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Abstract
Cardiac progenitor cells (CPCs) are multipotent cells that may offer tremendous potentials for the
regeneration of injured myocardium. To expand the limited number of CPCs for effective clinical
regeneration of myocardium, it is important to understand their proliferative potentials. Single-cell
based assays were utilized to purify c-kitpos CPCs from human and mouse hearts. MicroRNA
profiling identified eight differentially expressed microRNAs in CPCs from neonatal and adult
hearts. Notably, the predicted protein targets were predominantly involved in cellular
proliferation-related pathways. To directly test this phenotypic prediction, the developmental
variance in the proliferation of CPCs was tested. Ki67 protein expression and DNA kinetics were
tested in human and mouse in vivo CPCs, and doubling times were tested in primary culture of
mouse CPCs. The human embryonic and mouse neonatal CPCs showed a six-fold increase in Ki67
expressing cells, a two-fold increase in the number of cells in S/G2-M phases of cell cycle, and a
seven-fold increase in the doubling time in culture when compared to the corresponding adult
CPCs. The over-expression of miR-17-92 increased the proliferation in adult CPCs in vivo by
two-fold. In addition, the level of retinoblastoma-like 2 (Rbl2/p130) protein was two-fold higher
in adult compared to neonatal-mouse CPCs. In conclusion, we demonstrate a differentially
regulated cohort of microRNAs that predicts differences in cellular proliferation in CPCs during
postnatal development and target microRNAs that are involved in this transition. Our study
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provides new insights that may enhance the utilization of adult CPCs for regenerative therapy of
the injured myocardium.
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INTRODUCTION
Cardiovascular disease is the leading cause of death in the United States. Since cardiac
myocytes have a limited ability to regenerate, their malfunction and/or significant loss
during myocardial infarction or cardiomyopathy can lead to life-threatening arrhythmias
and/or heart failure. Although considerable progress has been made in the pharmacologic
and device management of heart failure in recent decades, the mortality in heart failure
patients remains significant [1]. Therefore, there is a compelling need to seek alternative
options for the treatment of patients with heart failure.

Recent studies have provided exciting evidence that stem cells may offer an enormous
potential for regenerative therapy by replacing cardiac myocytes that are lost during
cardiomyopathic processes [2–5]. To date, various types of extra-cardiac stem cells have
been used in clinical trials, with each cell type presenting advantages and limitations [6, 7].
In addition, new evidence for the existence of resident cardiac progenitor cells (CPCs) in
adult hearts has directly challenged the existing paradigm that myocardium is terminally
differentiated and hence, devoid of regenerative capacity [8–11]. These progenitors can be
found among differentiated cardiac myocytes and are capable of self-renewal and
clonogenicity [9, 10]. Furthermore, CPCs have been shown to differentiate into
cardiomyocytes, endothelial and smooth muscle cells in vitro [8, 12]. Thus, CPCs may offer
the potential for regeneration and functional recovery of damaged myocardium that may
avoid the shortcomings of extra-cardiac stem cells and organ donation [11, 13]. Despite this
potential, one of the limiting factors in cardiac regeneration is the limited number and
quiescent disposition of CPCs within the normal adult heart. Although the number of CPCs
is modestly increased in human cardiomyopathies [14], there are concerns that these
progenitors may not be sufficiently effectively in repairing the diseased heart. One recent
study demonstrated that transplanted CPCs provided no long-term engraftment or benefit to
cardiac function as assessed by multimodality imaging [15]. While other studies have
demonstrated that the numbers of CPCs and their myogenic potential may decrease
postnatally suggesting that a lack of cell proliferation may be regulated during postnatal
development [16–19]. In order to enhance CPCs as an effective clinical target to regenerate
myocardium, it is critical to understand the mechanisms responsible for their proliferative as
well as cardiomyogenic potentials.

