Meilhac et al., 2014). Understanding the molecular properties contributing to 

mutipotency, commitment, and differentiation in cells that express all of these early 
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transcription factors is therefore necessary to identify the specific population of neonatal 

CPCs that may serve as optimal candidates for cardiac repair.  

The hunt for an ultimate progenitor has begun. With the rise in mortality due to 

heart disease, there is a growing need to develop an efficient regenerative therapeutic. 

The field of stem cell-based therapy has performed extensive analyses on numerous cell 

populations with limited efficacy. Studies reveal that endogenous human neonatal CPCs 

possess greater potential as a source of cells to regenerate the heart compared to adult 

CPCs (Simpson et al., 2012; Fuentes et al., 2013). ISL1, MESP1, and KDR are expressed 

on CPCs that can differentiate efficiently into all cardiovascular lineages (Moretti et al., 

2006; Lescroart et al., 2014; Bulatovic et al., 2016). Furthermore, neonatal CPCs co-

expressing ISL1, MESP1, KDR, as well as c-KIT have been isolated in our laboratory and 

may represent a candidate with multipotential differentiation capability as well as 

enhanced regenerative function. Thus, the work proposed in my specific aims has been 

directed towards identifying whether or not this ISL1, MESP1, KDR, and c-KIT 

expressing clonal population of human neonatal CPCs isolated by our laboratory has 

multipotential differentiation capability. Results from these studies will determine the 

capability of these stem cells to differentiate into cardiac as well as osteoblast lineages. 

Additionally, findings from this study will provide innovative and essential information 

that will contribute to better functional outcomes in future stem-cell based therapeutic 

studies for patients with heart disease.  
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CHAPTER TWO 

MATERIALS AND METHODS 

 

Ethics Statement/ Maintenance of CPCs 

The Institutional Review Board of Loma Linda University approved the protocol 

for the use of discarded tissue during cardiovascular surgery, without identifiable 

information, for this study with a waiver of informed consent. Cell isolation and 

expansion protocols were performed in previous studies for further use in the laboratory 

(Fuentes et al., 2013). In brief, discarded atrial cardiac tissue obtained during 

cardiovascular surgery of human neonates was cut into ~1mm3 segments and collagenase 

digested (Roche Applied Science, Indianapolis, IN) for 2 hours at 37C at a proportion of 

1:2.5 tissue volume vs. collagenase. This solution was passed through a 40m cell 

strainer (Smits et al., 2009) and resulting cells were cloned by limiting dilution at a 

concentration of 0.8 cells per well to create clonal populations. 

 

 

Neonatal CPC Culture and in vitro Differentiation 

 Neonatal CPCs were cultured in 6-well plates coated with 0.1% gelatin. Control 

cells were cultured in CPC growth medium and passaged using 0.25% trypsin solution 

upon reaching 80% confluency. Cardiomyocyte differentiation of cardiac progenitor cells 

was performed by treatment with 5-azacytidine, ascorbic acid, and TGF- in 

differentiation media for 14 days (Smits et al., 2009). In brief, CPC growth medium was 

exchanged for differentiation medium once cells reached >80% confluency. After 6-8 

hours of changing media, 5µM 5-azacytidine was added directly to the cells for three 

consecutive days with a media change on day 4. Six days after the start of the 
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cardiomyocyte differentiation assay, 1000x stock 10-4 M ascorbic acid and 1ng/mL TGF-

 were added to the medium. Following the first treatment, ascorbic acid was added 

every 2 days, and TGF- was added twice weekly either during media changes or directly 

to the cells. Cells were taken at day 14 for qRT-PCR analysis. Endothelial tube formation 

was performed by thawing concentrated Matrigel (Corning) overnight in a 4C 

refrigerator on ice. The next day, pipette tips were cooled in -20C for 30 minutes and 

used to plate 50µL of thawed matrigel in each well of a 96-well plate. Plated matrigel 

was allowed to harden in a CO2 incubator for 30-60 minutes and 20,000 cells were plated 

per well in 150µL EGM-2 + 10% FBS and incubated for an additional 5 hours. Cells 

were washed twice with PBS and 3.75µL Calcein AM was added to 1mL of EGM-2. The 

staining solution was added to each well and incubated for a final 30 minutes. Staining 

medium was replaced with fresh EGM-2 +10% serum prior to imaging endothelial tubes 

at the 4x objective using an EVOS imaging system (Arnaoutova et al., 2009). To induce 

osteogenic differentiation, cells were cultured in DMEM +10% FBS supplemented with 

50µM ascorbic acid, 10mM -glycerophosphate and 100nM dexamethasone. Medium 

was changed twice weekly for 16 days, and cells were analyzed for qRT-PCR and flow 

cytometry analysis for osteoblast markers, RUNX2, OPN, COL1A1, ALPL, and OCN, at 

days 7 and 14-16 (Jaiswal et al., 1997, Sottile et al., 2003) (Figure 1). 

 

Figure 1. Osteogenic differentiation by ascorbic acid, -glycerophosphate, and 

dexamethasone treatment. 
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RNA Extraction 

 RNAprotect (Qiagen, Valencia, CA) and TRIzol reagent (Life Technologies, 

Grand Island, NY) were used to store cells. RNA was extracted from cells in RNAprotect 

using the Qiagen RNeasy Kit. Cells were homogenized in TRIzol reagent and RNA was 

isolated as per the manufacturer’s instructions. First strand cDNA synthesis was 

performed from 2g total RNA using Superscript III Reverse Transcriptase (Invitrogen, 

Grand Island, NY). 

 

qRT-PCR Analysis 

Quantitative RT-PCR was performed on a BioRad iQ5 Cycler as previously 

described (Fuentes et al., 2013). PCR conditions were as follows: 94C for 10 minutes, 

followed by cycles of 15 seconds at 94C for denaturation, annealing for 60 seconds at 

56C, and extension for 30 seconds at 72C for a total of 40 cycles for most primer pairs. 

Human primer pairs were designed using NCBI Primer Blast as well as taken from 

previously published literature (Sottile et al., 2003). Fold changes were calculated using 

the ΔΔCt method (Schmittgen et al., 2008). A list of primers that were used for qRT-PCR 

analysis may be found in supplemental table 1 (Table S1). 

 

Flow Cytometry 

 Following induction, cells were trypsinized, fixed with 4% paraformaldehyde, and 

labeled with antibodies at concentrations recommended by the manufacturers. Cells for 

osteoblast detection were labeled with mouse anti-human Osteocalcin Alexa Fluor 488 

conjugated antibody (R&D Systems, MN). FACS analysis was performed on a 
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MACSquant analyzer (Miltenyi Biotec, Auburn, CA). Forward- and side-scatter gating 

was used to gate out any small particles and/or dead cells. FlowJo software (Ashland, 

OR) was used for quantification. 

