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Abstract

Currently, there are difficulties associated with the culturing of pluripotent human embryonic stem cells (hESCs), and
knowledge regarding their regulatory mechanisms is limited. MicroRNAs (miRNAs) regulate gene expression and have
critical functions in stem cell self-renewal and differentiation. Moreover, fibroblast growth factor (FGF) and the insulin-like
growth factor receptor (IGF-1R) are key activators of signaling in hESCs. Based on the identification of complementary
binding sites in miR-223 and IGF-TR mRNA, it is proposed that miR-223 acts as a local regulator of IGF-1R. Therefore, levels of
miR-223 were detected in differentiated versus undifferentiated hESCs. In addition, proliferation, apoptosis, and
differentiation were assayed in these two hESC populations and were compared in the presence of exogenous miR-223
and miR-223 inhibitor. Inhibition of miR-223 was found to maintain the undifferentiated state of hESCs, while addition of
miR-223 induced differentiation. Furthermore, these effects were found to be likely dependent on IGF-1R/Akt signaling.
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Introduction

Human embryonic stem cells (hESCs) are derived from the
totipotent cells of early embryos, and are distinguished by their
capacity for unlimited self-renewal, undifferentiated proliferation
in vitro, and their ability to differentiate into any cell type
(pluripotency) [1]. Consequently, the application of hESCs in
regenerative medicine holds great promise. It has been
demonstrated that various factors regulate the differentiation
of hESCs into different cell types. These include an array of
transcription factors, such as Oct-4 and Nanog, which form self-
regulatory networks to control a wide range of downstream
genes [2,3]. Several extrinsic signaling molecules and pathways
have also been implicated in the maintenance of hESC
pluripotency, including basic fibroblast growth factor (bFGF),
insulin-like growth factor (IGF), and PI3K/Akt [4,5]. Specifi-
cally, bFGF and IGF receptors have been found to contribute
to the self-renewal capacity, poor differentiation, and enhanced
proliferation of hESCs [6,7]. In addition, the PI3K/Akt
signaling pathway has been shown to mediate dynamic changes
in the actin cytoskeleton, integrin signaling, and cell survival [8].

MicroRNAs (miRNAs) are small RNAs approximately 22
nucleotides in length that bind the 3’ untranslated region (3'-
UTR) of messenger RNAs to post-transcriptionally regulate the
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translation of target genes involved in apoptosis, differentiation,
and metabolic pathways [9]. Furthermore, accumulating evidence
suggests that miRINAs play important roles in the development of
stem cells, including the establishment of cellular identity and
regulation of stem cell behavior [10]. Currently, miR-223 has been
shown to have an essential role in the proliferation of granulocytes,
gastric cancer cells, venous smooth muscle cells, and hematopoi-
etic cells [11]. It is also a key factor during osteoclast differentiation
[12]. However, the mechanisms by which miR-223 regulates the
proliferation, apoptosis, and differentiation of hESCs remains
unclear.

Using bioinformatics predictions, complementary binding sites
have been identified in both miR-223 and the 3’-UTR of IGF-1R
mRNA. Based on these data, we hypothesize that miR-223 acts as
a local regulator of IGF-1R, thereby modulating development of
hESCs. To further investigate this hypothesis, expression of miR-
223 was monitored during hESC differentiation. In addition, two
markers of pluripotency, Oct-4 and Nanog, were assayed in
hESCs using lentiviral expression of miR-223 and a miR-223
inhibitor, in order to better understand the role and mechanistic
details of miR-223 in the proliferation, apoptosis, and differenti-
ation of hESCs.
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Materials and Methods

Cell Maintenance and Differentiation

H1 and H9 human ES cell lines have been described previously
[13] and were cultured on irradiated mouse embryonic fibroblasts
(MEFs) in serum-free medium containing basic fibroblast growth
factor (bFGF; R&D) [14]. Confluent cultures were harvested
mechanically using a cell lifter, then were dissociated enzymati-
cally using collagenase IV (Invitrogen). Cells were differentiated
for five days in basic embryoid body medium containing DMEM/
F12 (Gibco) supplemented with 20% knockout serum replacement
(Gibco), 0.1 mM nonessential amino acids (Invitrogen), 0.1 mM
B-mercaptoethanol  (Sigma), 1 mM L-Glutamine (Invitrogen),
50 pg/ml ascorbic acid (Sigma), and 10 ng/ml bFGF (R&D).
Cells were maintained at 37°C and 5% CO,, and were scored
based on morphological criteria.

