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ABSTRACT
The cardiac cells generation via stem cells differentiation is a promising approach to restore the myocardial infarction. Promoted by our
primary bioinformatics analysis as well as some previously published data on potential role of hsa-miR-590-3p in cardiogenesis, we have
tried to decipher the role of miR-590-5p during the course of differentiation of cardiosphere-derived cells (CDCs). The differentiation
induction of CDCs by TGFB1 was confirmed by real-time PCR, ICC, and flow cytometry. The expression pattern of hsa-miR-590-5p and
some related genes were examined during the differentiation process. In order to study the role of miR-590-5p in cardiac differentiation,
the effect of miR-590 overexpression in CDCs was studied. Evaluating the expression patterns of miR-590 and its potential targets
(TGFBRs) during the course of differentiation, demonstrated a significant downregulation of miR-590 and an upregulation of TGFBR2,
following the treatment of CDCs with TGFB1. Therefore, we proposed a model in which TGFB1 exerts its differentiation induction via
downregulation of miR-590, and hence the higher transcriptional expression level of TGFBR2. In accordance with our proposed model,
transfection of CDCs by a pLenti-III-hsa-mir-590-GFP expression vector before or after the first TGFB1 treatment caused a significant
alteration in the expression levels of TGFBRs. Moreover, our data revealed that overexpression of miR-590 before TGFB1 induction was
able to attenuate the CDCs differentiation probably via the reduction of TGFBR2 expression level. Altogether, our data suggest an
inhibitory role of miR-590 during the cardiac differentiation of CDCs which its suppression might elevate the rate of differentiation. J. Cell.
Biochem. 116: 179–191, 2015. © 2014 Wiley Periodicals, Inc.
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Several stem and progenitor cell types (c-kitþ, Sca-1þ, Isl-1þ,
and MDR-1þ progenitor cells, side population, and cardio-

sphere-derived stem cells) have been reported in the adult heart
[Barile et al., 2013]. Cardiosphere-derived cells (CDCs) are a small
population of multipotent primitive stem cells and committed
progenitors toward the three major cardiac cell lineages; cardio-
myocytes, endothelial cells (ECs), and smooth muscle cells (SMCs)
[Barile et al., 2013]. The clonogenicity, self-renewal, and multi-
potentiality are the main properties of CDCs [Davis et al., 2009, 2010].
CDCs population is heterogeneous, comprising c-kitþ/CD105þ cells,
mesenchymal/stromal progenitor cells (CD90þ/CD105þ), and a small
number of CD31þ and CD34þprogenitor cells [Davis et al., 2009]. In
animal studies, transplantation of CDCs to the infarcted hearts

resulted in myocardial regeneration and functional improvement
[Smith et al., 2007; Carr et al., 2011; Mishra et al., 2011; White
et al., 2011]. Moreover, CDCs have been recently tested in a phase 1
clinical trial of patients with acutemyocardial infarction (CADUCEUS
trial) [Makkar et al., 2012].

Cardiac differentiation is highly conserved across the species,
where its molecular regulation requires precise spatiotemporal
controls [Cripps andOlson, 2002; Satou andSatoh, 2006].MicroRNAs
(miRNAs) are known to be important regulators of cardiogenesis
process [Latronico et al., 2007; Zhang, 2008; Small and Olson, 2011],
and hence are considered as promising candidates for therapeutic
purposes [Pan et al., 2010]. The implications of miRNAs in some
pathological process of the cardiovascular system, including cardiac
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arrhythmia, cardiac hypertrophy, heart failure, cardiac fibrosis,
cardiac ischemia, and vascular atherosclerosis, have been recently
documented. For underscoring the therapeutic potential ofmiRNAs in
cardiovascular diseases, the overexpression or downregulation of a
single miRNA is enough to cause the pathological alteration [Pan
et al., 2010]. Endogenously-made miRNAs (~22 nt) act by binding to
the complementary sequences of their target transcripts, resulting
in translational repression or mRNA degradation [Small and
Olson, 2011]. As miRNAs could provide a new mean to manipulate
stem and progenitor cells fate, understanding their pattern of
expression and their roles during the cardiac differentiation is of
crucial importance [Srivastava , 2006; Cordes and Srivastava, 2009].
TwomiRNAprofiling experiments have been recently reported for the
cardiomyocytes derived from human embryonic stem cells [Wilson
et al., 2010; Synnergren et al., 2011]. Moreover, the roles of some
miRNAs such as miR-1, miR-499, and miR-133a in cardiac cell
differentiation have been established [Liu et al., 2008; Sluijter
et al., 2010]. Also, hsa-miR-590-3p has been reported to promote
cardiomyocyte proliferation in animals [Eulalio et al., 2012].