MicroRNAs (miR) are short, non-coding, single stranded regulatory RNA that are 20–23
nucleotides in length that play an important role in the regulation of germline stem cell
proliferation in Drosophila [20]. Human embryonic stem cells (ESC) demonstrate a unique
set of microRNAs [21] and the expression profile is different in ESC-derived
cardiomyocytes [22]. To date, more than 1,000 microRNAs have been identified in the
human genome and it is estimated that they may regulate up to 30% of the protein-coding
genes in humans [23]. Recent evidence is emerging that cardiac-specific microRNAs are
important regulators during development since their deletion leads to defective
cardiogenesis [24–26]. Specifically, microRNAs have been shown to regulate critical
cardiac regulatory proteins that control the delicate balance between proliferation and
differentiation during cardiogenesis [24].
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In this study, we hypothesize that the differentially expressed microRNAs between mouse
neonatal and adult CPCs can predict phenotypic differences in CPCs from two different
developmental stages. Specifically, we identified eight unique microRNAs that are
differentially expressed between neonatal and adult mouse CPCs. Using bioinformatic
protein target analysis of the differentially expressed microRNAs in mice, we predicted a
developmental difference in the cellular proliferation. The difference in the proliferative
potential was directly demonstrated between embryonic and adult humans CPCs as well as
between neonatal and adult mouse CPCs. Finally, over-expression of miR-17-92 cluster, a
member of which is differentially expressed in CPCs during development, increased the
proliferation in adult mouse CPCs by two-fold. Taken together, our data supports a
functional role for microRNAs in the regulation of the proliferative capacity of CPCs.

MATERIALS AND METHODS
A detailed description of methods is given in the supplemental methods section.

Fluorescent Activated Cell Sorting (FACS) of CPCs
Neonatal and adult mouse hearts were obtained from C57BL/6J mice according to the
approved UC Davis Animal Care and Use protocol. To obtain single cell suspensions from
mouse neonatal and adult hearts, cardiac tissues were enzymatically digested into single
cells and stained with antibodies before FACS.

MicroRNA profiling and target analysis
Expression microarrays identified differentially expressed microRNAs in total RNA isolated
from neonatal and adult mouse CPCs. Multiple algorithms (miRecords, miRanda,
TargetScan, PicTar and MicroCosm) identified protein targets for the differentially
expressed microRNA. The sensitivity and specificity of target prediction was increased by
intersecting results from at least three target prediction algorithms.

Flow cytometric analysis of mouse and human CPCs for proliferative capacity
Human atrial appendage specimens from informed consented patients undergoing cardiac
bypass surgery were obtained from UC Davis Medical Center in accordance with the
approved UC Davis Institutional Review Board (IRB) protocol. Human embryonic cardiac
tissue was obtained from informed consented patients in accordance with the Sanford
Burnham Medical Research Institute IRB protocol. Single cell suspensions were obtained
from human adult and embryonic hearts, as well as from mouse adult [27] and neonatal
hearts by enzymatic digestion and stained with antibodies before analyzing by flow
cytometry.

Lentiviral over-expression of miR-17 cluster in adult mouse CPCs
Homogenous transmural viral-mediated gene transfer in ten-week-old male C57Bl/6J mice
was performed using techniques previously described in large animal models [28]. Right
thoracotomy was performed to expose the pericardial sac. Lentiviral solution (100 μl) was
delivered into the sac and incubated for 15 min before closing the chest. The solution
contained 30 μl of lentiviral constructs expressing miR-17-92 cluster and green fluorescence
protein (GFP) or GFP only (control lentivirus), 70 μl of 20% pluronic acid in phosphate
buffered saline (PBS), and 1% trypsin. Mice were maintained for 19–20 days when cardiac
single cell suspensions were prepared to phenotype the GFPpos CPCs using flow cytometry
as described above.
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Statistical analysis
All data were expressed as means ±S.E.M. Significant differences were tested with one-way
ANOVA for more than two groups, or Student’s unpaired t-test for two groups. A P value
<0.05 was considered significant.