Construction of pLV-THM-miR-223 and pLV-THM-miR-
223-inhibitor Vectors

A third generation self-inactivating, lentivirus plasmid, pLV-
THM (Addgene), was used as a transfer vector. Lentiviral vectors,
psPAX2 and pMD2.G, were used as packaging and envelope
plasmids, respectively. MiR-223 contains 20 nts and its mature
sequence is: 5'-TGTCAGTTTGTCAAATACCCCA-3". The
mature sequence of the miR-223 inhibitor used was: 5'-
UGGGGUAUUUGACAAACUCACA-3', and it was chemically
synthesized by Sangon Biotech Co. Ltd. (China). This oligonucle-
otide was inserted into the pLV-THM vector between the Mlul
and Clal restriction sites according to the protocol [15,16].
Lentiviral-based vectors containing pre-miR-223 or miR-223
inhibitor sequences were transformed into competent Escherichia
coli cells and antibiotic-resistant colonies were selected on LB-
ampicillin agar plates. Plasmids containing target genes were
subsequently amplified, purified, and enzymatically digested.
Plasmids were then subjected to polymerase chain reaction
(PCR) assays, and clones with positive PCR results were subjected
to DNA sequencing.

For transfection of plasmids, 293T cells were trypsinized and the
cell density was adjusted to 1x10° cells/ml with culture medium.
Cells were then reseeded into 100 mm cell culture dishes and
cultured for 24 h to achieve 90% confluence. Recombinant viral
vectors encoding miR-223; the miR-223 inhibitor, and the two
packaging plasmids were prepared using a plasmid extraction kit
(Invitrogen). These plasmids were then transfected into 293T cells
according to the manufacturer’s instructions. After 8 h, the
medium was replaced with fresh complete medium. After 24 h,
expression of GFP was assayed. After 48 h, the culture medium
was collected and cellular debris was removed by centrifugation to
obtain a high-titer lentivirus stock. Lentivirus without transgene
was used as a negative control and was produced in the same
manner.

Virus Transduction and Detection of miR-223 Expression

Individual 60 mm cell culture dishes were plated with 2-3
hESC clones each in culture medium. After 24 h, cells were
transduced with each lentivirus stock (5.0 x 10° titer units), then
were incubated for an additional 48-72 h prior to detection of
miR-223 expression by quantitative real-time polymerase chain
reaction (QRT-PCR). Small RNAs were isolated using a mirVana
miRNA Isolation Kit (Ambion), and expression of miR-223 was
detected using quantitative RT-PCR and Tagman miRNA assays
(Applied Biosystems). Mature miR-223 was detected using a qRT-
PCR miRNA Detection Kit and gRT-PCR Primer Sets,
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according to the manufacturer’s instructions (Applied Biosystems).
U6 small nuclear RNA was used as an internal control.

Computational Identification of miRNAs Recognizing IGF-
1R

Differentially expressed miRNAs computationally
screened using TargetScan Release 6.1 (http://www.targetscan.
org) and MicroCosm Targets version 5 (http://www.ebi.ac.uk/
enright-srv/microcosm) with IGF-1R (NM_000875) used as a

target gene.

were

Dual-luciferase Reporter Assay

To construct the dual luciferase vector, pmirGLO-IGFIR-3'-
UTR, the 3’-UTR region of IGF-1R (NM_000875; 1-1240 bp)
was PCR amplified using the following forward and reverse
primers: 5'-CCCTCGAGGATCCTGAATCTGTGCAAAC-3’
(27 bp) and 5’-AGCGGCCGCCTTCCCAGCGAAATCATC -
3" (29 bp), respectively. The amplification product was then
cloned into the vector, pmirGLO (Promega). As a control, the
relative luciferase activity of a mutant IGF-1R-3"UTR reporter
construct containing three mutated nucleotides within the putative
seed sequence (226-228 bp) was used (Table 1). Cells (1 x 10°/
well) were plated in 24-well plates, then incubated with 100 ng
pmirGLO- IGFIR -3'UTR vector and 30 nM exogenous miR-
223 or miR-223 inhibitor. Transfection of mutant IGF-1R-
3'UTR (100 ng) was used as a control. Dual luciferase assays
(Promega) were performed 48 h after transfection, and lumines-
cence was measured using a BMG FLUOstar Optima (BMG
Labtech GmbH). Statistical differences between treated and
control cells were determined using Student’s #test, with p<<0.05.

