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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 [1,2]. 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 [3,4].

Functional studies in mice have shown that neonatal, not adult, c-

kit+ cardiac progenitors support post-infarct myogenesis [5]. 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 [6]. The

Isl1+ cardiac progenitors can be differentiated into all three

cardiac lineages including endothelial cells, smooth muscle cells,

and cardiomyocytes [7]. The differentiation capacity of Isl1- CPCs

is limited to smooth muscle cells and cardiomyocytes [6].

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 expressing c-kit

and Nkx2.5 decline in number significantly as a neonate

transitions into an infant [8,9]. A gradual reduction of prolifer-

ation 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 [9]. After the first month of life, the

dynamics of the CPC population changes dramatically, highlight-

ing 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
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and 57–75 year old adults was directly compared by flow

cytometry (Figure 1, Table S1). Over 240 cardiovascular cell

clones were isolated by single cell expansion. Phenotypic profiling

using seventeen different antibodies (Table S2), 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 progen-

itors 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 [10,11]. Characterization by flow cytometry and PCR

revealed that Isl1 and c-kit were co-expressed on CPC clones

isolated from both neonates and adults (Figure 2). The majority of

CPC clones expressed moderate levels of c-kit (2363% in

neonates, 2763% in adults). In neonates, Isl1 was present on

most, but 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 [12]. 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, Figure S1). 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 (Figure S2). When treated with

10 nM dexamethasone for 6 days [13], CPCs were successfully

differentiated into all three cardiovascular lineages as demonstrat-

ed 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 degrada-

tion. When comparing neonatal and adult CPC clones, 41 out of

88 microRNAs analyzed were expressed at significantly (P,0.05)

different levels (Figure 3a, Table S3). 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 differen-

tially-expressed microRNAs (Table S4). Fourteen of these path-

ways were relevant to proliferation, including Wnt signaling,

MAPK signaling, p53 signaling, TGF-b signaling, VEGF signal-

ing, and base excision repair. Functional differences in prolifer-

ation 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 (Figure 3b)

[14–17]. High level expression of these microRNAs promotes cell

cycle progression by suppressing the inappropriate accumulation

of E2F1 transcription factors that lead to G1 arrest [16,17]. E2F1

regulates the G1 to S transition of the cell cycle to induce

proliferation [18]. The 16-fold reduction in mRNA transcripts for

E2F1 in neonatal cardiac progenitors was confirmed by RT-PCR

(p= 0.0075, Figure 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

[19] and is associated with an increased DNA damage response

and increased cell size [20]. 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 Figure 3b), function to

rescue cells from Ras-induced cellular senescence [21] and reduce

DNA double-stranded breaks [17]. In contrast, microRNA-371-

3p, upregulated 27.9 fold (p = 0.0238) in adult cardiovascular

progenitor cells, is induced during replicative senescence [22].

Myc expression has been associated with the induction of cellular

senescence [23] due to DNA stress [24]. 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, Figure 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 investigate the predicted proliferative differences demon-

strated 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 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)

(Figure 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

Human Neonatal Cardiovascular Progenitors
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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 clones
is 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.
doi:10.1371/journal.pone.0077464.g001
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invasion [25–28] were expressed at significantly (P,0.05) different

levels in neonatal and adult CPCs (Figure 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-1a
(stromal cell-derived factor-1). SDF-1a is secreted in the infarcted

heart and recruits endogenous cardiac stem cells to the site of

injury [29,30]. Fewer adult cardiac progenitors (6.76103) were

able to invade through the basement membrane extract when

compared to neonatal CPCs (14.66103, p = 0.0463, Figure 5a).

The inability of adult CPCs to invade in response to SDF-1a was

not due to the lack of SDF-1a 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-1a [31], was comparable on progenitors isolated from

neonates and adults (Figure 5b).