In the present study, a combination of several bioinformatics
approaches and literature studies has been employed to identify
miRNAs with a potential regulatory role in cardiac differentiation.
Initial analysis suggested a link between decreased expression level
of hsa-miR-590-5p and TGFB1 induction, as an important cardiac
related biological pathway [Behfar et al., 2002; Lim et al., 2007;
Goumans et al., 2008]. Accordingly, a model was proposed and
experimentally validated in which miR-590-5p exerts an inhibitory
role in CDCs differentiation.

MATERIALS AND METHODS

PROPAGATION AND DIFFERENTIATION OF HUMAN CARDIOSPHERE-
DERIVED STEM CELLS
Human cardiosphere-derived stem cell preparations (5th passage)
from three different patients were obtained from Royan Stem Cell
Bank (National code number: RSCB0180).

These human cell samples were approved by the ethical
committees of the Royan Stem Cell Banks (RSCB). Individual
permission using standard informed consent procedures from the
patients was obtained. The preparation of the human samples in
RSCB is based on the principles that are defined in the Declaration
of Helsinki. The related flow cytometry data of some cell surface
CD markers of the cells are summarized in Figure 1. Cardiac
differentiation was performed according to a method described
previously, in which co-culture of the CDCs with a feeder layers
such as neonatal rat cardiomyocytes was excluded [Smits
et al., 2009]. In each experiment, ~104 CDCs per cm2 at passage
7 were seeded in duplicate onto gelatin-coated 6-well plate. To
initiate the differentiation, cells were treated with 5mM 5-
azacytidine (5-aza, Sigma) for three consecutive days in differ-
entiation medium (Iscove0s Modified Dulbecco0s Medium/Ham0s
F12 (1:1; GIBCO), supplemented with L-glutamine (GIBCO), 2%
horse serum (GIBCO), and nonessential amino acids (Sigma).

Six days after the start of the differentiation process (two days
after finishing the 5-aza induction), 1� ascorbic acid (10�4M,

Sigma), and 1 ngml�1 TGFB1 (PeproTech) were added to the
medium. Then, ascorbic acid (AA) and TGFB1were added every other
days and twice per week, respectively. Regular observation of
cellular morphology was performed using an Olympus phase
contrast microscope, during the course of differentiation.

IMMUNOCYTOCHEMISTRY (ICC) AND FLOW CYTOMETRY
ICC and flow cytometry techniques were carried out on CDCs,
differentiating cells, and transfected cells after 28 days of the first
seeding, using an antibody against cardiac TrnI (a sarcomer
component [Smits et al., 2009]). For ICC, the cells were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS),
before being permeabilized (0.4% Triton X-100/PBS) and blocked
with 2% bovine serum albumin (BSA), for 15–30min. Subse-
quently, coverslips were incubated with the TrnI primary antibody
(Hy Test Ltd, diluted 1/100) in PBS/10% normal goat serum (NGS),
overnight at 4 °C. Next day, coverslips were incubated in blocking
solution containing the secondary antibody (anti-mouse IgG, FITC
conjugated goat antibody-RAY Biotech—for differentiated cells
and anti-mouse IgG, PE conjugated goat antibody—Santa Cruz
Biotechnology—for transfected cells, diluted 1/32) in PBS/10%
NGS for two hours. DAPI dye was used to delineate the nuclei of
the cells. In addition, mouse IgG1 isotype antibody (eBioscience)
was used in ICC experiment. Incubation with the secondary
antibody alone was also used as the negative control. ICC signals
were visualized using a fluorescence microscope (Nikon Eclipse
TE2000-U), and images acquired with a Nikon digital DXM 1200
camera.

For flow cytometry analysis, the cells were trypsinized, fixed in
4% PFA for 15min, permeabilized, and washed with PBS, before
being incubated with the TrnI antibody for 1 h at 4°C. The cells were
then washed and incubated with the FITC conjugated or PE
secondary antibody and intensity of the signals were measured
using a flow cytometer (BD Biosciences). To quantify total cell
numbers expressing TrnI, an isotype control (IgG1) was used to set
the negative gate.

TOTAL RNA EXTRACTION AND REAL-TIME PCR
Total RNA was extracted from differentiating cells at 1, 2, 3, and
4 weeks post-plating, using Trizol reagent (Invitrogen), as instructed
by the manufacturer. Undifferentiated cells (human CDCs, day 0)
were used as the reference sample for real-time PCR, whereas the
differentiated human cardiac myocytes (HCM, NCBI Code: C599,
Pasteur) were used as a control for cardiac differentiation. In
addition, total RNA from transfected cells with pLenti-III-hsa-miR-
590-GFP and blank construct was extracted after 1, 2, and 3weeks of
transfection.

Briefly, one microgram of each DNase I (TAKARA) treated RNA
samples was reverse transcribed using RevertAidTM reverse tran-
scriptase (Fermentas) and oligodT primer. Specific primers targeting
the genes with a role in cardiomyocyte differentiation and TGFB
signaling (TGFB1, TGFBR1, TGFBR2, MYCN, and EIF4H) were
designed using the Primer 3.0 and were analyzed by OligoAnalyzer
3.1 in Integrated DNA Technologies (IDT) web server (Table I).