 

Statistical Analysis 

Data were processed using Microsoft Excel and Graphpad Prism 7.02 and expressed as 

the mean  S.E.M. Data were tested for normality using the Sharpiro-Wilk normality test. 

Statistical significance was determined using a Student’s t test for qRT-PCR analysis. P-

values less than 0.05 were assumed to be significant. 
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CHAPTER THREE 

RESULTS 

 

Human Neonatal CPCs Express a Distinct Set of Early Developmental Markers 

 

Clonal populations of human neonatal cardiovascular progenitor cells co-

expressing ISL1 and c-Kit were previously isolated and characterized for further use in 

the laboratory (Fuentes et al., 2013). Phenotypic profiling revealed distinct populations of 

neonatal CPCs expressing pre-cardiac mesoderm markers ISL1, KDR, and PDGFRa 

(Fuentes et al., 2013). In order to investigate the developmental stage of the neonatal 

CPC co-expressing ISL1, MESP1, KDR, and c-KIT, we performed gene expression 

analysis on neonatal CPCs for molecular markers associated with the mesoderm.  

All neonatal CPC clones that were examined for this study expressed the 

pluripotency marker OCT4, as well as markers of the mesoderm and mesendoderm 

including brachyury (T) and goosecoid (GSC), respectively. One of the clonal 

populations of neonatal CPCs uniquely expressed demonstrable levels of MESP1, along 

with its mesendodermal precursor, EOMES (Figure 2). This clone presented a gene 

expression profile similar to that of a primitive cardiogenic cell population. Based upon 

expression of early molecular markers associated with the mesoderm and pre-cardiac 

mesoderm, we sought to assess the differentiation capacity of this MESP1+ neonatal CPC 

(Figure 3). Previous studies have shown ISL1+/c-KIT+ co-expressing neonatal CPCs can 

differentiate into cardiomyocyte and endothelial cells. Differentiation into the cardiac and 

osteoblast lineage was performed on this ISL1+, c-KIT+, KDR+, and MESP1+ clone to 

investigate the differentiation and multipotential capacity. 
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Figure 2. mRNA analysis of molecular markers associated with mesoderm, precardiac 

mesoderm, and cardiac progenitors. Relative mRNA expression of pluripotent marker, 

OCT4, mesoderm (T, MIXL1, GSC, EOMES) and pre-cardiac mesoderm (MESP1, KDR, 

PDGFRa) in the select ISL1+/c-KIT+/KDR+ and MESP1+ clone by RT-PCR and resolved 

using an agarose gel.  
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Figure 3. Summary of the stage-specific expression of molecular markers associated with 

cardiovascular development. Blue text signifies activation. Sharp arrows represent 

stimulatory effects; blunt arrows depict inhibitory effects. 
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Differentiation of an ISL1+/c-KIT+ and MESP1+ Neonatal CPC into the Cardiac 

Lineage 

Cardiomyocyte differentiation was performed in order to confirm the 

differentiation capacity of the ISL1+/c-KIT+/MESP1+/KDR+ neonatal CPC along the 

cardiovascular lineage. The cardiomyocyte differentiation protocol was adapted from a 

previous report involving treatment of human cardiomyocyte progenitor cells with 5-

azacytidine, TGF-, and ascorbic acid (Smits et al., 2009). In addition, an endothelial 

tube formation assay was conducted to assess endothelial cell differentiation. Formation 

of tubes has been shown to determine the capability of cells to differentiate along the 

endothelial cell lineage (Arnaoutova et al., 2009). Endothelial cells respond to 

proangiogenic signals and migrate rapidly to form capillary-like tubes when plated over 

Matrigel (DeCicco-Skinner et al., 2014).  

 The ISL1+/c-KIT+/KDR+ and MESP1+ clone was capable of differentiation into 

cardiomyocytes and endothelial cells. Cardiomyocyte differentiation was demonstrated 

by a significant induction of the cardiomyogenic-specific transcript, Troponin T (TNNT2) 

(Figure 4). Furthermore, the neonatal clone effectively formed tubes (Figure 5), 

indicating that these cells have endothelial differentiation capacity. Following tube 

network formation, cells were imaged and documented using an EVOS FL imaging 

system set at the 4x objective. 

 

 

 

 

 



16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Differentiation of ISL1+/c-KIT+/MESP1+/KDR+ human neonatal CPC into 

cardiomyocytes. After 14 days of culture in differentiation medium, gene expression levels 

for Troponin T (TNNT2) were elevated in the neonatal CPC expressing markers of early 

cardiovascular development (N=3, run in triplicate P < 0.05). 
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Figure 5. Tube formation by the ISL1+/c-KIT+/ KDR+ and MESP1+ neonatal CPC clone 

verifies differentiation along the endothelial cell lineage. Representative images of 

endothelial cell tube formation over Matrigel in a select neonatal CPC exhibiting early 

developmental characteristics.  Scale bar = 1000 m (N = 3). 
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A Neonatal CPC Co-Expressing ISL1, c-KIT, KDR and MESP1 Differentiates into a 

Mature Osteoblast Phenotype 

 In order to assess the differentiation capacity of the early ISL1+/c-

KIT+/MESP1+/KDR+ neonatal CPC clone into mesodermal derivatives, differentiation 

into the osteoblast lineage was performed. Neonatal CPCs were cultured in 6-well plates 

at 5 x 103 cells per well in DMEM/10% FBS with osteogenic supplements, 50uM 

ascorbic acid, 10mM -glycerophosphate and 100nM dexamethasone (Figure 6) (Bielby 

et al., 2004; Jaiswal et al., 1997; Sottile et al., 2003). Dexamethasone acts to induce the 

expression of the transcription factor, RUNX2, through a beta-catenin-mediated pathway, 

while ascorbic acid and -glycerophosphate have been shown to play roles 

predominantly in establishing the extracellular matrix by increasing collagen type 1 

secretion and serving as a phosphate source, respectively (Langenbach et al., 2013).  

 

 

 

Figure 6. Timeline of neonatal CPC differentiation into osteoblasts. Cells were expanded 

in 6-well plates for 7 to 14/16 days.  