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 when comparing SSEA4+ adult and

neonatal progenitors (P,0.05, Figure 6A, Table S5). The top ten

pathways regulated by these microRNAs, and impacting cardio-

vascular 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 (2.06104 vs 9.16103, p = 0.0186, Figure 6C). Adult

CPC clones expressing SSEA4+ were similarly more responsive to

SDF-1 (8.16103 vs 3.96103, 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 [32,33]. Previous

reports comparing neonatal and adult cardiosphere-derived cells

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 = 202 bp) and c-kit (size = 105 bp) 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.
doi:10.1371/journal.pone.0077464.g002
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(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) [32]. Cardiac progenitors

co-expressing c-kit and Isl1, identified in the fetal heart [34], 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)

[35]. The very existence of an Isl1+ c-kit+ progenitor in human

adults has been questioned [36]. 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 [34], 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 [37,38], 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 [39]. Allogeneic transplan-

tation of class I positive, class II negative cardiac progenitors

would be expected to elicit a minor, but transient local immune

response [40].

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

levels as a consequence of age. Pathways significantly impacted by

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-106 b 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).
doi:10.1371/journal.pone.0077464.g003

Human Neonatal Cardiovascular Progenitors

PLOS ONE | www.plosone.org 5 October 2013 | Volume 8 | Issue 10 | e77464



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-b
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 [41]. Human

embryonic CPCs directly isolated from the heart without culture

have a proliferative advantage over adult CPCs [41]. 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 [17]. High levels of Myc expression may

result in senescence by initiating cellular stress [23]. This stress

leads to upregulation of DNA repair proteins and cell cycle arrest

[24], 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 [22]. 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 [14,17]. Transcripts for all three

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 CPCs by RT-PCR. MicroRNAs that promote the ability
to invade are transcribed at significantly higher levels in neonatal CPCs.
doi:10.1371/journal.pone.0077464.g004

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-1a, results were significant to
P = 0.0463. B) SDF-1a 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.
doi:10.1371/journal.pone.0077464.g005
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microRNAs were significantly elevated in neonatal CPCs and mir-

17 and mir-20a are directly regulated by Myc expression [17,42].

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-1a, despite having

adequate CXCR4 and CXCR7 receptor levels on their surface.

SDF-1a is secreted in the damaged heart and recruits both

exogenous and endogenous cardiovascular stem cells to the site of

injury [30]. Interestingly, not all neonatal and adult cardiac

progenitors responded equally to SDF-1a; 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 [43]. In our study, SSEA-4

expression was correlated with differential expression of micro-

RNAs involved in invasion-related pathways. SSEA-4 is expressed

on cancer cells that are more highly invasive [44], however little is

known about the impact of SSEA-4 on SDF-1a-induced invasion

in cardiovascular cells. Our study shows that SSEA-4+ progenitors

invaded more readily in response to SDF-1a 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-1a 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 [45]. After activation by SDF-1a, CXCR4

dimerizes and is phosphorylated by JAK2 and JAK3 which create

docking sites for transcription factors to propagate signaling [46].

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-1a signaling and invasion.

Significant differences in microRNA expression in aged cardiac

progenitors influences functional parameters relevant for cardio-

vascular repair. For example, activation of the SDF-1a receptor,

CXCR4, induces the expression of proteases such as matrix

metallopeptidase 9 (MMP9) which help to degrade the extracel-

lular matrix, allowing cells to invade [47]. The expression of

MMP9 is inhibited by miR-132 [26] and miR-206 [48]. 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)

[27] and homeo box A5 (HOXA5) [49] are targeted by

microRNAs upregulated in neonatal cardiac progenitors. micro-

RNA-103 represses the expression of TIMP-3 [27] (elevated 8.7

fold in neonatal CPCs, p = 0.0027) and microRNA-130a represses

the expression of HOXA5 [50] (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.

MicroRNA-mediated regulation of gene expression is a novel,

rapidly expanding area of research which has opened up new

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-1a 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).
doi:10.1371/journal.pone.0077464.g006
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therapeutic options for the reversal of heart disease. Pretreatment

of cardiac progenitors prior to transplantation, or direct admin-

istration of microRNA therapeutics 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 [51]. 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 [52]. 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 [53]. 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.

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

1 mm3) 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 40 mm cell strainer to isolate cardiac

progenitors [12]. 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 [54].

Cardiac progenitor cell clones were differentiated both by

treatment with 5-azacytidine followed by ascorbic acid and

TGF-b to induce cardiomyogenic differentiation [12] and by

treatment with 10 nM dexamethasone in DMEM/F12 media

supplemented with 10% fetal bovine serum to induce differenti-

ation into all three cardiovascular lineages [13]. 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.