Real-time PCR reactions were performed using SYBR Green PCR
master mix (TAKARA), on an Applied Biosystems 7500 real-time
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PCR machine. Cycling conditions were as follows: 95°C for 30 s
followed by 40 cycles of amplification (denaturation at 95°C for 5 s,
annealing at 51°C for 10 s and extension at 72°C for 40 s). All reverse
transcriptase reactions, including no-template controls and RT
minus controls, were run in duplicate. Quantified values were
normalized against the HPRT1 housekeeping gene.

To analyze candidate miRNAs expression pattern, 20 ng of
DNase-I treated total RNA was isolated from biological duplicates

and used to synthesis cDNA using miRCURY LNATM cDNA
synthesis kit (Exiqon, Denmark). For amplification of each
candidate miRNA, specific LNATM PCR primer set (Exiqon) was
used according to the manufacturer0s instruction. The obtained CTs
were normalized to that of endogenous control gene RNU48
[Wilson et al., 2010]. Cycling conditions of real-time PCR were as
follows: 95°C for 10min, followed by 40 cycles of amplification
(denaturation at 95°C for 10 s, annealing and extension at 60°C for

Fig. 1. Cell surface markers expression profile on undifferentiated hCDCs. High percentage of the cells which were positive for CD105, CD90, and CD73 (mesenchymal/stromal
stem cell markers) and low percentage of CD117þ, CD31þ, CD34þ, and CD133þ cells showed the cell preparations were heterogenous sources of cardiosphere-derived stem cells.
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1min). PCR efficiency was evaluated by LinRegPCR (12.x) software
and raw data were introduced into DataAssist v3.0 software for
further analysis.

OVEREXPRESSION OF MIR-590
As transduction of the CDCsmight interfere with the timing of TGFB1
treatment and differentiation process, transient transfection strategy
was performed instead of stable transduction of the cells. For that
reason, 1mg of pLenti-III-hsa-mir-590-GFP vector (ABM, Canada)
was used for transfection of 5-aza treated CDCs with lipofectamin
2000 (Invitrogen) in 24-well plates, containing about 104 cells per
well. Transfectionwas performed either at day 4 or 10 of post-plating,
and a blank construct was used for transfection of negative control
cells. The transfection efficiency was determined by flow cytometry
which can accurately quantitate reporter gene expression (Green
Fluorescent Protein, GFP) in each cell in a population being
transfected. For selection of the transfected cells, the medium was
replaced with fresh differentiation medium containing 4mg/ml
puromycin (Sigma), 24 h after transfection. Themediumwas refreshed
with fresh puromycin-containing medium every other day. Ascorbic
acid (AA) and TGFB1 were added to the medium according to the
differentiation protocol [Smits et al., 2009].

DATA ANALYSIS AND STATISTICS
Data obtained from real-time PCR were analyzed with the one-way
ANOVA (SPSS version 16.0). Post hocmultiple comparisons between
samples for cardiac marker genes, candidate miRNAs and related
target genes were made using Tukey0s test. A P-value< 0.05 was
considered as statistically significant, and error bars indicate
standard deviation from the mean. All experiments were repeated
at least twice with duplicate samples in each experiment.

RESULTS

DIFFERENTIATION OF CDCs TOWARD CARDIAC-LIKE CELLS
High percentage of the cells which were positive for CD105
(Endoglin, a part of the TGFB1 receptor complex), CD90 (Thy-1),
and CD73 (lymphocyte-vascular adhesion-protein 2) as mesenchy-
mal/stromal stem cell markers and low percentage of CD117þ (c-kit),
CD31þ, CD34þ, and CD133þ cells showed that the cell preparations

were heterogeneous sources of cardiosphere-derived stem cells
(Fig. 1).

CDCs were first treated with 5-azacytidine (5-aza) demethylating
agent and TGFB1, and then the differentiation process was weekly
monitored up to four weeks. Our cellular and molecular data
confirmed the process of cardiac differentiation. Firstly, as a result of
differentiation induction, a fibroblast- like morphology of undiffer-
entiated CDCs (Fig. 2A) changed into a branched and elongated
morphology, mimicking the heart0s mature cardiomyocyte mor-
phology (Fig. 2B, C). Secondly, ICC was performed using a specific
antibody against a sarcomeric component of the cardiomyocytes
(TrnI), where accumulation of this protein was observed in the
cytoplasm of differentiating cells, 28 days post plating (Fig. 2E). As
expected, there was no considerable signal for the presence of TrnI
protein in undifferentiated CDCs (Fig. 2D). Furthermore, flow
cytometry results indicated that ~30% of the differentiated cells
were TrnIþ (Fig. 2F–I). Thirdly, the expression level of Mef2c,
GATA4, GATA6, ETS1, Cnx43, TrnT, MYH7, and alpha-Sarcomeric
actin were first decreased upon treatment of the cells with 5-aza, and
increased following the induction of TGFB1 (Fig. 3, P< 0.05). The
elevated expression of early cardiac transcription factors, as well as
late cardiac differentiationmarkers (Cnx43, TrnT, MYH7, and alpha-
Sarcomeric actin) mimicked the expression status of thesemarkers in
the human cardiomyocytes (Table II and Fig. 3). All together, our
morphological and molecular data indicated a differentiation of
CDCs toward cardiac-like cells.