 

 

  

Dexa, β-
glycerophosphate, 
and ascorbic acid

Replace 
differentiation

media every 2-3 
days

Analysis of 
osteogenic 

markers at 7 and 
14-16 days



19 

Osteogenic-specific molecular markers were analyzed by qRT-PCR following 7 

days of induction which revealed a significant increase in the expression of early markers 

of osteoblast differentiation (Figure 7). RUNX2, the most upstream transcription factor 

essential for osteoblast differentiation (Komori, 2017), was found to be significantly 

elevated (519-fold, P=0.01) following the initial induction period. Osteopontin (OPN), 

one of the non-collagenous extracellular structural proteins secreted in the bone, has been 

shown to behave bimodally, by which peak expression occurs during active proliferation, 

decreases post-proliferatively, and peaks once more at the onset of mineralization (Lian 

et al., 1995; Twine et al., 2014). Similar to these findings, OPN expression was 

significantly induced in the neonatal CPC at the initial proliferative stages of osteoblast 

differentiation (Figure 7A). Alkaline phosphatase (ALPL) and Collagen type 1 (COL1A1) 

are important components for establishing the mineralized matrix present in bone (Stein 

et al., 1993). Expression of both mineralization and extracellular matrix-related 

transcripts were induced following 7 days of differentiation in osteogenic supplemented 

media. OCN expression has been shown to occur at later stages of osteoblast 

development and is reflective of a mature osteoblast phenotype (Lian et al., 1995; Ducy 

et al., 1995; Huang et al., 2007). In order to confirm osteoblast lineage commitment, gene 

and protein expression analyses of OCN were performed following 14-16 days of 

osteoblast induction. The neonatal CPC demonstrated an increase in the expression of the 

late-stage osteoblast marker by both qRT-PCR (Figure 8) and flow cytometry (Figure 9), 

and therefore verified differentiation of the selected ISL1+/c-KIT+/KDR+ and MESP1+ 

neonatal CPC into a mature osteoblast phenotype. Differentiation into the osteoblast 

lineage thereby confirms mutlipotential differentiation capability of this early progenitor. 
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Figure 7. Neonatal CPC co-expressing ISL1, c-KIT, KDR, and MESP1 treated with 

osteogenic supplements for 7 days showed enhanced expression of osteogenic markers. 

(A) Representative gene expression analysis of early developmental markers OPN (P ≤ 

0.01), RUNX2 (P ≤ 0.01), COL1A1 (P ≤ 0.0001), and ALPL (P ≤ 0.0001) following 7 days 

of differentiation. (B) RUNX2 and COL1A1 expression was induced ~500 and ~900 fold, 

respectively. Abbreviations: OPN, Osteopontin; OCN, Osteocalcin; Runx2, Runt related 

transcription factor 2; Col1A1, Collagen Type 1; ALPL, Alkaline Phosphatase (N=3). 
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Figure 8. The ISL1+/c-KIT+/KDR+ and MESP1+ Neonatal CPC treated with osteogenic 

supplements for 14-16 days showed enhanced expression of late-stage osteoblast 

differentiation marker, osteocalcin. Expression of the transcript for osteocalcin (OCN) was 

induced at 14-16 days of osteoblast differentiation (N=3, P <0.05). 
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Figure 9. The ISL1+/c-KIT+/KDR+ and MESP1+ Neonatal CPC treated with osteogenic 

supplements for 14-16 days showed enhanced expression osteocalcin by flow cytometry 
(A) Forward and side scatter dot plot of untreated and treated CPCs. (B) Flow cytometry 

histogram of increased OCN expression. Positive staining is represented by the colored 

histogram, dotted histogram is representative of the isotype control (N=3). 
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CHAPTER FOUR 

DISCUSSION 

 

In the present study, we demonstrated that neonatal CPCs isolated from the 

human heart co-expressing MESP1, c-KIT, KDR, and ISL1 can be induced to differentiate 

into various mesodermal lineages, including cardiovascular and bone. Differentiation into 

the osteoblast lineage by neonatal cardiac progenitors expressing this array of early 

developmental markers demonstrated enhanced multipotential capability. Osteoblasts, the 

specialized mesenchymal cells that synthesize bone are, in addition to the cardiovascular 

lineage, one of the mesodermal derivatives regulated by the Wnt-signaling pathway 

(Bakre et al., 2007; Yavropoulou et al., 2007). A lineage tracing study in mice 

demonstrated that development of the heart and hindlimb may be regulated by a common 

pathway in Isl1-expressing progenitors (Yang et al., 2006). This early study supports the 

concept that Isl1 marks a subset of heart and hindlimb progenitors, and Isl1 may be 

upstream in common heart/hindlimb pathways (Yang et al., 2006). Similarly, human 

cardiac progenitor cells expressing ISL1 have been reported to differentiate into the 

osteoblast lineage, further demonstrating the multipotential capability of ISL1-expressing 

progenitor populations. However, the findings from this group did not demonstrate 

clonogenicity of progenitor cells, nor were the cell populations examined for co-

expression of early developmental markers such as MESP1 and/or KDR that have been 

reported in the current study. Furthermore, the cardiac progenitor cells investigated did 

not exhibit an overlap between c-KIT and ISL1 expression (Itzhaki-Alfia et al., 2009). 

Taken together, these findings support the novel concept that isolation of cells on the 

basis of ISL1 and c-KIT coexpression selects for a subpopulation of cardiac progenitors 
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with enhanced multipotential differentiation capacity, and that these cells may be 

sustained within the mesendodermal stage of development. 

The ISL1+/c-KIT+/MESP1+/KDR+ neonatal CPC expressed transcripts for 

modulators of the mesendoderm, such as GSC, MIXL1, and EOMES, and therefore may 

reside in a stage of development that is earlier than the pre-cardiac mesoderm. GSC is 

strongly expressed in cell populations identified as mesendodermal regulators during the 

formation of the anterior primitive streak (Blum et al., 1992; Tada et al., 2005), and 

furthermore has been shown to be expressed in a majority of ISL1+/c-KIT+ neonatal CPCs 

that were examined in the present study. The mesendoderm has been characterized as a 

diverging point of the mesoderm and definitive endoderm during hESC differentiation 

(Tada et al., 2005). Interestingly, MESP1 has been shown to be involved in the regulation 

of the mesendodermal stage of embryogenesis (Soibam et al., 2015). Soibam and 

colleagues identified early cell lineages regulated by MESP1, and found that MESP1 

targets mesendoderm modulating markers, giving rise to progenitors of the mesoderm 

and endoderm during gastrulation (Soibam et al., 2015). Several mesendoderm regulatory 

factors that are activated by MESP1 include EOMES, GATA4, GSC, T, and MIXL1, 

suggesting that this ISL1+/c-KIT+/MESP1+/KDR+ neonatal CPC resides within the 

mesendodermal stage of development.  

