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Abstract MicroRNAs (miRNAs) are small non-coding RNA molecules that participate in transcriptional and post-tran-

scriptional regulation of gene expression. miRNAs have numerous roles in cellular function including embryonic devel-

opment. Human embryonic stem cells (hESCs) are capable of self-renewal and can differentiate into most of cell types

including cardiomyocytes (CMs). These characteristics of hESCs make them considered as an important model for

studying human embryonic development and tissue specific differentiation. In this study, we tried to demonstrate the

profile of miRNA expression in cardiac differentiation from hESCs. To induce differentiation, we differentiated hESCs into

CMs by direct differentiation method and characterized differentiated cells. To analyze the expression of miRNAs, we

distinguished (days 4, 8, 12, 16, 20, 24, 28) and isolated RNAs from each differentiation stage. miRNA specific RT-qPCR

was performed and the expression profile of miR-1, -30d, -133a, -143, -145, -378a, -499a was evaluated. The expression of

all miRs was up-regulated at day 8. miR-143 and -145 expression was also up-regulated at the later stage of differentiation.

Only miR-378a expression returned to undifferentiated hESC levels at the other stages of differentiation. In conclusion, we

elucidated the expression profile of miRNAs during differentiation into cardiomyocytes from hESCs. Our findings

demonstrate the expression of miRNAs was stage-dependent during differentiation and suggest that the differentiation into

CMs can be regulated by miRNAs through direct or indirect pathway.
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1 Introduction

Human embryonic stem cells (hESCs) have an ability to

self-renew and can differentiate into many cell types

including cardiomyocytes (CMs) [1]. These abilities of

hESCs make them considered as important model for

human development and tissue specific differentiation

[2, 3]. Especially, intractable heart diseases require cell-

based therapy utilizing stem cell-derived products.

To induce cardiac lineage differentiation, many growth

factors such as bone morphogenetic proteins (BMPs) have

been treated to hESCs in two-week differentiation proto-

cols [4–8]. In spite of many previously reported protocols,

the efficiency stills needs to be improved in terms of

retrieving self-beating CM clusters. Recently, epigenetic
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control of cell differentiation has been considered to have a

significant role in addition to genetic machinery [9].

Small non-coding RNA molecules such as microRNAs

(miRNAs, miRs) play an important part in transcriptional

and post-transcriptional regulation of gene expression

[10–12]. miRNAs are conserved in vertebrate and known

to have numerous roles in cellular function including

embryonic development [13–15]. In pluripotent stem cells,

microRNAs play numerous roles in cell lineage determi-

nation, maintenance of pluripotency, and cell cycle regu-

lation [16]. The roles of miRNAs in cardiac differentiation

include maintenance of normal heart structure, regulation

of heart morphogenesis, electrophysiological contraction,

and regulation of cell cycles [17–20]. They also contribute

to regulation of apoptosis in cardiomyocytes [21, 22],

which is related to myocardial infarction, cardiomyopathy

and cardiac hypertrophy [23–26].

In this study, we tried to demonstrate the profile of

miRNA expression in cardiac differentiation from hESCs

at various stages. We selected 7 candidate miRNAs using

database that are involved in early mesoderm induction,

heart development and regulation of cardiac function. This

attempt is critical, considering dynamic changes of differ-

entiation-inducing factor expression along the time course

of differentiation. If successfully searched, the identified

candidate miRNAs can be co-treated with conventional

cardiac lineage differentiation-inducing factors to enhance

the differentiation efficiency.

2 Materials and methods

2.1 Ethics

The use of human embryonic stem (hES) cell line was

approved by the Institutional Review Board of the Institute

of Reproductive Medicine and Population (IRMP), Medi-

cal Research Center, Seoul National University (219932-

201412-LR-12-01-01).

2.2 hESC culture

The hES cell line, SNUhES3 was provided from the

Institute of IRMP [1] and maintained as previously

described [27]. Briefly, undifferentiated hESC colonies

were mechanically dissected and transferred onto freshly

prepared, mitomycin C (MMC, Sigma-Aldrich, St. Louis,

MO, USA)-treated STO (CRL-1503, ATCC, Manassas,

VA, USA) feeder layer. The cells were passaged every

7 days by mechanical dissociation method. The medium

was consisted of DMEM/F12 (Invitrogen, Waltham, MA,

USA), 20% knockout serum replacement (KO-SR, Invit-

rogen), 1% nonessential amino acids (Invitrogen), 50 lg/

mL streptomycin (Invitrogen), 50 U/mL penicillin (Invit-

rogen), 0.1 mM b-mercaptoethanol (Sigma-Aldrich), and

4 ng/mL basic fibroblast growth factor (bFGF, Invitrogen).