Detection of Oct-4 and Nanog Expression by qRT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen) and
reverse transcription was performed using a RT Kit according to
the manufacturer’s protocol (Invitrogen). The primers used are
listed. Oct-4: F 5'-CTTGGGCTACACAGGC-3', R 5'-CTCAA-
TACTCGTTCGCTTTC-3'; Nanog: F 5'-TTTGGAAGCTGC-
TGGGGAAG-3', R 5'-ATGGGAGGAGGGGAGAGGA-3'; G-
APDH: F 5'-GGAGCCAAAAGGGTCATC-3', R 5'-CCAGT-
GAGTTTCCCGTTC-3'.

Detection of Oct-4, Nanog, IGF-1R, and Akt Expression by
Western Blot

Cells were lysed in RIPA lysis buffer supplemented with phenyl-
methyl-sulphonyl fluoride (PMSF), 10 ul/ml sodium, and a
protease inhibitor cocktail solution (all purchased from Santa
Cruz Biotechnology). Cell lysates were separated by SDS/PAGE
in 10% Tris-glycine gels and were transferred to nitrocellulose
membranes. After blocking with 5% nonfat milk in TBS-T, the
membranes were incubated with antibodies diluted 1:500 in 5%
BSA overnight at 4°C. The following antibodies were purchased

Table 1. Potential interactions between miRNA-223 and the
3'UTR of IGF-1R.

IGF1R-3'UTR 5’ ...CCUGCCCAAACCCUUAACUGACA]..
miRNA-223 3’ ACCCCAUAAACUGU|LJJ:UL_GUA_IE|U£'J

Mutant IGF1R-3'UTR 5’ ...CCUGCCCAAACCCUUAAGACACA|..

[l i
miRNA-223 3’ ACCCCAUAAACUGUUUGACUG

doi:10.1371/journal.pone.0078769.t001
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from Cell Signal Technology: anti-Nanog, anti-Oct-4, anti-IGF-
IR, as well as antibodies recognizing total Akt and phosphorylated
Akt (p-Akt). After being washed, membranes were incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies
(Santa Cruz Biotechnology). Finally, all western blot exposures
were within a linear range of detection and the intensities of the
resulting bands were quantified using Quantity software available
with the Che-mi Doc imaging system (Bio-Rad). Data are
expressed as the mean *sandard deviation (SD).

Flow Cytometry

Cell cycle distribution and cell apoptosis were assayed using flow
cytometry. Briefly, parental cells and stable subline cells were
trypsinized, collected, washed, and stained. For cell cycle analysis,
cells were stained with propidium iodide (PI, Sigma-Aldrich) and
RNase A (Sigma) for 20 min at 4°C according to the manufac-
turer’s protocol (Sigma). For cell apoptosis, cells were stained with
Annexin V-fluorescein isothiocyanate (FITC; BD) and PI for
10 min at 4°C according to the manufacturer’s protocol (BD
Pharmingen).

Statistical Analysis

Data are presented as the mean * standard error of the mean
(SEM). Student’s #test was performed for statistical analyses using
SPSS 17.0 software. A p-value less than 0.05 was considered
statistically significant. All experiments were independently per-
formed at least three times.

Results

MiR-223 Levels in Undifferentiated Versus Differentiated
hESCs

Using gRT-PCR, levels of miR-223 were detected in undiffer-
entiated hESCs and spontaneously differentiated hESCs using H9
cells cultured in the presence and absence of bFGF, respectively
(Fig. 1A). Expression levels of miR-223 were found to significantly
increase in differentiated H9 cells. The pluripotency transcription
markers, Oct-4 and Nanog, were also subsequently measured 12,
72, and 120 h after the withdrawal of bFGF. In contrast with miR-
223, levels of Oct-4 and Nanog decreased in differentiated H9 cells
(Fig. 1, B,C). Similar results were obtained for H1 cells (data not
shown). These results suggest that miR-223 plays an important
role in the differentiation of hESCs.