The bipotent mesendoderm has been established as a very early developmental 

stage in many species, including C. elegans, drosophila, xenopus, and zebrafish 

(Rodaway and Patient, 2001). Fate mapping experiments have demonstrated that 

definitive endoderm progenitors are specified in close proximity to cardiovascular 

progenitors (Costello et al., 2015). The close association between mesoderm and 
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endoderm formation within the primitive streak in addition to the co-expression of 

markers specific for mesoderm and endoderm precursors in early progenitor cells, 

supports evidence of a common bipotential progenitor population originating at the onset 

of gastrulation (Rodaway et al., 1999; Kimelman and Griffin, 2000). Moreover, these 

reports suggest that a population of progenitor cells within this region may be capable of 

differentiating into both mesodermal and endodermal lineages. Further research to define 

the differentiation and regenerative properties of neonatal CPCs is ongoing. 

The present study sought to identify a population of human neonatal CPCs with 

enhanced differentiation and multipotential capability for applications in stem cell-based 

regenerative therapy. Our findings demonstrate that the KDR+, MESP1+, ISl1+, and c-

KIT+ endogenous human neonatal CPC are associated with the early stages of embryonic 

development and preserves characteristics of the mesendoderm, with the potential for 

enhanced efficacy. Analysis of several ISL1+/c-KIT+ adult CPCs revealed expression of 

transcripts for GSC, suggesting that the clonal populations from both neonatal as well as 

adult sources co-expressing ISl1 and c-KIT sustain transcripts of the mesendoderm. These 

exciting results provide valuable information regarding the identity of a cardiovascular 

stem cell population that may be implemented as an optimal source for numerous stem 

cell-based regenerative therapies. Future studies will focus on determining the 

differentiation propensity of endogenous neonatal CPCs into the endodermal lineage to 

verify the functionality of the expressed mesendodermal transcripts. 

  



26 

REFERENCES 

Abu-Issa, R., Waldo, K., Kirby, M.L. (2004). Heart fields: one, two or more? Dev. Bio. 

272: 281-285. 

Abunnaja, S.S., Selvaraju, V., Thirunavukkarasu, M., Rahman, L., Sanchez, J.A., 

McFadden, D.W., Palesty, J.A., Maulik, N. (2014). Deletion of Flk-1 and its 

target protein, MAPkinase-2 impairs neovascularization and perfusion in murine 

hindlimb ischemia model: a double knockout study. Journal of the American 

College of Surgeons. 219(3): S161.  

Akiyama, R., Kawakami, H., Taketo, M.M., Evans, S.M., Wada, N., Petryk, A., 

Kawakami, Y. (2014). Distinct populations within Isl1 lineages contributes to 

appendicular and facial skeletogenesis through the B-catenin pathway. Dev Biol. 

387(1): 37-48. 

Ardehali, R., Ali, S.R., Inlay, M.A., Abilez, O.J., Chen, M.Q., Blauwkamp, T.A., 

Yazawa, M., Gong, Y., Nusse, R., Drukker, M., Weissman, I.L. (2013). 

Prospective isolation of human embryonic stem cell-derived cardiovascular 

progenitors that integrate into human fetal heart tissue. Proc Natl Acad Sci U.S.A. 

110(9): 3405-3410. 

Arnaoutova, I., George J., Kleinman H.K., Benton, G.. (2009). The endothelial cell tube 

formation assay on basement membrane turns 20: state of the science and the art. 

Angiogenesis. 12:267-274. 

Audo-Boucher, G., Bernard, B., Fontaine-Pérus, J., Rouaud, T., Mericksay, M., 

Gardahaut, M. (2000). Staging of the commitment of murine cardiac cell 

progenitors. Developmental Biology. 225(1): 214-225. 

Bakre, M.M., Hoi, A., Mong, J.C.Y., Koh, Y.Y., Wong, K.Y., Stanton, L.W. (2007). 

Generation of multipotential mesendodermal progenitors from mouse embryonic 

stem cells via sustained wnt pathway activation. The Journal of Biological 

Chemistry. 282: 31703-31712. 

Bartulos, O., Zhuang, Z.W., Huang, Y., Mikush, N., Suh, C., Bregasi, A., Wang, L., 

Chang, W., Krause, D.S., Young, L.H., Pober, J.S., Qyang, Y. (2016). ISL1 

cardiovascular progenitor cells for cardiac repair after myocardial infarction. JCI 

Insight. 1(10): e80920. 

Beltrami, A.P., Barlucchi, L., Torella, D., Baker, M., Limana, F., Chimenti, S., Kasahara, 

H., Rota, M., Musso, E., Urbanek, K. (2003). Adult cardiac stem cells are 

multipotent and support myocardial regeneration. Cell. 114: 763-776. 

Bergmann, O., Zdunek, S., Felker, A., Salehpour, M., Alkass, K., Bernard, S., Sjostrom, 

S.L., Szewczykowska, M., Jackowska, T. (2015). Dynamics of cell generation 

and turnover in the human heart. Cell. 161(7): 1566-1575. 



27 

Bielby, R.C., Boccaccini, A.R., Polak, J.M., Buttery, L.D.K. (2004). In vitro 

differentiation and in vivo mineralization of osteogenic cells derived from human 

embryonic stem cells. Tissue Engineering. 10:1518-1525. 

Blum, M., Gaunt, S.J., Cho, K.W., Steinbeisser, H., Blumberg, B., Bittner, D., De 

Robertis, E.M. (1992). Gastrulation in the mouse: the role of the homeobox gene 

goosecoid. Cell. 69(7): 1097-1106. 

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

G.M., Wagner, S.G., Leri, A., Hosoda, T., Elmore, J.B., Goihberg, P., Cappetta, 

D., Solankhi, N.K., Fahsah, I., Rokosh, D.G., Slaughter, M.S., Kajstura, J., 

Anversa, P.. (2011). Effect of cardiac stem cells in patients with ischemic 

cardiomyopathy: initial results of the SCIPIO trial. Lancet. 378(9806): 1847-

1857. 

Bondue, A., Blanpain, C.. (2010). Mesp1: a key regulator of cardiovascular lineage 

commitment. Circ. Res. 107(12): 1414-1427  

Bondue, A., Lapouge, G., Paulissen, C., Semeraro, C., Lacovino, M., Kyba, M., 

Blanpain, C.. (2008). Mesp1 acts as a master regulator of multipotent 

cardiovascular progenitor specification. Cell Stem cell. 3: 69-84. 

Bondue, A., Tannler, S., Chiapparo, G., Chabab, S., Ramialison, M., Paulissen, C., Beck, 

B., Harvey, R., Blanpain, C.. (2011). Defining the earliest step of cardiovascular 

progenitor specification during embryonic stem cell differentiation. The Journal 

of Cell Biology. 192(5): 751. 

Brand, T.. (2003). Heart development: molecular insights into cardiac specification and 

early morphogenesis. Devel Biol. 258(1): 1-19. 

Bruneau, B.G.. (2013). Signaling and Transcriptional Networks in Heart Development 

and Regeneration. Cold Spring Harb Perspect Biol. 5:a008292. 