BIOINFORMATICS ANALYSIS OF MIRNAS INVOLVED IN
CARDIOGENESIS
Based on previously published miRNA expression profiles [Wilson
et al., 2010; Synnergren et al., 2011], 272 miRNAs were found to be
differentially expressed (P< 0.05) during the course of embryonic
stem cells differentiation into cardiomyocytes. These miRNAs were
then introduced to the Ingenuity Pathway Analysis (IPA) software
(http://www.ingenuity.com/products/ipa/try-ipa-for-free) and gen-
erated ~640 target genes (predicted or validated), with one or more
assigned biological roles in the cardiovascular system. As the genes
that have roles in the cardiovascular system are not necessarily
involved in cardiogenesis, 76 of the aforementioned genes were
further handpicked, as the candidate genes with known roles in
cardiogenesis. These genes were targeted by 123 out of 272

TABLE I. Sequences of the Primers Used in Real-Time PCR

Primer Forward sequences Reverse sequences Product size

Mef2c 50-CTGGTGTAACACATCGACCTC -30 50-GATTGCCATACCCGTTCCCT-30 105
ETS1 50-TACACAGGCAGTGGACCAATC-30 50-CCCCGCTGTCTTGTGGATG-30 237
GATA4 50- CAGCAACTCCAGCAACG-30 50- ATCGCACTGACTGAGAACG-30 126
GATA6 50-CTGCGGGCTCTACAGCAAG-30 50-GTTGGCACAGGACAATCCAAG-30 100
HPRT1 50-CCTGGCGTCGTGATTAGTG-30 50-TCAGTCCTGTCCATAATTAGTCC-30 125
Cnx43 50-AGCTGCTGGACATGAATTAC-30 50-CTAGATCTCCAGGTCATCAG-30 109
TrnT 50-ACAGAGCGGAAAAGTGGGAAG-30 50-TCGTTGATCCTGTTTCGGAGA -30 230
MYH7 50-GGGGCAACAGGAAAGTTGG-30 50-CTCCTCAGCGTCATCAATGGA-30 228
Actin 50-TCACTGAGCGTGGCTACTCC-30 50-CTTGGTGATCCACATCTGCTG-30 500
TGFB1 50-CAATTCCTGGCGATACCTCAG-30 50-AACCACTGCCGCACAACT-30 96
TGFBR1 50-CATTTTTCCCAAGTGCCAGT-30 50-ACACCCCTAAGCATGTGGAG-30 235
TGFBR2 50-TTTGGATGGTGGAAGGTCTC-30 50-GCAACAGCTATTGGGATGGT-30 193
MYCN 50-TGATCCTCAAACGATGCCTTCCC-30 50-GGACGCCTCGCTCTTTATCTTCT-30 113
EIF4H 50-CACCTCCCCTTCAGTTCAGAGC-30 50-CAGTGTGTCCCCAAGATGTGG-30 157
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aforementioned miRNAs, suggesting their potential biological roles
in cardiogenesis (Table I). Two of these miRNAs (hsa-miR-590-5p
and hsa-miR-125a-5p) were chosen for further studies, based on
their transcriptional expression alteration during the course of
cardiac differentiation, as well as the number of their targets with
involvement in cardiogenesis. Furthermore, DIANA-mirPath (http://
diana.cslab.ece.ntua.gr/pathways/) software suggested that these
candidate miRNAs might be involved in some of the cardiac related

biological pathways such as TGFB, MAPK, and WNT signaling
pathways (Table III).

miR-590 AND ITS PUTATIVE TARGET GENES CO-EXPRESSION
ANALYSIS
Following treatment of CDCs with exogenous TGFB1 protein at day
6th of differentiation process, the level of miR-590 was sharply
declined (Fig. 5A, P< 0.001), whereas the level of miR-125a was