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 Table S2. 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 cardiovas-

cular progenitor cell clones and reverse transcribed into cDNA

using superscript III (Invitrogen, Grand Island, NY). Real-time

PCR was performed using Go TaqH Green Master Mix (Promega,

Madison, WI). The PCR conditions were: 94uC for 10 minutes,

94uC for 15 seconds, 56uC for 60 seconds, 72uC for 30 seconds for

a total of 40 cycles. Human primers were created using NCBI

primer blast and included tyrosine-protein kinase (c-kit), glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH), and ISL LIM

homeobox 1 (Isl1). Primer sequences are listed in Table S6.

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 & Differ-

entiation 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 94uC for 10

minutes, 94uC for 15 seconds, 60uC for 60 seconds, 72uC for 30

seconds for a total of 40 cycles. Fold change was calculated using

the DDCt method [55]. 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 [56] and are accessible

through GEO series accession number GSE49235. miRNAs that

were expressed at significantly different levels when comparing

neonatal and adult CPCs were analyzed using DIANA mirPath

computational software (Athens, Greece) which performs an

enrichment analysis of multiple microRNA target genes, compar-

ing each set of microRNA targets to all known KEGG pathways

[57].

Cell Cycle Analysis
Cells were trypsinized at 60–80% confluency, counted, and

concentrated to 105 cells/0.3 ml PBS. Ethanol (0.7 ml) was added

dropwise to fix the cells. Cells were stored for at least 1 hour at -20

degrees, washed, and incubated at 37 degrees with RNase A

(0.5 mg/ml Invitrogen, Grand Island, NY) for one hour.

Propidium iodide was then added at a final concentration of

10 mg/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

(8 mm pores), coated with CultrexTM basement membrane extract

(Trevigen, Gaithersburg, MD) mimicking extracellular matrix.

Cells were plated at a density of 100,000 cells per 100 ml in starved

medium. Stromal cell-derived factor-1a (SDF-1a, Invitrogen,
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Grand Island, NY) was used as a chemoattractant at a

concentration of 100 ng 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 CPCs were plated on gelatin coated Lab-

Tek II cc2 chamber slides (Nunc, Rochester, NY) and grown at 37u
for 4 days, fixed in 4% paraformaldehyde and stained using a

primary anti-troponin I antibody at 10 mg/ml (Millipore

#MAB1691, Billerica, MA) and FITC-conjugated, goat anti-

mouse IgG secondary antibody at 2 mg/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).

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 +/2 standard error.

Supporting Information

Figure S1 Expression of cardiac Troponin T, Nkx2.5,
Gata-4, MLC2v and MHCa is induced after differentia-
tion of Isl1+ c-kit+ cardiac progenitor clones.
(TIF)

Figure S2 Expression of cardiac Troponin I in Isl1+ c-
kit+ cardiac progenitor clones.

(TIF)

Table S1 Cell surface phenotype of neonatal and adult
CPCs as identified by flow cytometry.

(PDF)

Table S2 Antibodies used to characterize cell surface
markers expressed on neonatal and adult CPC clones.

(PDF)

Table S3 Relative expression of significantly altered
microRNAs in neonatal and adult cardiovascular pro-
genitors.

(PDF)

Table S4 Pathway analysis associated with microRNAs
that were differentially regulated when comparing
neonatal and adult CPCs.

(PDF)

Table S5 Relative expression of significantly altered
microRNAs in SSEA-4+ neonatal and adult cardiovascu-
lar progenitors.

(PDF)

Table S6 Primers used to detect gene expression by
PCR.

(PDF)

Acknowledgments

The authors thank Dr. Lawrence Longo for use of the iQ5 RT-PCR

machine and Dr. Kimberly Payne for use of the MacsQuant flow

cytometer. Imaging was performed in the LLUSM Advanced Imaging and

Microscopy Core with support of NSF Grant No. MRI-DBI 0923559 (SM

Wilson) and the Loma Linda University School of Medicine.

Author Contributions

Conceived and designed the experiments: MKJ TIF. Performed the

experiments: NA ET TIF JJM. Analyzed the data: TIF ET MKJ.

Contributed reagents/materials/analysis tools: LB NH MKJ. Wrote the

paper: TIF MKJ.