RESULTS
Isolation and characterization of c-kitpos CPCs from mouse cardiac explants

The stem cell antigen, c-kit (CD117), a member of the receptor tyrosine kinase family has
been widely used as a marker for CPCs [17, 29]. Lineage-negative c-kit positive CPCs have
been shown to be multipotent and capable of differentiating into cells of cardiogenic
lineages [8]. We isolated lineage-negative c-kit-positive (linneg c-kitpos) CPCs from adult
mouse cardiac tissue using FACS (Figure 1A) with a purity of 99±0.5% (n=3) and
determined their myogenic potential in our culture conditions. Figure 1B shows the
specificity of the c-kit antibody in labeling the outer cell membrane of CPCs. Sorted adult
mouse CPCs were grown in maintenance media for one week and in differentiating media
containing growth factors (listed in Supplemental methods) for 4–8 weeks (Figure 1C).
CPCs-derived-myocytes (CPC-MC) were detected at a frequency of 1.4% of the sorted
CPCs as determined by the rod shape appearance. Functionally, these rod-shaped cells
demonstrated a significant increase in the intracellular Ca2+ ([Ca2+]i) transients as measured
by line scanning using confocal microscopy (Figure 1D) when compared to CPCs. Figure
1E shows the summary data for the peak amplitude of the ([Ca2+]i) transients (F/Fo ratios,
n=6, P<0.001). The amplitude of the [Ca2+]i transients in CPC-MCs remained smaller than
that of adult ventricular myocytes (positive control) suggesting that the former were
relatively immature when compared to the latter.

MicroRNA expression in mouse neonatal and adult CPCs
The regulation of mRNA by the interacting microRNAs depends upon the milieu and varies
with time [30]. To test for CPC developmental changes in microRNA expression, we studied
the microRNA profiles in the CPCs at two developmental time points. Enriched populations
of neonatal and adult mouse CPCs were obtained by FACS and microRNA expression
profiled using microarray analyses. Freshly harvested CPCs were used to avoid possible
artifacts from cell culture. Adult mouse ventricular cardiomyocytes (MC) were also included
in this analysis as a separate population to test for differentially expressed microRNAs
between cardiomyocytes and CPCs. To ensure the detection of possible differences in
microRNA profiles unique to each individual cell type, we utilized the same genetic
background for all groups of mice. MicroRNA profiling revealed that 45 microRNAs were
differentially expressed (P<0.05) among neonatal and adult CPCs, and adult cardiomyocytes
(Heat map, Figure 2A). Of these 45 microRNAs, eight were differentially expressed
between the neonatal and adult CPCs (miR-103, -130a, -17, -130b, -208b, -185, -200b* and
-486, Heat map Figure 2B) with P<0.05 plus ≥ five-fold difference. The expression pattern
of the eight microRNAs was further verified by real-time PCR (Q-PCR), demonstrating the
same trend of expression for all eight microRNA as seen in the microarray experiment
(Figure 2C).

To test for cellular processes predicted by the differentially expressed microRNAs across
CPC postnatal development, we identified the potential protein targets for these eight
microRNAs. Potential protein targets (~1000–2000 for each microRNA) were analyzed
using Gene Ontology (GO) classification, Gene Microarray Pathway Profiler, and Map
Annotation and Pathway Profiling (MAPP) [31]. Analysis of the cellular process sub-
category within the biological process category of GO classification demonstrated that the
predicted target proteins of the differentially expressed microRNAs were involved
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predominantly in cell proliferation-related processes (43% of all proteins). The cell
proliferation-related processes include cell cycle, cell division, cell growth, and cell
proliferation pathways. This prediction was independent of the direction and magnitude of
the changes observed in the eight analyzed microRNAs. The percentages of other proteins
predictions were cell organization (8%), cell development (9%), cell metabolic process
(8%), cell adhesion (7%), cell homeostasis (7%), cell activation (7%), cell communication
(6%), and cell motility (5%) (Figure 2D). The microRNA target proteins analyses showed
that 0.07% of total proteins were involved in the sub-process of cardiac muscle
differentiation. Taken together, these data suggest that the differentially expressed
microRNAs predicted differences in the proliferative phenotype between neonatal and adult
CPCs.