Fig. 2. Morphological and Immunocytochemical evidences of CDCs differentiation toward cardiac-like cells. A: Fibroblast-like undifferentiated CDCs. B and C: Differentiated
cardiomyocyte-like cells with the unique branched and elongated morphology at 9th and 28th day post-plating, respectively. D: Shows undifferentiated CDCs without
considerable ICC signal for TrnI protein, and E: Differentiated cells on 28 days after induction of differentiation. Also, (E) is only a small field of the chamber slide and is not
representative of the whole culture. In the immunocytochemical analysis against TrnI, a specific first monoclonal antibody against TrnI and a (goat) FITC secondary antibody
(green) were used. Blue fluorescence (DAPI) indicates nuclear staining. F and H: Flow cytometry analysis using IgG1 isotype antibody against undifferentiated and differentiated
CDCs. G and I: Flow cytometry analysis against TrnI antibody in undifferentiated and differentiated CDCs, respectively. Results shows that ~30% of differentiating cells are
positive for TrnI compared to undifferentiated CDCs.
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slightly increased at the later stages (Fig. 5A, P< 0.05). The sharp
decline of miR-590 expression level upon exogenous TGFB1
treatment suggests that it may be regulated by the TGFB signaling
pathway. In addition to the DIANAmicroT3.0 (Fig. 4) bioinformatics
algorithm0s prediction, two recent reports by others [Shan et al.,
2009; Jiang et al., 2012] indicated that TGFBR2 is targeted by miR-
590. Based on the real-time PCR data, the expression ofmiR-590was
in its highest level before the 6th day of CDCs differentiation process
(Fig. 5A, P< 0.05). Accordingly, the transcript levels of TGFB1
(endogenous), TGFBR1, and TGFBR2 were at their lowest levels

(Fig. 5B, P< 0.05). Upon exogenous TGFB1 treatment of the CDCs,
the transcript levels of miR-590 and TGFBR2 were significantly
altered (Fig. 5B, P< 0.05). The later finding suggests that exogenous
TGFB1 treatment inhibits miR-590 expression and induces TGFBR2
target gene stability. Transcription level of endogenous TGFB1
slightly increased since the 6th day of differentiation process
(Fig. 5B, P< 0.05).

Real-time PCR results further demonstrated that EIF4H transcript
(the gene in which miR-590 is located at 4th intron) was at the
highest level at 4th day of differentiation process, while its level

Fig. 3. Expression profiles ofMef2c, GATA4, GATA6, ETS1 transcription factors and Cnx43, TrnT,MYH7, and alpha-sarcomeric actin during the cardiac differentiation. Data shows
significant up regulation of Mef2c, ETS1, GATA4, and GATA6 in the cells on day 21 compared to undifferentiated CDCs on day 4. Cnx43, TrnT, MYH7, and alpha-sarcomeric actin is
also up regulated since day 6 after induction of differentiation. Error bars represent SD from the mean of four replicate experiments (*P< 0.01 compared with amounts on day 0).
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declined before TGFB1 treatment at day 6, independent of
exogenous TGFB1 treatment (Fig. 5C, P< 0.05). Similar pattern of
expression alteration was observed for MYCN, a positive regulator of
both miR-590 and its host gene, which is also a target for
TGFB1protein [Shohet et al., 2011].

THE INHIBITORY EFFECT OF miR-590 OVEREXPRESSION ON
TGFB1-INDUCED CDCs DIFFERENTIATION
To induce CDCs differentiation towards the cardiac cell fate, these
cells were first treated by 5-aza and then by TGFB1 at 6th day of

plating. In order to examine the role of miR-590 in CDCs
differentiation, pLenti-III-hsa-mir-590-GFP vector was used to
overexpress miR-590 before or after TGFB1 treatment of the cells at
4th day or 10th day of the process, respectively. Then, the result was
compared to the cells transfected with a CMV-blank vector. The
transfection efficiency was about 65% (detected by flow cytometry)
when the cells were transfected with pLenti-III-hsa-mir-590-GFP or
CMV-blank vectors. The real-time PCR has been performed at all
time points during the differentiation process. Real-time PCR data
confirmed the exogenous expression of miR-590 at 14th day of
differentiation, when the cells had been transfected either at 4th day
(40 times, P< 0.001) or 10th day (10 times, P< 0.001) of induction
(Fig. 6A). Coincident with miR-590 overexpression, a significant
downregulation of TGFB1, TGFBR1, and TGFBR2 were detected
(Table IV, Fig. 6B, C and D, P< 0.05). The effect of miR-590
overexpression before and after the first TGFB1 treatment on its
target genes expression has been also compared. The results
indicate that there was no statistically significant difference
between them.

The effect of miR-590 overexpression on the differentiation
statues of CDCs was also examined with ICC and flow cytometry
against TrnI cardiac specific marker protein. These techniques
demonstrated that in the CDCs overexpressing miR-590 since 4th
day of differentiation, TrnI protein has been less abundant compared
to the cells transfected at the 10th day of the process (P< 0.05,
Fig. 7). Collectively, these results suggested that overexpression of
miR-590 before TGFB1 induction of differentiation, is capable of
attenuating CDCs differentiation towards a cardiac-like fate.