Bu, L., Jiang, X., Martin-Puig, S., Caron, L., Zhu, S., Shao, Y., Roberts, D.J., Huang, 

P.L., Domia, I.J., and Chien, K.R.. (2009). Human ISL1 heart progenitors 

generate diverse multipotent cardiovascular cell lineages. Nature. 460:113-117. 

Bulatovic, I., Månsson-Brober, A., Sylvén, C., Grinnemo, K. (2016). Human fetal cardiac 

progenitors: the role of stem cells and progenitors in the fetal and adult heart. Best 

Practice & Research: Clinical Obstetric & Gynaecology. 31: 58-68. 

Cagavi, E., Bartulos, O., Suh, C.Y., Sun, B., Yue, Z., Jiang, Z., Yue, L., Qyang, Y. 

(2014). Functional cardiomyocytes derived from isl1 cardiac progenitors via 

bmp4 stimulation. PLoS ONE. 9(12): e110752. 

Cai, CL., 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 



28 

and contributes a majority of cells to the heart. Developmental Cell. 5(6): 877-

889. 

Cesna, S., Eicken, A., Juenger, H., Hess, J.. (2013). Successful treatment of a newborn 

with acute myocardial infarction on the first day of life. Pediatric Cardiology. 

34(8): 1868-1870. 

Chan, S.S., Hagen, H.R., Swanson, S.A., Stewart, R., Boll, K.A., Aho, J., Thomson, J.A., 

Kyba, M.. (2016). Development of bipotent cardiac/skeletal myogenic progenitors 

from Mesp1+ mesoderm. Stem Cell Reports. 6(1): 26-34. 

Chan, S.S., Shi, X., Toyama, A., Arpke, R.W., Dandapat, A., Lacovino, M., Kang, J., Le, 

G., Hagen, H.R., Garry, D.J., Kyba, M. (2013). Mesp1 patterns mesoderm into 

cardiac, hematopoietic, or skeletal myogenic progenitors in a context-dependent 

manner. Cell Stem Cell. 12(5): 587-601. 

Chiapparo, G., Lin, X., Lescroart, F., Chabab, S., Paulissen, C., Pitisci, L., Bondue, A., 

Blanpain, C.. (2016). Mesp1 controls the speed, polarity, and directionality of 

cardiovascular progenitor migration. The Journal of Cell Biology. 213(4):463-77. 

Chong, J.J.H., Forte, E., Harvey R.P.. (2014). Developmental origins and lineage 

descendants of endogenous adult cardiac progenitor cells. Stem Cell Research. 13: 

592-614.  

Chong, J.J.H., Yang, X., Don, C.W., Minami, E., Liu, Y., Weyers, J.J., Mahoney, W.M., 

Biber, B.V., Cook, S.M., Palpant, N.K., Gantz, J.A., Fugate, J.A., Muskheli, V., 

Gough, G.M., Vogel., K.W., Astley, C.A., Hotchkiss, C.E., Baldessari, A., Pabon, 

L., Reinecke, H., Gill, E.A., Nelson, V., Kiem, H., Laflamme, M.A., Murry, C.E. 

(2014). Human embryonic-stem-cell-derived cardiomyocytes regenerate non-

human primate hearts. Nature. 510(7504): 273-277. 

Costello, I., Pimeisi, I., Dräger, S., Bikoff, E.K., Robertson, E.J., Arnold, S.J. (2015). The 

T-box transcription factor Eomesodermin acts upstream of Mesp1 to specify 

cardiac mesoderm during mouse gastrulation. Nat Cell Biol. 13(9): 1084-1091.  

Cyganek, L., Chen, S., Borchert, T., and Guan, K.. (2013). Cardiac Progenitor Cells and 

their Therapeutic Application for Cardiac Repair. J Clin Exp Cardiolog. S11:008. 

DeCicco-Skinner, Henry, G.H., Cataisson, C., Tabib, T., Gwilliam, J.C., Watson, N.J., 

Bullwinkle, E.M., Falkenburg, L., O'Neill, R.C., Morin, A., Wiest, J.S. (2014). 

Endothelial cell tube formation assay for the in vitro study of angiogenesis. J Vis 

Exp. (91): e51312 

Den Hartogh, S.C., Schreurs, C., Monshouwer-Kloots, J.J., Davis, R.P., Elliott, D.A., 

Mummery, C.L., Passier, R.. (2014). Dual reporter Mesp1mCherry/w-Nkx2-53GFP/w 

hESCs enable studying early human cardiac differentiation. Stem Cells. 33(1): 56-

67. 



29 

Den Hartogh, S.C., Wolstencroft, K., Mummery, C.L., Passier, R. (2016). A 

comprehensive gene expression analysis at sequential stages of in vitro cardiac 

differentiation from isolated MESP1-expressing-mesoderm progenitors. Sci Rep. 

6:19386. 

Ducy, P., Karsenty, G. (1995). Two distinct osteoblast-specific cis-acting elements 

control expression of a mouse osteocalcin gene. Mol Cell Biol. 15(4): 1858-1869. 

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

B.J., Stirparo, G.G., Papait, R., Scarfo, M.. (2013). Adult c-kitpos cardiac stem 

cells are necessary and sufficient for functional cardiac regeneration and repair. 

Cell. 154(4): 827-842. 

Farooqi, K.M., Sutton, N., Weinstein, S., Menegus, M., Spindola-Franco, H., Pass, R.H. 

(2012). Neonatal myocardial infarction: case report and review of the literature. 

Congenital Heart Disease. 7(6): E97-E102. 

Fernandes, S., Chong, J.J.H., Paige, S.L., Iwata, M., Torok-Storb, B., Keller, G., 

Reinecke, H., Murry, C.E. (2015). Comparison of human embryonic stem cell-

derived cardiomyocytes, cardiovascular progenitors, and bone marrow 

mononuclear cells for cardiac repair. Stem Cell Reports. 5(5): 753-762. 

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

Mojarad, B.A., Baharvand, H., Salekdeh, G.H., Aghdami, N. (2013). ISL1 protein 

transduction promotes cardiomyocyte differentiation from human embryonic stem 

cells. PLoS one. 8(1): e555777. 

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

of heart failure. Stem cells cloning. 6: 1-12. 

Fuentes, T.I., Appleby, N., Raya, M., Bailey, L., Hasaniya, N., Stodieck, L., Kearns-

Jonker, M. (2015). Simulated microgravity exerts an age-dependent effect on the 

differentiation of cardiovascular progenitors isolated from the human heart. PLoS 

ONE. 10(7): e0132378. 

Fuentes, T.I., 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. 8:e77464.  