Single-cell based assays to phenotype the rare population of CPCs
To directly test the prediction from microRNA profiling on the proliferative phenotype of
CPCs, a relatively rare population of cells among all other myocardial cells, we used flow
cytometric phenotyping as a single-cell based assay to quantify the cell cycle activity
(Figure 3A). The nucleated cells from the fresh myocardial preparation (similarly performed
for human and mouse hearts) were enumerated based on the incorporation of 7-
aminoactinomycin D (7-AAD), a DNA binding fluorescent molecule. On an average,
3.6×105±8×104 mouse nucleated cells were analyzed in each run. A total sarcomeric myosin
heavy chain specific antibody or Troponin T antibody were used to label the myocytes (MC)
and allowed us to gate and eliminate the MC population which had higher auto fluorescence
from the non-myocyte cells (NMC, ~3.0×105±7×104 cells, 51% of mouse nucleated cells) in
this analysis [32]. The NMCs are heterogeneous and consist of a mixture of CPCs,
fibroblasts, smooth muscle, endothelial, and hematogenous cells. Flow cytometry identifies
linneg c-kitpos CPCs (~2.1×103±6×102 cells, 0.6% of mouse nucleated cells) within the
NMCs gate (1.53±0.2% neonatal CPCs and 0.43±0.1% adult CPCs, n=8, Figure 3B).
Isotype-matched antibodies were used to control for background fluorescence (Figure S1).
Using forward scatter (FSC) as an indicator of cell size, we found no appreciable size
difference between the CPCs from neonatal and adult mouse hearts (Figure 3C).

Proliferative capacity of mouse neonatal and adult CPCs
Ki67 is a widely used nuclear antigen that is expressed in actively cycling cells [33]. To
directly test the hypothesis that there are significant differences in the proliferative
phenotype between neonatal and adult CPCs, we measured the percent of CPCs expressing
Ki67. Ki67 is absent in resting G0 phase, increases during the G1/S phase and reaches a
maximum during the G2/M phase [34]. We first validated the efficiency of the Ki67
antibody to identify proliferating cells with our flow cytometry protocol by using low
density plated, highly proliferating fibroblasts (56% Ki67 positive) and comparing them to
high density plated, contact inhibited fibroblasts (11% Ki67 positive, Figure S2). Freshly
isolated CPCs from neonatal and adult mice were stained with Ki67-specific antibody and
the fraction of proliferating cells was calculated by determining the number of Ki67-positive
CPCs over the total number of CPCs (Figure 4A). The adult CPCs (5.5±0.7% Ki67 positive
CPCs) showed nearly a six-fold decrease in the Ki67-positive cells compared to the neonatal
CPCs (30.7±4.8% Ki67 positive CPCs, n=6, P<0.05), suggesting that the neonatal CPCs
have a greater proliferative activity than the adult CPCs (Figure 4B).

Cell cycle kinetics in mouse neonatal and adult CPCs
To further elucidate the proliferative differences in neonatal and adult CPCs, the relative
DNA content and cell cycle phases were measured. Most adult CPCs were found to be in the
G0/G1 phase of the cell cycle with 92±1% of them having 2N DNA content. The remainder
of the cells (8±0.8%) were in the S/G2M phase with a >2N DNA content (Figure 5A). In
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contrast, 78±4.5% of the neonatal CPCs were in G0/G1 phase (2N DNA content) while
22±4.5% of the cells were in the S/G2/M phases with >2N DNA content (n=3, P<0.005).
This represents a 2.5-fold increase in the percentage of neonatal CPCs in the S/G2/M phases
when compared to adult CPCs (Figure 5B).

To determine if the microRNA profile and molecular phenotyping translates into a
difference in actual cell division, we examined the doubling time of mouse adult and
neonatal CPCs in primary culture. The adult CPCs had 3.8±1 population doublings by 8
days in culture that did not change by 16 days (3.3±0.1 population doublings). In contrast,
neonatal CPCs divided at a higher rate on day 8 (9.1±1.3 population doublings) and
continued to divide at a higher rate on day 16 (22.5±2.8 population doublings, n=6, P<0.05,
Figure 5C). There was a seven-fold increase in cell division of neonatal CPCs at day 16
when compared to the adult CPCs.