The medium was changed daily.

2.3 Differentiation into cardiac precursor cells

from hESCs

Undifferentiated hESCs were treated with 2 mg/mL of

collagenase type IV (Invitrogen) and incubated for 30 min

at 37 �C and isolated colonies were mechanically disrupted

and transferred to vitronectin (VTN-N, Invitrogen)-coated

culture dish and media was switched to Essential 8 medium

(Invitrogen). When colonies were fully grown, the colonies

were washed with PBS (Invitrogen) and then medium was

switched to differentiation medium consisted of RPMI

1640 (Invitrogen) and B27 supplement (Invitrogen). The

cells were treated with 100 ng/mL of Activin A (R&D

Systems, Minneapolis, MN, USA) for 24 h and 10 ng/mL

of BMP2 (R&D Systems) for following 4 days. The growth

factors were omitted from the differentiation day 5.

2.4 Immunofluorescence staining

In order to evaluate the localization of specific proteins,

differentiated cells were washed with PBS and fixed with

4% paraformaldehyde (PFA, Sigma-Aldrich) for 15 min at

room temperature and blocked with 3% bovine serum

albumin (BSA, Sigma-Aldrich) solution for 12 h at 4 �C.
Then, the cells were incubated with each primary antibody

(1:100), rabbit anti-human Nkx 2.5 (Abcam, Cambridge,

UK), mouse anti-human ANP (SantaCruz Biotechnology,

Dallas, TX, USA)and mouse anti-smooth muscle actin

(SMA, SantaCruz Biotechnology), for overnight at 4 �C,
and washed three times with TBS containing triton X100

(TBST, Sigma-Aldrich). Secondary antibodies, goat anti-

rabbit 488 IgG (Molecular Probes, Grand Island, NY,

USA) and goat anti-mouse 594 IgG (Molecular Probes)

were added for 50 min at 37 �C and washed three times

with TBST. Finally, 10 lg/mL of DAPI (Sigma-Aldrich)

was treated and the images were assessed under fluores-

cence microscope (EVOS-FL, Life Technologies, Grand

Island, NY, USA).

2.5 MicroRNA quantitative reverse transcription

and polymerase chain reaction (qRT-PCR)

To evaluate the expression level of miRNAs, total RNAs

were extracted from the samples using Trizol reagent (In-

vitrogen). cDNAs were synthesized from 0.05 lg total

RNAs using NCodeTM VILOTM miRNA cDNA Synthesis

Kit (Invitrogen) and templates were used for the qRT-PCR

reactions. Each specific primer (Table 1) and NCodeTM
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EXPRESS SYBR� GreenERTM miRNA qRT-PCR premix

(Invitrogen) were added to the cDNAs and amplified under

the following conditions: incubation for 2 min at 50 �C and

following 2 min at 95 �C, and followed by 40 cycles of

15 s at 95 �C, and 60 s at 60 �C. All the reactions were

performed in triplicate and the Ct value was calculated

based on the U6 expression.

2.6 Statistical analysis

The entire experiments were repeated at least three times.

All data were expressed as means and standard deviations

and compared using the Student’s t test. The differences

were considered statistically significant when they were

p\ 0.05. Data were analyzed using the Statistical Package

for the Social Sciences for Windows (version 12.0, SPSS

Inc., Chicago, IL).

3 Results

3.1 Differentiation of hESCs into cardiac lineage

cells

To induce cardiac lineage differentiation, a sequential

culture of hESCs with on-feeder and feeder-free culture

system was employed (Fig. 1). During feeder-free culture

period, the differentiation into cardiac precursors was

enhanced by eliminating the residual feeder cells and pre-

secreted undifferentiated state-maintaining factors. Cardiac

precursor cells showed beating as early as at days 13 and

14 (Suppl. movie). These beating cell clusters showed

typical cardiomyocyte-like morphology (Fig. 2).

3.2 Expression of cardiac lineage proteins

To confirm the complete differentiation into cardiac cells,

the expression of cardiac linage-specific and non-specific

Table 1 Accession number of microRNAs used

ID Accession

hsa-miR-1 MIMAT0000416

hsa-miR-143 MIMAT0000435

hsa-miR-30d MIMAT0000245

hsa-miR-133a MIMAT0000427

hsa-miR-499a MIMAT0002870

hsa-miR-145 MIMAT0000437

hsa-miR-378a MIMAT0000732

Undifferentiated

hESCs

Activin A BMP2 Omission of 
growth factors

Contractile 
clusters 

Mechanical
transfer
on feeder

RPMI 1640/B27DMEM/F12

miR-133a, -499a

miR-143, -30d

miR-1

miR-145, -378aRemoval 
of feeder

Essential 8

Feeder-free 
transfer

Fig. 1 Schematic design of

differentiation protocol.