DISCUSSION

Multiple lines of evidence have emphasized the essential roles of
miRNAs in cardiac development and cardiac progenitor cells
differentiation [Latronico et al., 2007; Zhang, 2008; Small and
Olson, 2011]. The CDCs are a heterogeneous subtype of cardiac
progenitor cells that are able to differentiate into three main cardiac
cell lineages without requiring co-culture with neonatal cardio-
myocytes [Barile et al., 2013]. CDCs have been reported to improve
the function of infarcted rat myocardium [Carr et al., 2011]. The
usage of CDCs in CADUCEUS trial has implicated the decreased scar
formation by 30 to 70%, and increased left ventricular mass in
ischemic adult patients [Makkar et al., 2012]. Also, the other clinical
trial (SCIPIO trial) has reported the delivery of a pure population of c-
kitþ cardiac stem cells to adult patients with myocardial infarction
which resulted in the reduction of infarct size (30%) over 12 months.
The recent study didn0t show any statistically significant change in
ejection fraction with the treatment of adult-derived CDCs [Bolli
et al., 2011]. Thus based on the mentioned study, c-kitþ cells may be
more effective than the heterogeneous CDCs population. In the other
study, it has been shown that c-kitþ subpopulation purified from
CDCs produced lower levels of paracrine factors and mediated lower
functional benefits compared with unsorted CDCs [Li et al., 2012].
Whether or not the purified cells populations are superior to CDCs for
cell therapy approaches and cardiac regeneration remain to be more
studied [Barile et al., 2013].

TABLE III. Predicted and Validated Target Genes of Two Candidate
miRNAs That Are Involved in Cardiogenesis (Obtained from IPA and
DIANA MicroT3.0)

Target gene symbol hsa-miR-590-5p hsa-miR-125a-5p

TGFBR3 þ –

TGFBR2 þ –

TGFBR1 þ þ
ACVR1C þ þ
ACVR2B þ þ
ACVR1B þ –

ACVR2A þ –

APC – þ
BMPR1B þ þ
BMPR2 þ þ
BMP8A – –

BMPR1A þ –

BMP3 þ –

BMP2 – –

FZD1 – þ
SMAD1 þ –

SMAD2 þ þ
SMAD4 þ þ
SMAD5 þ þ
SMAD9 þ –

CCNE1 – –

GATA4 – –

LRP6 þ –

MAP3K7 – –

TCF3 – –

E2F4 – –

NODAL – –

DKK1 þ –

FZD6 þ –

LRP1 þ –

PRKCA þ –

PRKCE þ –

PRKCI þ –

TCF4 þ –

TCF7L1 þ –

þ means the genes targeted by miRNAs.

TABLE II. The Fold Change of Studied Genes in Human Cardiac
Myocyte (hcm, Ncbi Code: C599, Pasteur) Compared to CDCs (before
Differentiation Induction)� SD (standard deviation)

Genes Fold change

Mef2c 2.56� 0.17
ETS1 3.50� 0.05
GATA4 0.98� 0.07
GATA6 1.54� 0.03
Cnx43 0.95� 0.05
TrnT 2.11� 0.24
MYH7 1.15� 0.19
alpha-Sarcomeric actin 2.67� 0.20
hsa-miR-590-5p 2.71� 0.10
hsa-miR-125a-5p 0.79� 0.03
TGFB1 1.07� 0.03
TGFBR1 0.59� 0.09
TGFBR2 7.57� 0.95
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Although some miRNAs such as miRNA-1, miRNA-499, and
miRNA-133a are reported to be able to regulate cardiac differ-
entiation and proliferation [Liu et al., 2008; Sluijter et al., 2010], the
role of other individual miRNAs in controlling of proliferation and
differentiation remains largely unknown. In the current study, our
results demonstrated that overexpression of miR-590-5p attenuates
the differentiation of CDCs.

DIFFERENTIATION OF CDCs
In the current research, several lines of evidence confirmed the
differentiation of CDCs to the cardiomyocyte-like cells; 1) at the end
of differentiation process, the shape of the fibroblast-like CDCs
changed into a cylindrical and branched morphology, similar to the
morphology of the cardiomyocyte cells isolated from the human
fetal heart [Sawada and Kawamura, 1991; Okabe et al., 1999; Hosoda
et al., 2011]. 2) The expression profile of cardiac cell markers: Mef2c,
GATA4, GATA6, ETS1, TrnT, MYH7, Cnx43, and alpha-sarcomeric
actin [Noseda et al., 2011], confirmed the differentiation process.
GATA4 and GATA6 are regulators of gene expression in the cardiac
muscle cells [Charron et al., 1999; Liang et al., 2001] and Mef2c
regulates TrnI expression [Di Lisi et al., 1998]. Consistent with TrnI
accumulation and acquisition of cardiac-like cell morphology, the
transcription of these markers was increased from day 6th of
differentiation process. ETS1 transcription factor is known to be
expressed during the cardiac morphogenesis, a process accompanied
by cell trans differentiation and vascular endothelial cell formation
[Reisdorff et al., 2002; Anversa et al., 2007; Ye et al., 2010]. A sharp
elevation in the expression level of ETS1 from day 6th of
differentiation process might be attributed to the cardiac differ-
entiation, probably differentiation to vascular endothelial cells. The