References

1. Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, et al. (2012)

Intracoronary cardiosphere-derived cells for heart regeneration after myocardial
infarction (CADUCEUS): a prospective, randomised phase 1 trial. Lancet 379:

895–904.

2. Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, et al. (2011)
Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial

results of a randomised phase 1 trial. Lancet 378: 1847–1857.

3. Cesselli D, Beltrami AP, D’Aurizio F, Marcon P, Bergamin N, et al. (2011)
Effects of age and heart failure on human cardiac stem cell function. Am J Pathol

179: 349–366.

4. Torella D, Rota M, Nurzynska D, Musso E, Monsen A, et al. (2004) Cardiac
stem cell and myocyte aging, heart failure, and insulin-like growth factor-1

overexpression. Circ Res 94: 514–524.

5. Jesty SA, Steffey MA, Lee FK, Breitbach M, Hesse M, et al. (2012) c-kit+
precursors support postinfarction myogenesis in the neonatal, but not adult,

heart. Proc Natl Acad Sci U S A 109: 13380–13385.
6. Bondue A, Tannler S, Chiapparo G, Chabab S, Ramialison M, et al. (2011)

Defining the earliest step of cardiovascular progenitor specification during

embryonic stem cell differentiation. J Cell Biol 192: 751–765.
7. Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, et al. (2005) Postnatal isl1+

cardioblasts enter fully differentiated cardiomyocyte lineages. Nature 433: 647–

653.
8. Amir G, Ma X, Reddy VM, Hanley FL, Reinhartz O, et al. (2008) Dynamics of

human myocardial progenitor cell populations in the neonatal period. Ann

Thorac Surg 86: 1311–1319.
9. Mishra R, Vijayan K, Colletti EJ, Harrington DA, Matthiesen TS, et al. (2011)

Characterization and functionality of cardiac progenitor cells in congenital heart

patients. Circulation 123: 364–373.

10. Ferreira-Martins J, Ogorek B, Cappetta D, Matsuda A, Signore S, et al. (2012)

Cardiomyogenesis in the developing heart is regulated by c-kit-positive cardiac
stem cells. Circ Res 110: 701–715.

11. Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, et al. (2006)

Multipotent embryonic isl1+ progenitor cells lead to cardiac, smooth muscle,
and endothelial cell diversification. Cell 127: 1151–1165.

12. Smits AM, van Vliet P, Metz CH, Korfage T, Sluijter JP, et al. (2009) Human

cardiomyocyte progenitor cells differentiate into functional mature cardiomyo-
cytes: an in vitro model for studying human cardiac physiology and

pathophysiology. Nat Protoc 4: 232–243.

13. D’Amario D, Fiorini C, Campbell PM, Goichberg P, Sanada F, et al. (2011)
Functionally competent cardiac stem cells can be isolated from endomyocardial

biopsies of patients with advanced cardiomyopathies. Circ Res 108: 857–861.

14. Trompeter HI, Abbad H, Iwaniuk KM, Hafner M, Renwick N, et al. (2011)
MicroRNAs MiR-17, MiR-20a, and MiR-106b act in concert to modulate E2F

activity on cell cycle arrest during neuronal lineage differentiation of USSC.
PLoS One 6: e16138.

15. Li B, Shi XB, Nori D, Chao CK, Chen AM, et al. (2011) Down-regulation of

microRNA 106b is involved in p21-mediated cell cycle arrest in response to
radiation in prostate cancer cells. Prostate 71: 567–574.

16. Petrocca F, Visone R, Onelli MR, Shah MH, Nicoloso MS, et al. (2008) E2F1-

regulated microRNAs impair TGFbeta-dependent cell-cycle arrest and apopto-
sis in gastric cancer. Cancer Cell 13: 272–286.

17. Pickering MT, Stadler BM, Kowalik TF (2009) miR-17 and miR-20a temper an

E2F1-induced G1 checkpoint to regulate cell cycle progression. Oncogene 28:
140–145.

18. Wu L, Timmers C, Maiti B, Saavedra HI, Sang L, et al. (2001) The E2F1–3

transcription factors are essential for cellular proliferation. Nature 414: 457–462.

Human Neonatal Cardiovascular Progenitors

PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e77464



19. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS (2010) The essence of

senescence. Genes & development 24: 2463–2479.
20. Rodier F, Campisi J (2011) Four faces of cellular senescence. J Cell Biol 192:

547–556.

