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MicroRNAs (miRNAs) are small non-coding RNAs that re-
gulate gene expression at post-transcriptional levels through
mRNA degradation or translation inhibition. Little is known
regarding miRNA participation in regulating hematopoietic,
or more specifically erythroid differentiation. This study
was aimed at identifying erythroid lineage-specific miRNAs
expressed during in vitro erythropoiesis using human
embryonic stem cells (hESCs) and human umbilical cord
blood (CB) CD34+ cells. CD34+ hematopoietic cells were
produced from hESCs in vitro and subsequently induced
to differentiate into erythroid cells by culture in sequence
on OP9 feeder cells and then with mesenchymal stromal
cells (MSC) in the presence of cytokines. Expression pro-
files of erythroid lineage-specific miRNAs were analyzed
by quantitative PCR during in vitro differentiation. Expres-
sion levels of miR-142-3p, miR-142-5p, miR-146a and miR-
451 were dynamically changed during differentiation of
hESCs to CD34+ hematopoietic cells, and in subsequent
differentiation of the CD34+ cells into the erythroid lineage.
This suggests that these four miRNAs might be involved in
regulating erythropoiesis.

INTRODUCTION

MicroRNAs (miRNAs) are short regulatory non-coding RNAs
that control gene expression via degradation of target mRNAs
and/or inhibition of translation, thereby playing critical roles in
dictating the fates of a variety of cells by regulating unique sub-
sets of genes during differentiation (Gammell, 2007). Hundreds
of miRNAs have been identified from many eukaryotic organ-
isms, but specific roles of many of these miRNAs for organ
development, homeostasis and metabolism of many organisms
have yet to be revealed. Recently, miRNAs have been pro-
posed to play regulatory roles in the process of erythropoiesis.
Because a single miRNA can potentially target several hundred
genes and conversely, a single gene can bind more than one
miRNA (Lewis et al., 2005), multiple miRNAs may regulate

target genes cooperatively for erythropoiesis. The first miRNA
identified as being expressed in human erythrocytes was miR-
451 (Rathjen et al., 2006). Later, more signature miRNAs were
reported to correlate with common myeloid/erythroid progenitor
cell commitment and subsequent maturation. Correlation analy-
sis with umbilical cord blood (CB)-derived CD34+ cells showed
that expression of miR-15b, miR-16, miR-22, and miR-185 po-
sitively correlated with the appearance of erythroid surface
antigens: CD36, CD71 and CD235a, and with hemoglobin syn-
thesis, while induction of miR-28 inversely correlated with ex-
pression of these erythroid surface antigens (Choong et al.,
2007). When variation of miRNA expression was assessed in
K562 cells, miR-126 was up-regulated while miR-103, miR-
130a, miR-210, and miR-18b were down-regulated after erythroid
cell induction. The same miRNA expression tendency was
observed in CD34+ cells isolated from human CB following
erythroid induction (Yang et al., 2009). miRNA profile analysis
using mouse erythroid precursors also showed that expression
of miR-15b, miR-22, miR-26a, miR-29a, miR-30a-5p, miR-144,
miR-292-5p and miR-451 was increased upon erythroid differ-
entiation (Zhan et al., 2007). miR-451 affects cellular functions
such as epithelial cell polarity formation (Tsuchiya et al., 2009)
and cancer development (Bandres et al., 2009). Although mi-
croarray analyses for identifying changes in miRNA expression
levels during erythropoiesis are informative, these reported
results have not been consistent in the literature. miR-142 is
involved in hematopoiesis, immune responses, and T cell dif-
ferentiation (Chen and Lodish, 2005; Ramkissoon et al., 2006;
Visone et al., 2009; Wu et al., 2007). miR-146a is known to
suppress metastasis (Edmonds et al., 2009; Li et al., 2010) and
more recently it has also been implicated in modulating immune
responses (Tsitsiou and Lindsay, 2009; Williams et al., 2008).
miR-451 plays a role in regulating erythropoiesis by repressing
negative regulators for erythropoiesis, such as Gata2 (Dore et
al., 2008; Kuang et al., 2009; Zhan et al., 2007). However, it is
largely unknown whether these miRNAs are involved in early
stages of hematopoiesis. In particular, regulatory roles of these
miRNAs in development of human CD34+ hematopoietic cells
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from human embryonic stem cells (hESC) and subsequent
erythroid differentiation of human CD34+ hematopoietic cells
(enriched for stem and progenitor cells) remains to be deline-
ated. In this study we focused particularly on investigating ex-
pression changes of miR-142-3p, miR-142-5p, miR-146a, and
miR-451 in the hematopoietic system. Here, we report dynamic
variations of miR-142-3p, miR-142-5p, miR-146a and miR-451
expression during transition from hESC to CD34+ cells and
from hESC derived CD34+ cells to erythroid cells in vitro. Our
results suggest that miRNAs may be regulatory targets for pos-
sible engagement in erythroid cell commitment.