Garbern, J.C., Lee, R.T. (2013). Cardiac stem cell therapy and the promise of heart 

regeneration. Cell Stem Cell. 12(6): 689-698. 

Gessert, S., Kuhl, M. (2010). The multiple phases and faces of wnt signaling during 

cardiac differentiation and development. Circ. Res. 107: 186-199. 



30 

Gomez, J., Hodgkinson, C., Payne, A., Scmeckpeper, J., Zhang, L., Mao, L., Dzau, V. 

(2015). C-Kit+ cardiac progenitor cells are important in cardiomyocytes 

generation in vivo in response to Sfrp2. Circulation. 132: A19364. 

Harman, M.E., Dai, D., Laflamme, M.A. (2016). Human pluripotent stem cells: prospects 

and challenges as a source of cardiomyocytes for in vitro modeling and cell-based 

cardiac repair. Advaned Drug Delivery Reviews. 96: 3-17. 

Haubner, B.J., Schneider, J., Schweigmann, U., Schuetz, T., Dichtl, W., Velik-Salchner, 

C., Stein, J., Penninger, J.M. (2016). Functional recovery of a human neonatal 

heart after severe myocardial infarction. Circ Res. 118: 216-221. 

Huang, W., Yang, S., Shao, J., Li, Y. (2007). Signaling and transcriptional regulation in 

osteoblast commitment and differentiation. Front Biosci. 1(12): 3068-3092. 

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

R., Pevsner-Fischer, M., Lavee, J., Barbash, I.M. (2009). Patient characteristics 

and cell source determine the number of isolated human cardiac progenitor cells. 

Circulation. 120(25): 2559-2566. 

Jaiswal, N., Haynesworth, S.E., Caplan, A.I., Bruder, S.P. (1997). Osteogenic 

Differentiation of Purified, Culture-Expanded Human Mesenchymal Stem Cells 

In Vitro. Journal of Cellular Biochemistry. 64:295-312. 

Jang, J., Ku, S.Y., Kim, J.E., Choi, K., Kim, Y.Y., Kim, H.S., Oh, S.K., Lee, E.J., Cho, 

H.J., Song, Y.H., Lee, S.H., Lee, S.H., Suh, C.S., Kim, S.H., Moon, S.Y., Choi, 

Y.M. (2008). Notch inhibition promotes human embryonic stem cell-derived 

cardiac mesoderm differentiation. Stem Cells. 26: 2782-2790. 

Jaszczak, J.S., Halme, A. (2016). Arrested development: coordinating regeneration with 

development and growth in Drosophila melanogaster. Genetics & Development. 

40: 87-94. 

Karra, R., Wu, S.M. (2008). Multipotent stem cells in cardiac regeneration. Regenerative 

Medicine. 3(2): 189-198. 

Kattman, S., Huber, T.L., Keller, G.M. (2006). Multipotent Flk-1+ cardiovascular 

progenitor cells give rise to the cardiomyocyte, endothelial, and vascular smooth 

muscle lineages. Developmental Cell. 11: 723-732. 

Kattman, S.J., Adler, E.D., Keller G.M. (2007) Specification of multipotential 

cardiovascular progenitor cells during embryonic stem cell differentiation and 

embryonic development. Trends Cardiovascular Medicine. 17(7): 240-246. 

Kimelman, D., Griffin, K.J. (2000). Vertebrate mesendoderm induction and patterning. 

Curr. Opin. Genet. Dev. 10: 350-356. 



31 

Kitajima, S., Takagi, A., Inoue, T., Saga, Y. (2000). Mesp1 and Mesp2 are essential for 

the development of cardiac mesoderm. Development. 127: 3215-3226. 

Kleinman, H.K. & Martin, G.R. (2005). Matrigel: Basement membrane extracellular 

matrix with biological activity. Semin. Cancer Biol. 15:378-386. 

Komori, T. (2017). Roles of Runx2 in skeletal development. Advances in Experimental 

Medicine and Biology. 962: 83-93. 

Lam, J.T., Moretti, A., Laugwitz, K. (2009). Multipotent progenitor cells in regenerative 

cardiovascular medicine. Pediatr Cardiol. 30: 690-698. 

Langenbach, F., Handschel, J. (2013). Effects of dexamethasone, ascorbic acid and -

glycerophosphate on the osteogenic differentiation of stem cells in vitro. Stem 

Cell Research and Therapy. 4:117-123. 

Laugwitz, K., Moretti, A., Caron, L., Nakano, A., Chien, K.R. (2008). Islet1 

cardiovascular progenitors: a single source for heart lineages? Development. 135: 

193-205. 

Laugwitz, K., Moretti, A., Lam, J., Gruber, P., Chen, Y., Woodard, S., Lin, L., Cai, C., 

Lu, M.M., Reth, M., Platoshyn, O., Yuan, J.X.J., Evans, S., Chien, K. (2005). 

Postnatal Isl1+ cardioblasts enter fully differentiated cardiomyocyte lineages. 

Nature. 433: 647-653. 

Lescroart, F., Chabab, S., Lin, X., Rulands, S., Paulissen, C., Rodolosse, A., Auer, H., 

Achouri, Y., Dubois, C., Bondue, A., Simons, B.D., Blanpain, C. (2014). Early 

lineage restriction in temporally distinct populations of Mesp1 progenitors during 

mammalian heart development. Nature Cell Biology. 16: 829-840. 

Li, Y., Lin, B., Yang, L. (2015). Comparative transcriptomic analysis of multiple 

cardiovascular fates from embryonic stem cells predicts novel regulators in 

human cardiogenesis. Scientific Reports. 5: 9758. 

Li, Y., Tian, S., Lei, I., Liu, L., Ma, P., Wang, Z. (2017). Transplantation of multipotent 

Isl1+ cardiac progenitor cells preserves infarcted heart function in mice. Am J 

Transl Res. 9(3): 1530-1542. 

Lian, J.B., Stein, G.S. (1995). Development of the osteoblast phenotype: molecular 

mechanisms mediating osteoblast growth and differentiation. Iowa Orthop J. 

15:118-140. 

Lindsley, R.C., Gill, J.G., Kyba, M., Murphy, T.L., Murphy, K.M. (2006). Canonical 

Wnt signaling is required for development of embryonic stem cell-derived 

mesoderm. Development. 133: 3787-3796. 



32 

Liu, Y. (2017). Earlier and broader roles of Mesp1 in cardiovascular development. Cell. 

Mol. Life Sci.74(2): 1-15.  

Liu, Y., Chen, L., Diaz, A.D., Benham, A., Xu, X., Wijaya, C.S., Fa'ak, F., Luo, W., 

Soibam, B., Azares, A., Yu, W., Lyu, Q., Stewart, M.D., Gunaratne, P., Cooney, 

A., McConnel, B.K., Schwarts, R.J. (2016). Mesp1 marked cardiac progenitor 

cells repair infarcted mouse hearts. Sci Rep. 6: 31457. 