MiR-223 Promotes Differentiation of hESCs

To further investigate whether miR-223 can induce the
differentiation of hESCs, H9 cells were transfected with lentivi-
ruses expressing a mature miR-223 sequence or a miR-223
inhibitor, then were cultured with or without bFGF for 12, 72, and
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120 h. When expression of Oct-4 and Nanog were assayed by
gRT-PCR, mRNA levels of both transcription factors were
observed to significantly decrease in cells expressing exogenous
miR-223 following bFGF withdrawal compared to the levels of
Oct-4 and Nanog detected in cells containing exogenous miR-223,
cells expressing miR-223 inhibitor in the absence of bFGF, and in
control cells (Fig. 2, A,B). Furthermore, western blotting confirmed
the changes in Nanog expression detected with qRT-PCR
(Fig. 2C). Taken together, these data indicate that miR-223
accelerates the differentiation of hESCs, while inhibition of miR-
223 maintains the pluripotency of hESCs.

The spontanecous differentiation of H9 cells was further
examined in the presence of a miR-223 inhibitor. Using qR'T-
PCR and western blotting, both mRNA and protein levels of
Nanog and Oct-4 were found to be significantly upregulated
following lentiviral expression of an miR-223 inhibitor and
withdrawal of bFGF for 120 h, compared with withdrawal of
bFGF in the absence of lentiviral infection (Fig. 2D, E). These data
indicate that differentiation of hESCs was blocked, and similar
results were observed with HI cells (data not shown). In
combination, these data suggest that miR-223 regulates hESCs
differentiation.

MiR-223 Regulates hESCs Differentiation likely by
Targeting IGF-1R/Akt Signaling

A dual luciferase assay was used to detect expression of IGF1IR
following the lentiviral infection of hESCs with miR-223 and the
3'UTR region of IGF-1R fused to a luciferase reporter. A decrease
in luciferase activity was detected, indicating that IGF-1R can be
regulated by miR-223. In contrast, the reporter activity of a
construct containing a mutated version of IGF-1R-3"UTR was not
affected by the presence of exogenous miR-223. These results
suggest that IGF-1R may be a target of miR-223 (Fig. 3A). To
confirm these observations, cell extracts were collected from
control cells, cells expressing exogenous miR-223 with and without
withdrawal of bFGF, and cells expressing a miR-223 inhibitor that
underwent bFGF withdrawal. Western blotting detected a
significant increase in levels of IGF-1R following expression of
the miR-223 inhibitor compared to expression of exogenous miR-
223 (Fig. 3B). Levels of Akt, a downstream kinase of the IGF-1R
signaling pathway, were also examined in these four cell extracts.
After 12 h, levels of phosphorylated Akt (p-Akt) were indistin-
guishable between the four groups. However, after 120 h, levels of
p-Akt in both the control extracts and the extracts of cells
expressing miR-223-inhibitor were significantly higher than those
of cells expressing exogenous miR-223 (Fig. 3C). Similar results
were observed for H1 cells in these assays (data not shown). Thus,
miR-223 promotes hESCs differentiation likely via suppressing the
IGF/Akt pathway.
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Figure 1. Levels of miR-223 detected in hESCs and spontaneously differentiated cells. A, Detection of miR-223 (A), Oct-4, (B), and Nanog
(€) in hESCs and spontaneously differentiated cells 12, 72, and 120 h after withdrawal of bFGF (*p<<0.05; **p<<0.01; n=6).

doi:10.1371/journal.pone.0078769.g001
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Figure 2. MiR-223 induces the differentiation of hESCs. Using gRT-PCR, Nanog (A) and Oct-4 (B) mRNA levels were assayed in control cells,
cells expressing exogenous miR-223 with and without bFGF withdrawal, and cells expressing a miR-223 inhibitor that underwent withdrawal of bFGF
for 12,72,and 120 h (*p<<0.05, **p<<0.01; n=6). (C) Levels of Nanog were detected by western blot 12, 72, and 120 h after withdrawal of bFGF for the
groups. Levels of mMRNA and protein were also assayed for Oct-4 (D) and Nanog (E) in the presence or absence of an miR-223 inhibitor 12, 72, and
120 h after withdrawal of bFGF (*p<<0.05, **p<<0.01; n=6). For western blots, detection of GAPDH was used as a loading control and protein bands
were semi-quantified using imaging analysis software. Data are expressed as the mean * SD and are representative of the three independent

experiments that were performed. *p<<0.05, **p<<0.01, n=3.
doi:10.1371/journal.pone.0078769.9g002

Effect of miR-223 on Cell-cycle Distribution and
Apoptosis

To investigate the effects of miR-223 on cell cycle progression
and apoptosis, control cells, cells expressing exogenous miR-223
with and without withdrawal of bFGF, and cells expressing miR-
223 inhibitor that underwent withdrawal of bFGF were assayed by
flow cytometry following staining with PI. No significant difference
in the percentage of cells distributed in the G¢/G) phase and the S
and Go/M phases was observed (Fig. 4). Furthermore, no
significant difference in the percentage of apoptotic cells detected
following staining with AnnexinV and PI was observed for the four
groups (Fig. 5). Parallel assays conducted using HI1 cells also
obtained similar data (data not shown). Taken together, these
results suggest that miR-223 is not required for the proliferation of
hESCs, and this is inconsistent with the proproliferative role that
miR-223 has exhibited in other cell types [17].