Proliferative capacity of human embryonic and adult CPCs
CPCs were isolated from first trimester (~95 d.p.c.) human embryonic and adult cardiac
tissue to evaluate their proliferative phenotype. Nucleated cells were selected based on 7-
AAD incorporation and NMCs were separated from the myocytes using troponin T antibody
as shown in Figure 3. The proliferating cells were identified by their expression of Ki67
protein in the embryonic and adult human CPCs (Figure 6A). The human adult CPCs
(3.7±0.6% Ki67 positive cells) showed a more than 6.5-fold decrease in the Ki67 positive
cells when compared to embryonic CPCs (24.1±3% Ki67 positive CPCs; Figure 6B). This
six-fold increase in the percentage of Ki67 positive cells is comparable to our finding in the
mouse neonatal and adult CPCs supporting the notion that the greater proliferative activity
of CPCs in early development occurs across species.

To further elucidate differences in the proliferative capacities between human embryonic
and adult CPCs, the cell cycle phases were examined. Majority of human adult CPCs
(89±0.4%) were in G0/G1 phase and only 11±0.4% of the cells were in S/G2-M phases. In
contrast, 78±2% of the human embryonic CPCs were in the G0/G1 phase (2N DNA content)
and up to 22±2% of the human embryonic CPCs were in the S/G2-M phases (Figure 6C).
The two-fold increase in the percentage of cells in the S/G2-M phases is similar to findings
from the mouse neonatal and adult CPCs supporting a similar phenotypic difference
between human and mouse CPCs during development.

Functional analysis of microRNAs in adult mouse CPCs in vivo
To assess the gain-of-function of the differentially regulated microRNAs on cell
proliferation, we tested the proliferative capacity of adult mouse CPCs over-expressing the
miR-17-92 cluster under the CMV promoter and GFP under the EF1 promoter (LV-miR-
GFP, Figure 7A). A lentiviral construct that expressed only GFP under the EF1 promoter
(LV-GFP, Figure 7A) was used as the control. The entire miR-17 cluster (miR-17, -18, -19a,
-19b, -20a, -92a) was utilized since the cluster is positioned within a 1kb region on the
mouse chromosome 14 and is transcribed as a single product [35]. In addition, our Q-PCR
analysis demonstrated a more than two-fold increase in the expression of all members of the
miR-17-92 cluster in neonatal CPCs when compared to adult CPCs (Figure S3, P<0.05).
Specifically, we hypothesize that the re-expression of miR-17-92 in adult CPCs will increase
the proliferative capacity of the GFP-positive (GFPpos) CPCs when compared to the GFP-
negative (GFPneg) CPCs from the same hearts.

Cell type-specific analysis allowed us to identify among the c-kitpos cells, the percentages of
Ki67-positivity in GFPpos and GFPneg CPCs in control and miR-17-92 transduced hearts
(Figure 7B). The GFPpos CPCs isolated from miR-17-92 over-expressing hearts
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demonstrated a two-fold increase in the Ki67-positivity compared to the GFPpos CPCs from
control hearts (8.7±0.9% vs. 4±0.6% of Ki67 positive CPCs, n=3, P<0.05, Figure 7B and C).
In contrast, the GFPneg CPCs isolated from microRNA over-expressing hearts (3.2±0.1%
Ki67 positive CPCs) and control hearts (5.2±0.08% Ki67 positive CPCs, n=3, P=NS)
exhibited similar level of Ki67 expression to the GFPpos CPCs from control hearts. Taken
together, the data suggest that the over-expression of miR-17-92 results in an increased
proliferative activity in adult CPCs.

Analysis of the cell cycle protein retinoblastoma-like 2 (Rbl2/p130) in neonatal and adult
mouse CPCs

To directly validate the predicted microRNA target proteins involved in the observed
differences in the proliferation between neonatal and adult CPCs, the mRNA and protein
expression levels of an anti-proliferative cell cycle protein retinoblastoma-like 2 (Rbl2/
p130) were analyzed in neonatal and adult mouse CPCs. Rbl2 was chosen as an example of
a candidate protein to test because its 3’UTR region predicted an interaction with two
microRNAs (miR-17, -20a, Figure S4) which were expressed at a higher levels in the
neonatal mouse CPCs (Figure S3). The transcript levels of Rbl2 were found to be similar in
both neonatal and adult CPCs (Figure 7D). However, the protein expression levels of Rbl2
in adult CPCs were two fold higher than in neonatal CPCs (Figure 7E) consistent with a
possible post-transcriptional regulation of the protein by microRNAs.