MATERIALS AND METHODS

Microarray analysis

miRNAs profiles in hESCs, mesenchymal stem cells (MSCs)
and CB CD34+ cells were analyzed using the Genopal miRNA
microarray system (Mitsubishi Rayon Co., Ltd., Yokohama Ja-
pan) (Lee et al., 2010). Chip analysis was repeated at least
twice, and hybridization signal intensities were analyzed as
described previously (Lee et al., 2010).

Real time PCR

Gene expression levels were quantified using the ABI 7300 RT-
PCR System (Applied Biosytems, USA). Expression levels of
mature miRNAs were determined using TagMan Gene Expres-
sion Assays (Applied Biosystems, USA). First strand cDNAs
were synthesized from approximately 10 ng total RNAs using
superscript Il reverse transcriptase (Invitrogen, USA), and
cDNAs were amplified for miRNAs by PCR using PCR premix
(Gene Bio, Switzerland), Relative quantities of miRNA were
calculated using different values between threshold cycles (Ct)
of respective miRNAs and RNU6B used as endogenous con-
trol. Comparative real-time PCR assays with or without specific
primers for miR-142-3p, miR-142-5p, miR-146a, miR-451 were
performed in triplicate. Initial reactions were carried out at 95°C
for 10 min, followed by additional 40 cycles of reactions at 95°C
for 15s and 60°C for 1 min per cycle. Relative expression was
calculated using the comparative C; method.

hESC, OP9 cells and co-culture

hESC (H9 line) were maintained according to the research
protocol of the WiCell Research Institute (USA). H9 colonies
were passaged weekly on 10 mg/ml mitomycin C (Sigma, USA)
treated mouse embryonic fibroblast feeder cells in DMEM/F-12
basal medium containing 20% serum replacement, 0.1 mM
beta-mercaptoethanol, 0.1 mM non-essential amino acids solu-
tion, 100 unit/ml penicillin, 100 pg/ml streptomycin, and 4 ng/ml
recombinant human FGF-2 (Invitrogen, USA). Differentiated
hESC colonies were physically removed from undifferentiated
hESCs at purity greater than 90% for each passage. The undif-
ferentiated state of hESC was confirmed based on morphology
and loss of OCT-4 expression by immnunocytochemical stain.
The OP9 mouse bone marrow stromal cell line was purchased
from ATCC, the Global Bioresource Center and maintained
according to the manual provided. OP9 cells were grown on
gelatin-coated culture dishes for at least five passages in o-
modified minimum essential media (a-MEM) (Invitrogen, USA)
supplemented with 20% defined fetal bovine serum not heat
inactivated (FBS; HyClone Laboratories, USA) for adaptation
before the cells were used as feeder cells for hESC differentia-
tion. Hematopoietic differentiation of hESC on OP9 feeder cells
was induced in o-MEM containing 10% FBS and 100 uM
monothioglycerol (MTG, Sigma, USA) with complete medium
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change on day 1 followed by a half-medium change on days 4,
6, and 8. Finally on day 10, CD34+ hematopoietic cells were
isolated for further differentiation into erythroid cells (Vodyanik
and Slukvin, 2007; Vodyanik et al., 2005).

Isolation and differentiation of CD34+ cells

Aggregated cells were harvested from the co-culture and dis-
sociated into single cells by treatment with 0.25% trypsin/EDTA
solution (Gibco, USA) for 20-30 min at 37°C and passaged
through 70-um cell strainers (BD Bioscience, USA) after gentle
pipetting. CD34+ cells were then isolated by MACS (Miltenyi
Biotec, Germany) according to the manufacturer’s instructions.
Isolated CD34+ cells were induced to differentiate into erythroid
lineage cells by culturing for the first 7 days in serum-free Is-
cove’s modified Dulbecco’s medium (IMDM, Gibco, USA) sup-
plemented with three cytokines, SCF (Peprotech, USA) at 100
ng/ml, IL-3 (Peprotech, USA) at 5 ng/ml, EPO (STEMCELL
Technologies, Canada) at 3 IU/ml, 1% human serum albumin
(Sigma, USA), 200 pg/ml iron-saturated human transferrin (Sigma,
USA), 50 pg/ml insulin (Sigma, USA), 4 mmol/L L-glutamine
(Sigma, USA), 1.6 x 10* mol/l monothioglycerol (Sigma, USA)
and 1% penicillin-streptomycin solution (Gibco, USA) with a
half-medium change twice a week. The cells were continuously
differentiated on human bone marrow (BM) derived MSC as
feeder cells, by culturing for an additional 7 days in medium but
with only erythropoietin (EPO) with a half-medium change
every 2-3 days.