Discussion

Although Oct-4 and Nanog are recognized as specific markers
of undifferentiated pluripotency [18], little information is available
regarding post-transcriptional mechanisms that regulate the
pluripotency, self-renewal, and early determination of hESC fate.
However, several miRNAs have been found to play roles in the
proliferation, apoptosis, and differentiation of hESCs. Further-
more, recent evidence suggests that miR-223, an evolutionarily
conserved miRNA, may represent a potential biomarker for
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recurrent ovarian cancer and sepsis [19]. Thus, the role of miR-
223 in the proliferation, apoptosis, and differentiation of hESCs
was investigated.

In undifferentiated hESCs, low levels of miR-223 were detected.
In contrast, differentiated hESCs expressed high levels of miR-
223. Based on these results, it is hypothesized that miR-223 plays a
key role in the differentiation of hESCs. To test this hypothesis,
lentiviral transduction was performed to achieve overexpression of
miR-223 and miR-223-targeted inhibition. While the former
aggravated hESC differentiation, the latter was able to block
differentiation to a certain extent. Notably, however, neither
overexpression, nor inhibition, of miR-223 exerted significant
effects on cell proliferation and apoptosis. Collectively, these
results suggest that miR-223 enhances the differentiation of hESCs
without affecting the processes of proliferation and apoptosis, and
this is in contrast with the role of miR-223 in osteoclasts where
miR-223 has been shown to inhibit both cell differentiation and
proliferation [12,20]. Furthermore, in SW480 cells and rat aortic
smooth muscle cells, Wang et al. previously reported that miR-223
suppressed cell proliferation by targeting IGF-1R [21]. Although
these results differ from those of the present study, this may be due
to cell type-specific differences in the biological characteristics of
hESCs.

IGF-1R is also critical for the self-renewal of hESCs [22,23]. In
the present study, IGF-1R was found to be a target gene of miR-
223 based on several lines of evidence. First, the computational
screening programs, TargetScan and MicroCosm, identified IGF-1R
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Figure 5. Effects of exogenous miR-223 on cell apoptosis. Cell apoptosis for the indicated groups were assayed by flow cytometry 12 h, 72 h,
and 120 h after the withdrawal of bFGF (n = 3). Cells were stained with AnnexinV and PI. FACS analysis shows that exogenous expression of miR-223,
or an inhibitor of miR-223, does not affect cell apoptosis. The values shown are from experiments performed in triplicate = SD.

doi:10.1371/journal.pone.0078769.g005

as a target gene. Correspondingly, overexpression of miR-223
resulted in a significant decrease in luciferase activity for the IGF-
IR- 3'UTR reporter. Second, cells expressing a mutant version of
IGF-1R did not respond to miR-223. Third, IGF-1R was
significantly downregulated following overexpression of miR-223.
Based on these data, it appears that the differentiation of hESCs is
regulated by miR-223 via IGF-1R.

IGF-1R can also activate many downstream kinases, including
Akt, Erk, and Ampk [24]. Furthermore, Akt plays an important
role in maintaining the pluripotent state of hESCs, and lies
downstream of bFGF signaling [7,25,26]. In the present study, an
increase in levels of p-Akt were detected in hESCs in the presence
of a miR-223 inhibitor, thereby suggesting that miR-223 regulates
the differentiation of hESCs via the IGF/Akt pathway.

Based on the results of the present study, it appears that miR-
223 regulates the differentiation of hESCs by targeting IGF-1R
and its downstream Akt signaling pathway. It has been demon-
strated that treating hESCs with Akt inhibitor (like LY294002)
induces hESCs differentiation [27,28]. Our current study revealed
that miR-223 behaves as a Akt inhibitor during hESCs
differentiation. Combined with aforementioned evidence from
previous reports, our data suggested that miR-223 promotes
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