DISCUSSION
In the present study, we sought to identify regulated microRNAs in mouse CPCs during
development and determined their relationship to phenotypic variations occurring in the
postnatal heart. A cohort of 45 microRNAs was differentially regulated between adult
myocytes and CPC from both neonatal and adult mouse hearts. Of these, only eight
microRNAs were uniquely regulated between neonatal and adult CPCs (Figure 2) using a
stringent criteria (≥5-fold change, P<0.05) and validated by Q-PCR. We utilize three
bioinformatic strategies, by weighting the number of downstream protein targets regulating
different cellular processes, to predict cellular phenotypes that may be regulated in CPCs
during development. This prediction was independent of the direction or magnitude of
changes in microRNAs once the microRNAs had met the threshold criteria. Using the above
strategy, we identify a cohort of eight microRNAs that is regulated during the post-natal
development of CPCs that may predict the observed differences in their cellular
proliferation. The difference in proliferative potential predicted by the microRNA analysis
of mouse neonatal and adult CPCs while in vivo is recapitulated in human embryonic and
adult CPC while in vivo, and in mouse neonatal and adult CPCs in culture.

To test the functional relationship between the regulated microRNA cohort and the predicted
changes in CPC proliferation, we tested the gain-of-function of the miR-17-92 cluster. These
results suggest a role of this cluster in regulating the exiting from cell cycle of CPCs in the
adult hearts. Furthermore, the expression pattern of Rbl2, a cell cycle regulatory protein,
predicted to be regulated by the differentially expressed microRNA cohort (Figure 7) was
analyzed in neonatal and adult CPCs. Together, these results show an experimental strategy
that identifies cohorts of differentially expressed miRNAs that predict cellular phenotypes of
CPCs and functional regulators of these phenotypes.

This work provides an additional approach to determine the putative regulatory functions of
microRNA cohorts in CPCs biology. In this study, we focused our analysis in developmental
stages. It is anticipated that similar analysis in the future would lead to the discovery of
microRNA cohorts in the injured heart that may regulate CPC proliferation, and their
manipulation may translate into a greater cardiac regeneration and/or repair.
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A hallmark of microRNAs is their tremendous potential to target a large number of genes,
often in common pathways. With an estimated 60% of human mRNA having conserved
microRNA targets, microRNAs represent one of the key regulators and informative markers
of a set of genes controlling different cellular processes rather than single genes [36, 37]. To
comprehensively evaluate the influence of microRNAs on multiple proteins by the
integration of multiple downstream genes, the global evaluation of microRNA in the
signaling cascade becomes essential [38]. Similarly, we have utilized the overall assessment
of the microRNA profile in establishing the possible roles of the differentially expressed
microRNAs in the proliferative phenotype of neonatal and adult CPCs.

The miR-17-92 cluster either individually or synergistically has been shown to promote
cellular proliferation in multiple tissues [39–41]. However, the functions of the miR-17-92
cluster in the heart are not completely understood. The reduced heart weight and ventricular
septal defects in mice deficient in miR-17-92 cluster supports an important role of
miR-17-92 cluster in the prenatal developing myocardium [42, 43]. Individual microRNAs
from this cluster target a complex network of proliferative cell cycle proteins and modulate
proteins that control the transition from G1 to S phase thereby promoting proliferation [35].
Our results suggest a role for this microRNA cluster in cell proliferation of CPCs since its
re-expression contributes to a partial re-entry into the cell cycle. Future experiments into the
re-expression of this microRNA cluster and others after injury may further elucidate the
function of microRNAs in regulating regeneration in the adult myocardium.

A large network of interacting proteins including Rbl2 (an anti-proliferative cell cycle
protein) and the associated E2F transcription factors orchestrates the regulation of cell
proliferation. Rbl2 belongs to the retinoblastoma pocket protein family and has been
previously validated as a target of miR-17 and miR-20a using a variety of different reporter
gene assays [35, 41, 44, 45]. Our analysis shows that all the members of the miR-17 cluster
are expressed at least 2-fold higher in neonatal CPCs. The transcript levels of Rbl2 remain
constant in both neonatal and adult CPCs while the adult CPCs show a two-fold increase in
Rbl2 protein when compared to the neonatal CPCs. Taken together, our data suggest that in
CPCs, the miR-17 cluster may regulate cell proliferation, at least in part, through its action
on one of the known target proteins, Rbl2. Nonetheless, the effect of over-expression of
miR-17 cluster on Rbl2 protein level in CPCs was not directly demonstrated in our study
due to the limited number of CPCs inherent in our in vivo gain-of-function study design.