Undifferentiated hESCs were

cultured in combined on-feeder

and feeder-free system and

direct differentiation method

was used for cardiac lineage

differentiation

Table 2 qPCR primers

sequence
Primer Forward Reverse

human U6 GTGCTCGCTTCGGCAGCACATATAC AAAAATATGGAACGCTTCACGAATTTG

hsa-miR-1 TGGAATGTAAAGAAGTATGTAT Universal reverse primer

hsa-miR-143 TGAGATGAAGCACTGTAGCTC Universal reverse primer

hsa-miR-30d TGTAAACATCCCCGACTGGAAG Universal reverse primer

hsa-miR-133a TTTGGTCCCCTTCAACCAGCTG Universal reverse primer

hsa-miR-499a TTAAGACTTGCAGTGATGTTT Universal reverse primer

hsa-miR-145 GTCCAGTTTTCCCAGGAATCCCT Universal reverse primer

hsa-miR-378a ACTGGACTTGGAGTCAGAAGG Universal reverse primer
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markers was evaluated. The expression of cardiac specific

transcription factor Nkx 2.5 was confirmed at day 18 and the

expression of cardiomyocyte-secreting hormone, ANP was

also confirmed. The expression of SMA, non-cardiac,

smooth muscle-specific protein, was not expressed in hESC-

derived cardiac precursor cells (Fig. 3). Taken together,

these results indicated that undifferentiated hESCs differ-

entiated into cardiac lineage and the differentiated cells

showed the characteristics of cardiac precursor cells.

3.3 MicroRNA expression profile of cardiac lineage

differentiation

To analyze the expression profile of selected miRNAs

during differentiation from hESCs into cardiac lineage

cells, we evaluated the differentiated cells collected at the

stages of every 4 days using miRNAs -specific qRT-PCR.

Characteristically, the stages from day 4 to day 8 showed

dynamic up-regulation of miRNAs, which may be a pre-

requisite for differentiation into cardiac lineage (Figs. 4, 5,

6, 7). This expression pattern was in contrast to those of

undifferentiated hESCs and of differentiated beating car-

diomyocytes. Taken together, the expression of miRNA is

correlated to the differentiation into cardiac precursor and

those effects were stage-specific.

3.4 Expression profile of miR-1

miR-1 is known to be expressed during the entire stage of

differentiation. This important miRNA was down-regu-

lated at the induction stage (day 0 to day 4), and drastically

up-regulated during the transition stage from early meso-

derm to cardiac mesoderm (day 5 to day 12). Its expression

Fig. 2 Phase contrast image of

hESC-derived cardiomyocyte

cluster. A Emergence of cardiac

clusters (arrows) during

differentiation. B Observation

of replated single cardiac cells

Fig. 3 Immunocytochemical

staining of hESC-derived

cardiomyocytes. A Expression

of cardiac-specific markers in

differentiated cells.

B Expression of smooth muscle-

specific markers

Fig. 4 MicroRNAs-specific quantitative RT-PCR (qRT-PCR) of

miR-1
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was down-regulated till maturation (day 12 to day 23) and

up-regulated again (day 24 to day 28) (Fig. 4).

3.5 Expression profile of miRs related to cardiac

development

Cardiac development-relatedmiRs-30d, and -143 were

selected based on the database search (www.miRbase.org).

The expression of miR-143 was extremely up-regulated at

differentiation day 8 and down-regulated till maturation

stage. After the appearance of beating cardiomyocyte

precursor cells, the expression level was up-regulated again

and the expression level was highest at differentiation day

28. The expression of miR-30d was also up-regulated

during differentiation, however, their highest level was

observed at day 8, its expression level was maintained as

low as that of undifferentiated hESCs, and then increased

at the later stage of differentiation (Fig. 5).

3.6 Expression profile of miRNAs related

to cardiomyocyte precursor differentiation

The expression patterns of cardiomyocyte precursor dif-

ferentiation-related miR-133a and miR-499a was evaluated

during differentiation. They were significantly up-regulated

on day 8 and their expression showed an increase as high as

20-fold those of other evaluated miRNAs. The expression

of miR-499a was increased again after maturation.

3.7 Expression profile of miRNAs related

to regulation of functionality

The expression of functionality-related miR-145 was

slightly down-regulated at day 4, was up-regulated at day 8

and was maintained the expression level until maturation at

least twofold in comparison with undifferentiated hESCs.