Ma, Q., Zhou, B., Pu, W.T. (2008). Reassessment of Isl1 and Nkx2-5 cardiac fate maps 

using a Gata4-based reporter of Cre activity. Dev Biol. 323(1): 98-104. 

Makkar, R.R., Smith, R.R., Cheng, K., Mailliaras, K., Thomson L.E.J., Berman, D., Czer, 

L.S.C., Marban, L., Mendizabal, A., Johnston, P.V., Russell, S.D., Schuleri, K.H., 

Lardo, A.C., Gerstenblith, G., 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. 

Mayfield, A.E., Tilokee, E.L., Davis, D.R. (2014). Resident cardiac stem cells and their 

role in stem cell therapies for myocardial repair. Canadian Journal of Cardiology. 

30: 1288-1298. 

Meilhac, S.M., Esner, M., Kelly R.G., Nicolas, J., Buckingham, M.E. (2004). The clonal 

origin of myocardial cells in different regions of the embryonic mouse heart. 

Developmental Cell. 6(5): 685-698. 

Meilhac, S.M., Lescroart, F., Blanpain, C., Buckingham, M.E. (2014). Cardiac cell 

lineages that form the heart. Cold Spring Harb Perspect Med. 4(9): a013888. 

Menasché, P., Vanneaux, V., Hagège, A., Bel, A., Cholley, B., Cacciapuoti, I., 

Parouchev, A., Benhamouda, N., Tachdjian, G., Tosca, L., Trouvin, J., 

Fabreguettes, J., Bellamy, V., Guillemain, R., Boissel, C.S., Tartour, E., Desnos, 

M., Larghero, J. (2015). Human embryonic stem cell-derived cardiac progenitors 

for severe heart failure treatment: first clinical case report. Eur Heart J. 35(30): 

2011-2017.  

Mollova, M., Bersell, K., Walsh, S., Savla, J., Tanmoy Das, L., Park, S.Y, Silberstein, 

L.E., dos Remedios, C.G., Graham, D., Colan, S., Kuhn, B. (2013). 

Cardiomyocyte proliferation contributes to heart growth in young humans. PNAS. 

110(4): 1446-1451. 

Moorman, A.F., Christoffels, V.M., Anderson, R.H. and van den Hoff, M.J. (2007). The 

heart forming fields: one or multiple? Philos. Trans. R. Soc. Lond. B Biol. Sci. 

362:1257-1265. 

Moretti, A., Caron, L., Nakano, A., Lam, J.T., Bernshausen, A., Chen, Y., Qyang, Y., Bu, 

L., Sasaki, M., Martin-Puig, S., et al. (2006). Multipotent embryonic isl1+ 



33 

progenitor cells lead to cardiac, smooth muscle, and endothelial cell 

diversification. Cell. 127: 1151-1165. 

Nadal-Ginard, B., Ellison, G.M., Torella, D. (2014). The cardiac stem cell compartment 

is indispensable for myocardial homeostasis, repair and regeneration in the adult. 

Stem Cell Research. 13(3): 615-630. 

Piccini, I., Arauzo-Bravo, M., Seebohm, G., Greber, B. (2016). Functional high-

resolution time-course expression analysis of human embryonic stem cells 

undergoing cardiac induction. Genomics Data 10: 71-74. 

Porrello, E.R., Mahmoud, A.I., Simpson, E., Hill, J.A., Richardson, J.A. (2011). 

Transient regenerative potential of the neonatal mouse heart. Science. 331(6020): 

1078-1080. 

Rodaway, A., Patient, R. (2001). Mesendoderm: an ancient germ layer? Cell. 105(2): 

169-172. 

Rodaway, A., Takeda, H., Koshida, S., Boradbent, J., Price, B., Smith, J.C., Patient, R., 

Holder, N. (1999). Induction of the mesendoderm in the zebrafish germ ring by 

yolk cell-derived TGF-beta family signals and discrimination of mesoderm and 

endoderm by FGF. Development. 126: 3067-3078. 

Saga Y., Miyagawa-Tomita, S., Takagi, A., Kitajima, S., Miyazaki, J., Inoue, T. (1999). 

Mesp1 is expressed in the heart precursor cells and required for the formation of a 

single heart tube. Development. 126: 3437-3447. 

Saga, Y., Kobayahi, H.S., Magnuson, T., Seldin, M.F., Taketo, M.M. (1996). MesP1: a 

novel basic helix-loop-helix protein expressed in the nascent mesodermal cells 

during mouse gastrulation. Developmnt. 122: 2769-2778. 

Saker, D.M., Walsh-Sukys, M., Spector, M., Zahka, K.G. (1997). Cardiac recovery and 

survival after neonatal myocardial infarction. Pediatric Cardiology. 18(2): 139-

142. 

Schmittgen, T.D., Livak, K.J. (2008). Analyzing real-time PCR data by the comparative 

Ct method. Nature protocols. 3(6): 1101-1108. 

Shiba, Y., Fernandes, S., Zhu, W.Z., Filice, D., Muskheli, V., Kim, J., Palpant, N.J., 

Gantz, J., Moyes, K.W., Reinecke, H., Van Biber, B., Dardas, T., Mignone, J.L., 

Isawa, A., Hanna, R., Viswanathan, M., Gold, J.D., Kotlikoff, M.I., Sarvazyan, 

N., Kay, M.W., Murry, C.E., Laflamme, M.A. (2012). Human ES-cell-derived 

cardiomyocytes electrically couple and suppress arrhythmias in injured hearts. 

Nature. 489: 322-325. 



34 

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-S53. 

Smits A.M., van Vliet P., Metz C.H., Korfage T., Sluijter J.P. (2009) Human 

cardiomyocyte progenitor cells differentiate into functional mature 

cardiomyocytes: an in vitro model for studying human cardiac physiology and 

pathophysiology. Nat Protoc 4:232-243. 

Soibam, B., Benham, A., Kim, J., Weng, K., Yang, L., Xu, X., Robertson, M., Azares, 

A., Cooney, A.J., Schwartz, R.J., Liu, Y. (2015). Genome-wide identification of 

MESP1 targets demonstrates primary regulation over mesendoderm gene activity. 

Stem Cells. 33(11): 3254-3265.  

Solloway, M.J., Harvey R.P. (2003). Molecular pathways in myocardial development: a 

stem cell perspective. Cardiovascular Research. 58: 264-277. 

Sottile, V., Thomson, A., McWhir, J. (2003). In Vitro Osteogenic Differentiation of 

Human ES Cells. Cloning and Stem Cells. 5(2):149-155. 