21. Hong L, Lai M, Chen M, Xie C, Liao R, et al. (2010) The miR-17–92 cluster of
microRNAs confers tumorigenicity by inhibiting oncogene-induced senescence.

Cancer research 70: 8547–8557.
22. Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, et al. (2008) Replicative

senescence of mesenchymal stem cells: a continuous and organized process.

PLoS One 3: e2213.
23. Campaner S, Doni M, Hydbring P, Verrecchia A, Bianchi L, et al. (2010) Cdk2

suppresses cellular senescence induced by the c-myc oncogene. Nat Cell Biol 12:
54–59; sup 51–14.

24. Robinson K, Asawachaicharn N, Galloway DA, Grandori C (2009) c-Myc
accelerates S-phase and requires WRN to avoid replication stress. PLoS One 4:

e5951.

25. Aigner A (2011) MicroRNAs (miRNAs) in cancer invasion and metastasis:
therapeutic approaches based on metastasis-related miRNAs. J Mol Med (Berl)

89: 445–457.
26. Ucar A, Vafaizadeh V, Jarry H, Fiedler J, Klemmt PA, et al. (2010) miR-212

and miR-132 are required for epithelial stromal interactions necessary for mouse

mammary gland development. Nat Genet 42: 1101–1108.
27. Yu D, Zhou H, Xun Q, Xu X, Ling J, et al. (2012) microRNA-103 regulates the

growth and invasion of endometrial cancer cells through the downregulation of
tissue inhibitor of metalloproteinase 3. Oncol Lett 3: 1221–1226.

28. Li S, Li Z, Guo F, Qin X, Liu B, et al. (2011) miR-223 regulates migration and
invasion by targeting Artemin in human esophageal carcinoma. J Biomed Sci

18: 24.

29. Tang JM, Wang JN, Zhang L, Zheng F, Yang JY, et al. (2011) VEGF/SDF-1
promotes cardiac stem cell mobilization and myocardial repair in the infarcted

heart. Cardiovasc Res 91: 402–411.
30. Tang YL, Zhu W, Cheng M, Chen L, Zhang J, et al. (2009) Hypoxic

preconditioning enhances the benefit of cardiac progenitor cell therapy for

treatment of myocardial infarction by inducing CXCR4 expression. Circ Res
104: 1209–1216.

31. Tarnowski M, Liu R, Wysoczynski M, Ratajczak J, Kucia M, et al. (2010)
CXCR7: a new SDF-1-binding receptor in contrast to normal CD34(+)
progenitors is functional and is expressed at higher level in human malignant
hematopoietic cells. Eur J Haematol 85: 472–483.

32. Simpson DL, Mishra R, Sharma S, Goh SK, Deshmukh S, et al. (2012) A strong

regenerative ability of cardiac stem cells derived from neonatal hearts.
Circulation 126: S46–53.

33. Hou X, Appleby N, Fuentes T, Longo LD, Bailey LL, et al. (2012) Isolation,
Characterization, and Spatial Distribution of Cardiac Progenitor Cells in the

Sheep Heart. Journal of clinical & experimental cardiology 6.

34. Serradifalco C, Catanese P, Rizzuto L, Cappello F, Puleio R, et al. (2011)
Embryonic and foetal Islet-1 positive cells in human hearts are also positive to c-

Kit. Eur J Histochem 55: e41.
35. Itzhaki-Alfia A, Leor J, Raanani E, Sternik L, Spiegelstein D, et al. (2009) Patient

characteristics and cell source determine the number of isolated human cardiac
progenitor cells. Circulation 120: 2559–2566.

36. Sussman MA (2012) Myocardial Isl(+)land: a place with lots of rhythm, but no

beat. Circ Res 110: 1267–1269.
37. D’Amario D, Cabral-Da-Silva MC, Zheng H, Fiorini C, Goichberg P, et al.

(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: 1467–1481.

38. Hidaka K, Shirai M, Lee JK, Wakayama T, Kodama I, et al. (2010) The cellular
prion protein identifies bipotential cardiomyogenic progenitors. Circ Res 106:

111–119.

39. Pietra BA, Wiseman A, Bolwerk A, Rizeq M, Gill RG (2000) CD4 T cell-

mediated cardiac allograft rejection requires donor but not host MHC class II.
J Clin Invest 106: 1003–1010.