The expression was significantly up-regulated at day 28

and this phenomenon was not observed in the expression

Fig. 5 Expression profile of microRNAs related to cardiac

development

Fig. 6 Expression profile of microRNAs related to cardiomyocyte

precursor differentiation

Fig. 7 Expression profile of microRNAs related to functionality
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pattern of other miRNAs. The expression of miR-378a was

also up-regulated at day 8 and then down-regulated as low

as undifferentiated hESCs levels until maturation stage.

4 Discussion

To the best of our knowledge, this is the first report that

elucidated the serial expression pattern of selected car-

diomyocyte-associated miRNAs during the entire differ-

entiation duration of hESCs into cardiac lineage, although

there have been numerous reports on the selected miRNAs

that regulate the differentiation and proliferation in human-

derived cardiomyocyte progenitor cells [28], smooth

muscle cell fate and plasticity [29].

The authors demonstrated the profile of miRNA

expression at various stages during cardiac lineage differ-

entiation of hESCs. This attempt was very important since

differentiation-inducing factor expression is highly

dynamic over the time course of differentiation. Through

this study, many miRNAs were successfully searched

(Table 2), and these miRNAs can be good candidates that

can be co-treated with conventional cardiac lineage dif-

ferentiation-inducing factors to enhance the differentiation

efficiency along with mechanical stimuli [30].

Our data showed that the expression pattern of micro-

RNAs was dynamic during cardiac lineage differentiation

of hESCs. Analyzed miRNAs were significantly up-regu-

lated at differentiation day 8, the transition stage to early

mesoderm. Their expression was down-regulated when

their cell fate was committed to cardiac lineage (Figs. 4, 5,

6, 7).

The expression of miR-1 was highly up-regulated at the

transition stage into cardiac mesoderm in our study

(Fig. 4). This is supported by the previous report thatmiR-1

is known to enhance the differentiation into cardiac cells by

inhibiting differentiation into neuronal linages [18]. These

results showed that miR-1 importantly contributed to the

cardiac lineage differentiation in the employed cell line,

SNUhES3.

Interestingly, the expression pattern of miR-143 was

different from those of other miRNAs (Fig. 5). It was

highly expressed at day 8, down-regulated till day 16 and

up-regulated again after maturation (day 20) and reached

the highest at late stage (day 28). Targets of miR-143

include mesoderm induction gene, MIER3, myosin light

chain interacting protein and potassium voltage-gated

channel related genes [29]. These results imply that miR-

143 may play an important role in cardiac differentiation

andin maintaining the functionality of hESC-derived car-

diac cells. Intriguingly, cardiac development-related miR-

30d showed a high expression pattern at day 8, then down-

regulated, and again up-regulated at day 24. It is known

that miR-30d interacts with a major cardiac lineage tran-

scription factor, MEF2C/D, which is amajor determinant

into cardiac lineage, and with K ? channel-related KCN

family [31].

miR-133a and miR-499a also showed the highest

expression at day 8 (Fig. 6). miR-133a is known to interact

with myosin heavy chain (MHC), major structural protein

of cardiomyocytes [32]. miR-499a is known to interact

with Tbx3, a major determinant into cardiac lineage, that is

expressed at patterning stage of cardiac development and

restrictively expressed atrium and left ventricle at the later

stage of development [33]. Our results may imply that they

contribute to structural formation and ultimately the

maintenance of hESC-derived cardiomyocytes.

The expression level of miR-145 was sustained after up-

regulated at day 8 (Fig. 7). It has been reported to con-

tribute to differentiation and functionality of hESC-derived

CMs [34]. The expression of miR-378a was up-regulated at

day 8 and down-regulated as low as undifferentiated cells.

It is known to interact with BMP2 receptor that is involved

in the signaling pathway that regulates the cardiac devel-

opment [35]. Therefore, these miRNAs seem to play at the

cardiac-specific differentiation.

This study has some limitations. Firstly, the observed data

were retrieved from an XY cell line, therefore those from

XX cell lines should be confirmed along with their differ-

entiation efficiency. Secondly, the tested miRNAs were

selected based on the database (www.miRbase.org), how-

ever, their overlapping interaction is currently unavailable.

The number and combination of various miRNAs’ expres-

sion should be further investigated. Finally, the authors are

planning to search and evaluate the target gene expression

[36, 37] of analyzed miRNAs in the future investigations.

In conclusion, we elucidated the expression profile of

miRNAs during hESC differentiation into cardiomyocytes.

Our findings demonstrate the expression of miRNAs was

stage-dependent during cardiac lineage differentiation and

thus suggest that the differentiation into CMs can be reg-

ulated by miRNAs through direct or indirect pathway.
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