Fig. 5. Temporal alterations in the transcriptional expression of two candidate
miRNAs and some of the miR-590 related genes. A: Unlike miR-125 and miR-
590 expression pattern alteration during the CDCs differentiation upon TGFB1
treatment. B: Sharp TGFBR2 expression alteration upon TGFB1 treatment of the
CDCs during the differentiation process, and C: miR- 590 host gene (EIF4H) and
its positive regulator (MYCN) downregulation during the cardiac differentiation.
Error bars represent SD from the mean of four replicate experiments (*P< 0.01
compared with amounts on day 0, Data obtained from miRNAs real-time PCR
were normalized to the endogenous control gene RNU48).

Fig. 4. Target prediction for miR-590-5p via DIANA-micro T version 3. Predicted data shows the interactions of miR-590-5p with TGFBR2 at two different positions on its
30UTR. Also, miR-590-5p targets TGFBR1 and TGFB1.
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increased transcript level of ETS1 may be due to high percentage of
CD105þ cells in the used CDCs preparation with the fate of
angiogenesis. Endoglin (CD105) is known to be involved in the heart
angiogenesis [Duff et al., 2003; López-Novoa and Bernabeu, 2010].
The gap junctional connexin 43 (Cnx43) is involved in the cardiac
syncytium formation [Brink et al., 2011] and its transcription
alterations is potentially consistent with the appearance of branched
shaped cells around the same time (Fig. 2B, C and Fig. 3). Comparing
the flow cytometry results between two groups (differentiation-
induced group and undifferentiated group without any treatment)
indicated that ~30% of the differentiated cells were TrnI positive.

Altogether, the morphology changes of the differentiating cells,
ICC plus flow cytometry results, as well as molecular marker
expression data, confirmed the differentiation of CDCs toward a
cardiac-like cell phenotype.

A POSITIVE FEED-BACK LOOP BETWEEN TGFB1 AND ITS RECEPTORS
THROUGH miR-590
Two prominent miRNA profiling data have been reported during the
differentiation process of human embryonic stem cells toward
cardiomyocytes [Wilson et al., 2010; Synnergren et al., 2011]. Our
bioinformatics analysis by using these miRNA profiling data
indicated that 123 miRNAs target 76 genes with involvement in
cardiogenesis. 25 of these genes are targeted by miR-590, from
which some are involved in TGFB, MAPK, and other well-known
signaling pathways (Table III). A significant alteration of miR-590
expression level has been already reported during the differentiation
of embryonic stem cells to cardiomyocytes [Wilson et al., 2010].
Considering its targets category and expression profile during the
cardiogenesis, miR-590was further investigated during the course of
CDCs differentiation.

Fig. 6. The effect of miR-590 overexpression on its target genes and TGFB1 expression level. Each spot shows the fold change of intended gene transcription level, in the cells
overexpressing miR-590 compared to the cells transfected by CMV- blank vector. The gene expression patterns of the cells transfected by overexpressing miR-590 vector at 4th
and 10th day of differentiation process are compared in each graph. A: Overexpression of miR-590 after transfection of the CDCs. B, C, and D: Coordinated decreased
transcription levels of TGFBR2, TGFBR1, and TGFB1 in the transfected CDCs following miR-590 overexpression (*P< 0.01 compared with amounts on day 0).

TABLE IV. The Inhibitory Effect of miR-590 Overexpression on Its Target Genes Expression Level (*P< 0.05)

Day 0 Day 8* Day14 Day 21 Day 28

miR-590 Trans-Day 4a 1 6.48c� 0.10 37.98� 0.12 4.09� 0.08 5.77� 0.09
Trans-Day 10b 1 0.83� 0.09 8.59� 0.14 4.14� 0.16 3.01� 0.12

TGFBR2 Trans-Day 4 1 0.21� 0.08 0.12� 0.09 0.14� 0.06 0.22� 0.06
Trans-Day 10 1 1.09� 0.15 0.26� 0.13 0.16� 0.13 0.52� 0.12

TGFBR1 Trans-Day 4 1 0.67� 0.05 0.35� 0.06 0.44� 0.07 0.48� 0.03
Trans-Day 10 1 0.99� 0.06 0.63� 0.05 0.51� 0.06 0.56� 0.04