40. Malliaras K, Li TS, Luthringer D, Terrovitis J, Cheng K, et al. (2012) Safety and

efficacy of allogeneic cell therapy in infarcted rats transplanted with mismatched
cardiosphere-derived cells. Circulation 125: 100–112.

41. Sirish P, Lopez JE, Li N, Wong A, Timofeyev V, et al. (2012) MicroRNA
profiling predicts a variance in the proliferative potential of cardiac progenitor

cells derived from neonatal and adult murine hearts. J Mol Cell Cardiol 52: 264–

272.
42. Coller HA, Forman JJ, Legesse-Miller A (2007) ‘‘Myc’ed messages’’: myc

induces transcription of E2F1 while inhibiting its translation via a microRNA
polycistron. PLoS Genet 3: e146.

43. Henderson JK, Draper JS, Baillie HS, Fishel S, Thomson JA, et al. (2002)
Preimplantation human embryos and embryonic stem cells show comparable

expression of stage-specific embryonic antigens. Stem Cells 20: 329–337.

44. Van Slambrouck S, Steelant WF (2007) Clustering of monosialyl-Gb5 initiates
downstream signalling events leading to invasion of MCF-7 breast cancer cells.

Biochem J 401: 689–699.
45. Peng SB, Peek V, Zhai Y, Paul DC, Lou Q, et al. (2005) Akt activation, but not

extracellular signal-regulated kinase activation, is required for SDF-1alpha/

CXCR4-mediated migration of epitheloid carcinoma cells. Mol Cancer Res 3:
227–236.

46. Vila-Coro AJ, Rodriguez-Frade JM, Martin De Ana A, Moreno-Ortiz MC,
Martinez AC, et al. (1999) The chemokine SDF-1alpha triggers CXCR4

receptor dimerization and activates the JAK/STAT pathway. FASEB J 13:
1699–1710.

47. Yu T, Wu Y, Helman JI, Wen Y, Wang C, et al. (2011) CXCR4 promotes oral

squamous cell carcinoma migration and invasion through inducing expression of
MMP-9 and MMP-13 via the ERK signaling pathway. Mol Cancer Res 9: 161–

172.
48. Liu H, Cao YD, Ye WX, Sun YY (2010) Effect of microRNA-206 on

cytoskeleton remodelling by downregulating Cdc42 in MDA-MB-231 cells.

Tumori 96: 751–755.
49. Liu XH, Lu KH, Wang KM, Sun M, Zhang EB, et al. (2012) MicroRNA-196a

promotes non-small cell lung cancer cell proliferation and invasion through
targeting HOXA5. BMC Cancer 12: 348.

50. Chen Y, Gorski DH (2008) Regulation of angiogenesis through a microRNA
(miR-130a) that down-regulates antiangiogenic homeobox genes GAX and

HOXA5. Blood 111: 1217–1226.

51. Eulalio A, Mano M, Dal Ferro M, Zentilin L, Sinagra G, et al. (2012) Functional
screening identifies miRNAs inducing cardiac regeneration. Nature 492: 376–

381.
52. Qian L, Van Laake LW, Huang Y, Liu S, Wendland MF, et al. (2011) miR-24

inhibits apoptosis and represses Bim in mouse cardiomyocytes. J Exp Med 208:

549–560.
53. Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG, et al.

(2011) Therapeutic inhibition of miR-208a improves cardiac function and
survival during heart failure. Circulation 124: 1537–1547.

54. Kearns-Jonker M, Dai W, Gunthart M, Fuentes T, Yeh HY, et al. (2012)
Genetically Engineered Mesenchymal Stem Cells Influence Gene Expression in

Donor Cardiomyocytes and the Recipient Heart. J Stem Cell Res Ther S1.

55. Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the
comparative CT method. Nature protocols 3: 1101–1108.

56. Edgar R, Domrachev M, Lash AE (2002) Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic acids research

30: 207–210.

57. Papadopoulos GL, Alexiou P, Maragkakis M, Reczko M, Hatzigeorgiou AG
(2009) DIANA-mirPath: Integrating human and mouse microRNAs in

pathways. Bioinformatics 25: 1991–1993.

Human Neonatal Cardiovascular Progenitors

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e77464