Stein G.S. and Lian J.B. (1993). Molecular mechanisms mediating developmental and 

hormone-regulated expression of genes in osteoblasts: an integrated relationship 

of cell growth and differentiation. The Iowa Orthopaedic Journal. 15: 118-140 

Tada, S., Era, T., Furusawa, C., Sakurai, H., Nishikawa, S., Kinoshita, M., Nakao, K., 

Chiba, T., Nishikawa, S. (2005). Characterization of mesendoderm: a diverging 

point of the definitive endoderm and mesoderm in embryonic stem cell 

differentiation culture. Development. 132: 4363-4374. 

Tang, X., Rokosh, G., Sanganalmath, S.K., Yuan, F., Sato, H., Mu, J., Dai, S., Li, C., 

Chen, N., Peng, Y., Dawn, B., Hunt, G., Leri, A., Kajstura, J., Tiwari, S., Shirk, 

G., Anversa, P., Bolli, R. (2010). Intracoronary administration of cardiac 

progenitor cells alleviates left ventricular dysfunction in rats with a 30-day old 

infarction. Circulation. 121(2): 293. 

Twine, N.A., Chen, L., Pang, C.N., Wilkins, M.R., Kassem, M. (2014). Identification of 

differentiation-stage specific markers that define the ex vivo osteoblastic 

phenotype. Bone. 67: 23-32. 

Voges, H.K., Mills, R.J., Elliott, D.A., Parton, R.G., Porrello, E.R., Hudson, J.E. (2017). 

Development of human cardiac organoid injury model reveals innate regenerative 

potential. Development. 144: 1118-1127. 

Winnier, G., Blessing, M., Labosky, P.A., Hogan, B.L.M. (1995). Bone morphogenetic 

protein-4 is required for mesoderm formation and patterning in the mouse. Genes 

& Dev. 9: 2105-2116. 



35 

Wu, S.M., Fujiwara, Y., Cibulsky, S.M., Clapham, D.E., Lien, C.L., Schultheiss, T.M., 

and Orkin, S.H. (2006). Developmental origin of a bipotential myocardial and 

smooth muscle cell precursor in the mammalian heart. Cell. 127:1137-1150. 

Yang, L., Cai, C., Lin, L., Qyang, Y., Chung, C., Monteiro, R.M., Mummery, C.L., 

Fishman, G.I., Cogen, A., Evans, S. (2006). Isl1Cre reveals a common Bmp 

pathway in heart and limb development. Development. 133: 1575-1585. 

Yang, L., Soonpaa, M.H., Adler, E.D., Roepke, T.K., Kattman, S.J., Kennedy M., 

Henckaerts, E., Bonham, K., Abbott, G.W., Linden, R.M., Field, L.J., Keller, 

G.M. (2008). Human cardiovascular progenitor cells develop from a KDR+ 

embryonic-stem-cell-derived population. Nature. 453: 524-528. 

Yavropoulou, M.P., Yovos, J.G. (2007). The role of the Wnt signaling pathway in 

osteoblast commitment and differentiation. Hormones. 6(4): 279-294. 

 

 

 

 

  



36 

SUPPLEMENTAL TABLES/FIGURES 

 

Table S1. List of primers used to detect gene expression by qRT-PCR 

Amplicon 
Product 

Size 
Tm-
Fwd 

Tm-
Rev 

Forward and Reverse Sequence (5’-3’) 

ACTIN 130bp 63 62 
Fwd: TTTGAATGATGAGCCTTCGTCCCC 
Rev: GGTCTCAAGTCAGTGTACAGGTAAGC 

ALPL 543bp 62 59 
Fwd: GGGGGTGGCCGGAAATACAT 
Rev: GGGGGCCAGACCAAAGATAG 

BRACHYURY 568bp 67 66 
Fwd: ACTGGATGAAGGCTCCCGTCTCCTT 
Rev: CCAAGGCTGGACCAATTGTCATGGG 

C-KIT 105bp 63 62 
Fwd: ATTCCCAAGCCCATGAGTCCTTGA 
Rev: ACACGTGGAACACCAACATCCT 

COL1 461bp 57 59 
Fwd: GGACACAATGGATTGCAAGG 
Rev: TAACCACTGCTCCACTCTGG 

EOMES 381bp 59 59 
Fwd: TTGAAAAAGGGCAGAAAGGCG 
Rev: TTTGCAAAGCGCAGACGG 

GATA4 189bp 58 59 
Fwd: GACAATCTGGTTAGGGGAAGC 
Rev: ACACAATGCAAAACCCACGG 

GSC 158bp 60 59 
Fwd: AACGCGGAGAAGTGGAACAA 
Rev: AGCATCGTCTGTCTGTGCAA 

ISL1 202bp 59 56 
Fwd: CACAAGCGTCTCGGGATTGTGTTT 
Rev: AGTGGCAAGTCTTCCGACAA 

KDR 219bp 62 61 
Fwd: CCTCTACTCCAGTAAACCTGATTGGG 
Rev: TGTTCCCAGCATTTCACACTATGG 

MESP1 377bp 60 60 
Fwd: CGCTATATCGGCCACCTGTC 
Rev: GGCATCCAGGTCTCCAACAG 

MIXL1 501bp 57 60 
Fwd: TTTTCTCCCCTCTTCCAGGTA 
Rev: CGTCATTGACAAAGTGGCGG 

NKX2-5 111bp 57 61 
Fwd: CGCCGCTCCAGTTCATAG 
Rev: GGTGGAGCTGGAGAAGACAGA 

OCN/ 
BGLAP 

294bp 60 65 
Fwd: ATGAGAGCCCTCACACTCCTC 
Rev: GCCGTAGAAGCGCCGATAGGC 

OCT4/ 
POU5F1 

123bp 65 63 
Fwd: AACCTGGAGTTTGTGCCAGGGTTT 
Rev: TGAACTTCACCTTCCCTCCAACCA 

OPN/ 
SPP1 

355bp 55 56 
Fwd: CATCTCAGAAGCAGAATCTCC 
Rev: CCATAAACCACACTATCACCTC 

PDGFRA 496bp 62 61 
Fwd: GCGCAATCTGGACACTGGGA 
Rev: ATGGGGTACTGCCAGCTCAC 

RUNX2 460bp 60 59 
Fwd: CCTCAGTGATTTAGGGCGCA 
Rev: GGTGTGGTAGTGAGTGGTGG 

TGFB1 384bp 60 60 
Fwd: GGGCTACCATGCCAACTTCT 
Rev: GACACAGAGATCCGCAGTCC 

TNNT2 131bp 59 57 
Fwd: GTGGGAAGAGGCAGACTGAG 
Rev: ATAGATGCTCTGCCACAGC 
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