TGFB1 Trans-Day 4 1 0.47� 0.06 0.23� 0.06 0.24� 0.06 0.43� 0.04
Trans-Day 10 1 1.11� 0.09 0.35� 0.07 0.13� 0.07 0.19� 0.06

aTransfected by overexpressing miR-590 vector at 4th day.
bTransfected by overexpressing miR-590 vector at 10th day.
cEach number shows the fold change of intended gene transcription level, in the cells overexpressing miR-590 compared to the cells transfected by CMV-blank vector.
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Consistent with the results obtained in our study, TGFB1 has been
reported to induce cardiac differentiation into cardiomyocytes
[Goumans et al., 2008]. Here, we demonstrated that the expression
level of miR-590 is sharply declined following TGFB1 treatment of
CDCs. MiR-590 is located in the 4th intron of EIF4H host gene which
is known to be upregulated by MYCN transcription factor [Shohet
et al., 2011]. TGFB1 down-regulates MYC transcription factor [Chen
et al., 2002]. Consistently, expression alteration ofMYCNwas related
to the expression alterations of EIF4H at day 4. It seems the reduction
of MYCN and EIF4H expression before TGFB1 treatment probably
due to the activation of its upstream inhibitor genes via 5-aza
treatment. Furthermore, decreased expression level of miR-590
following TGFB1 treatment may be related to an independent

promoter of miR-590 from its host gene (EIF4H). The intronic
promoter activity of miR-590 was experimentally validated by
Monteys et al. [2010]. Recently, the other group demonstrated that
miR-590 promoter is activated by phosphorylated STAT5 (Favreau
and Sathyanarayana, 2012). Also, it is known that TGFB1 inhibits
the expression of STAT5 at the protein level without any change in
mRNA expression [Ryan et al., 2010]. TGFB1-induced activation of
Smad2, -3, and -4 leads to a direct inhibition of STAT5 trans-
activation and STAT5-mediated transcription of the downstream
target genes such as miR-590 [Cocolakis et al., 2008]. Thus,
decreased expression level of miR-590 upon TGFB1 treatment is
expected due to inhibitory effect of TGFB1 on STAT5. Moreover,
TGFB1 receptors regulate the specificity of TGFB signaling pathway

Fig. 7. TrnI protein evaluation in the cytoplasm of miR-590 transfected CDCs. Data obtained from ICC and flowcytometry illustrates the amounts of TrnI protein level in miR-
590 transfected CDCs at 10th day is more compared to the miR-590 transfected CDCs at 4th day (A, C, E, and G). PE conjugated polyclonal goat anti-mouse IgG antibody (Santa
Cruz Biotechnology) was used as secondary antibody. (I) A diagram to illustrate the statistical significant differences between two TrnIþ cell groups that were transfected with
miR-590 before or after TGFB1 induction (*P< 0.05).
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[Rojas et al., 2009]. Accordingly, TGFBR2 is one of the validated
target genes of miR-590 [Shan et al., 2009; Jiang et al., 2012]. This
receptor was shown to be upregulated following TGFB1 treatment
and down-regulation of miR-590. Considering the expression
pattern of TGFB signaling components, a positive feed-back loop
between TGFB and its receptors with the mediation of miR-590 was
hypothesized (Fig. 8). In this model, an exogenous addition of TGFB1
causes upregulation of TGFBRs via indirect suppression of miR-590,
which in turn causes efficient TGFB signaling. To test this
hypothesis, overexpression of mir-590 before or after TGFB1induc-
tion was carried out.

Overexpression of miR-590 in CDCs resulted in a significant
downregulation of TGFBR2, TGFBR1, and TGFB1 target genes. This
finding supported the bioinformatics prediction data suggesting that
TGFBR1 and TGFB1 are also targeted by miR-590. Based on the
proposedmodel, upon differentiation induction of CDCs by TGFB1 at
6th day, miR-590 level would be reduced, and hence TGFBR2 would
be increased. However, overexpression of miR-590 at 4th day of the
differentiation process caused a sharp reduction of TGFBRs
expression levels and neutralized the induction effect of TGFB1
for CDCs differentiation.

The expanded cell morphology acquisition as well as TrnI protein
synthesis is the fundamental character of differentiated cardiomyo-
cytes. Overexpression of miR-590 before the first TGFB1 treatment
probably resulted in the posttranscriptional repression of TGFBRs,
reduction of cardiac TrnI protein accumulation in cytoplasm and
lead to attenuation of cardiomyocytes maturation. Overexpression
of miR-590 after the first TGFB1induction had similar but weaker

effect on the cardiac TrnI protein expression. It seems the first
treatment by TGFB1 would make CDCs more committed toward
cardiogenesis fate.

CONCLUSIONS

Altogether, lowering the expression of miR-590 in the early stages of
cardiac differentiation would have a potential role in determination
of cardiac progenitor cell commitment. Finally, for determining the
precise role of miR-590-5p during the cardiac differentiation, more
analyses are needed.
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