Future Directions
Our study demonstrated differential microRNA profiles in murine CPCs that predicted the
differences in proliferative capacities in these cells. However, the analyses of human CPCs
were limited to the proliferative phenotype of CPCs due to limited amount of tissues.
Nonetheless, previous studies have demonstrated that many core cellular processes and
microRNA orthologs are conserved between mouse and human [46]. Moreover, the
functions of mature microRNAs are phylogenetically conserved between species for
example, the muscle-specificity of miR-1 in Drosophila, mouse and humans [26, 47]. Future
experiments are required to further evaluate microRNAs regulation in human CPCs.
Moreover, previous studies have documented significant differences in the differentiation
capacity between neonatal and adult CPCs [18]. The possible roles of microRNAs in these
differences are not yet known and will require future studies.

Recent identification of CPCs in adult hearts provides an exciting and promising new
paradigm for cardiac regenerative therapy. However, with the loss of about one billion
cardiomyocytes in a typical myocardial infarction in patients [48], it is vital to ensure a
sufficient number of CPCs for transplantation. It has previously been demonstrated that
despite the increase in the CPCs in the failing human hearts of transplant recipients, the
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repair processes remained limited because patients ultimately required transplantation [49].
The decline in the number and proliferative capacity of CPCs during development from
neonate to adult stages [16, 17, 19] may limit the use of CPCs for an efficient cell-based
therapy. Therefore, insights into the proliferative capacity may provide new strategies to
maintain the cardiac organ homeostasis and repair of the adult heart.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• MicroRNAs profiles in cardiac progenitor cells (CPCs) are distinct
developmentally.

• The predicted protein targets are predominantly involved in cellular
proliferation.

• The proliferative capacity of neonatal CPCs is higher than adult CPCs.

• Over-expression of miR-17-92 increases the proliferation in adult CPCs.

• A cohort of microRNAs may predict differences in cellular proliferation in
CPCs.
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Figure 1. Characterization of adult murine c-kitpos CPCs
(A) Isolation of adult mouse linneg c-kitpos CPCs using FACS. Isotype-matched antibodies
were used to control for background fluorescence (FL) and is shown in the left panel labeled
as Background FL compared to the Cell-Specific FL shown in the right panel. (B)
Immunofluorescence confocal images of neonatal and adult mouse CPCs showing c-kit
(green) and DAPI (blue) staining. (C) Photomicrographs of adult mouse CPCs and CPC-
derived cardiomyocytes (CPC-MC) at different time points in culture after FACS. (D)
Representative examples of confocal line-scan images of intracellular Ca2+ ([Ca2+

i])
transient recordings from adult mouse CPCs (CPC), adult mouse CPC-MC, and adult mouse
ventricular myocytes (MC). Lower panels show the corresponding [Ca2+

i] (measured as F/
Fo). Cells were field stimulated at 1 Hz. (E) Summary data of the peak amplitude of the
([Ca2+

i] transients (peak F/Fo) recorded from CPC (black), CPC-MC (green), and MC (blue)
(n=6). Scale bars are 20 μm. N-CPCs: neonatal CPCs, A-CPCs: adult-CPCs, Lin: lineage,
mAb: monoclonal antibody. Error bars represent standard error * and ** P<0.001.
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Figure 2. MicroRNA profiling of neonatal and adult mouse CPCs
(A) Heat maps showing the differential expression of 45 microRNAs across mouse neonatal,
adult CPCs, and adult cardiomyocytes (performed in duplicate, P<0.05). Red to green
indicates high to low expression. (B) Heat maps of eight differentially expressed
microRNAs in neonatal and adult CPCs (P<0.05 and ≥5-fold difference). For each
microarray run, 10 adult and 10–12 neonatal mouse hearts were pooled. (C) Q-PCR
validation of the microRNA microarray data of the eight differentially expressed
microRNAs represented as ΔΔCT. (D) Summary data of the percentages of proteins relative
to the total proteins in each cellular process illustrating the predominant involvement of the
predicted target proteins in the cell proliferation-related pathway (green sector, 43%). mN:
mouse neonatal, mA: mouse adult, mA-MC: mouse adult myocytes and mmu-miR: mouse
microRNA.
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Figure 3. Identification of CPCs from mouse cardiac tissue
Flow cytometric analysis of the heterogeneous population of cells isolated from mouse
hearts. (A) The selection of nucleated cells (Nucl cells) from the mixed population based on
the incorporation of 7-AAD and the separation of the myocytes (MC) from the non-muscle
cells (NMC) using sarcomeric myosin heavy chain (sMyHC) specific antibody. The linneg c-
kitpos CPCs are identified from the NMC population using c-kit and lineage (lin)-specific
antibodies. X and Y-axes represent arbitrary units. (B) Summary data from A (n=8). (C) A
plot of cell size distribution with the percentages of normalized cell number against forward
scatter (FSC). Representative results are shown. FSC: forward scatter, SSC: side scatter,
mN: mouse neonatal and mA: mouse adult. Error bars represent standard error and *P<0.05.

Sirish et al. Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Proliferative capacity of neonatal and adult mouse CPCs
(A) Flow cytometric analysis of neonatal and adult CPCs using proliferative marker, Ki67.
The outliers (small dots) in the 10% contour plots represent less than 2% of the cell
population. (B) The percentage of Ki67-positive cells in neonatal CPCs is higher than the
adult CPCs as represented quantitatively. mN: mouse neonatal, mA: mouse adult and FL:
fluorescence. Error bars represent standard error and *P<0.05.
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Figure 5. Cell cycle kinetics in mouse neonatal and adult CPCs
(A) DNA histograms of neonatal and adult CPCs showing increased cells with a more than
2N DNA in neonatal CPCs. Representative results are shown. (B) Quantitative analysis of
data represented in (A) showing G0/G1 (green) and S/G2M (orange) phases. (C) Population
doubling of neonatal and adult CPCs, (n=6). mN: mouse neonatal, mA: mouse adult. Error
bars represent standard error and *P<0.05.
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Figure 6. Proliferative capacity of embryonic and adult human CPCs
(A) Flow cytometric analysis of embryonic and adult human CPCs using Ki67 as presented
using 10% contour plots. The percentage of Ki67-positive cells in embryonic CPCs is more
than 6.5-fold higher than that of adult CPCs. (B) Summary data of the percentages of Ki67-
positive cells in embryonic and adult human CPCs. All the analyses were prepared in
triplicates. (C) DNA content analysis of embryonic and adult CPCs demonstrating a two-
fold increase in the S/G2-M phases in the embryonic CPCs when compared to the adult
CPCs. hE: human embryonic, hA: human adult, FL: fluorescence. Error bars represent
standard error and *P<0.05.
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Figure 7. Functional analysis of microRNAs in adult mouse CPCs in vivo
A) Schematic representation of the LV-GFP control (top) and LV-miR-GFP (bottom)
constructs. B) Flow cytometric analysis of the percentages of Ki67-positive GFPpos CPCs.
The percentage of Ki67-positive cells in miR-17-92 over-expressed cells is 2-fold higher
than that of control GFPpos CPCs. (C) Summary data of the percentages of Ki67-positive
cells in GFPpos (green) and GFPneg (blue) CPCs from control (circles) and miR-17-92 over-
expressed (squares) hearts. (D) Summary data of Q-PCR for Rbl2 mRNA from neonatal and
adult CPCs (n=3). (E) Representative lanes of western blot assay and summary data (below)
for Rbl2 and GAPDH (loading control) performed in neonatal and adult mouse CPCs (n=3).
mN: neonatal, mA: adult, FL: fluorescence, ns: not significant, LV: lentivirus, GFP: green
fluorescent protein. Error bars represent standard errors and *P<0.05.
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