Reverse transcriptase polymerase chain reaction

miRNA extracted from CD34+ cells was subjected to PCR
using Tag polymerase and following primers forward primer (5'-
CACATCTACCTCTGTGATAACCT-3') and reverse primer (5'-
CTTGATGTCACTTAGGATAGGAG-3); GPA, forward primer
(5'-GCATTAAGTACCACTGAGGTG-3') and reverse primer (5'-
GGAGGGTAAACAGTTCTAACAGA-3'); OCT4, forward primer
(5"-AACTCGAGCAATTTGCCAAGCTCC-3) and reverse pri-
mer (5-TTCGGGCACTGCAGGAACAAATTC-3'); GATA4, for-
ward primer (5-CTCCTTCAGGCAGTGAGAGC-3') and re-
verse primer (5'-GAGATGCAGTGTGCTCGTGC-3'); AFP, for-
ward primer (5-AGAACCTGTCACAAGCTGTG-3') and re-
verse primer (5'-GACAGCAAGCTGAGGATGTC-3'); DCN, for-
ward primer (5-GAGCTCAGGAATTGAAAATG-3') and reverse
primer (5-AAGCTTGTTGTTGTCCAAGT-3'); Brachury, forward
primer (5-GATCACAAAGAGATGATGGA-3') and reverse pri-
mer (5-TTGTCAGAATAGGTTGGAGA-3'); NeuroD1, forward
primer (5-ATTCTAAGACGCAGAAGCTG-3') and reverse
primer (5'-ACTGGTAGGAGTAGGGGTGT-3'); human actin,
forward primer (5-CAGATCATGTTGAGACCTTC-3') and re-
verse primer (5-ATGATGGAGTTGAAGGTAGTTT-3). PCR
was carried out by pre-incubation at 94°C for 5 min followed by
30 cycles of reaction at 94°C for 30 s, at 55°C for 30 s, at 72°C
for 30 s and finally continuous reaction at 72°C for 7 min.

Imaging analysis

For immunological staining, isolated CD34+ cells were washed
with PBS and attached to glass slides using Cytospin 3 (Shan-
don Scientific, USA). The cells were fixed with 4% formalde-
hyde, stained with anti-human CD34 monoclonal antibody at
1:100 ratio at 4°C overnight and FITC conjugated goat anti—
mouse antibody at 1:500 ratio for 1 h at room temperature fol-
lowing PBS washing 3 times. After 3 washes with PBS, the
cells were observed under a fluorescence microscope. In addi-
tion, cell morphology was examined with Wright-Giemsa stain-
ing under digital camera (Leica, Germany) at 1,000 fold magni-
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fication.

Flow cytometric analysis

Erythrocyte differentiation of CD34+ cells was assessed by
staining with monoclonal antibodies to CD71 and glycophorin A
conjugated with fluorescent isothiocyanate (FITC) and phyco-
erythrin (PE), respectively for 15 min on ice. Stained cells were
analyzed with FACS Calibur and pro-CellQuest software (BD
Medical Systems, USA).

Statistical analysis

miRNA expression levels were evaluated as mean + standard
errors. Significance of data was determined using student’s
test and a P value less than 0.05 was regarded as statistically
significant.

RESULTS AND DISCUSSION

Erythroid colony forming cells were generated in vitro
from hESCs through CD34+ cells by co-culture with OP9
cells and MSC in the presence of appropriate cytokines

In vitro generation of mature hematopoietic cells from stem cells
has been an intense research subject for many years. We at-
tempted to establish a culture system to generate erythroid cells
from hESC using a co-culture system in serum free medium
supplemented with various cytokines. The first intermediate cell
type we wanted to attain was CD34+ expressing cells. CD34+
is known to be expressed on hematopoietic stem/progenitor
cells. This was achieved by co-culture of hLESC on OP9 cells, a
mouse stromal cell line as feeder cells in 100 mM mono-
thioglycerol (MTG) for 10 days as described by Maxim et al.
(Vodyanik et al., 2005) The CD34+ cells derived from hESC
were continuously cultured in SCF, IL-3 and EPO for 7 days
followed by additional culture on human BM derived MSC as
feeder cells with EPO for another 7 days. The resulting cells
formed typical erythroid colonies (Fig. 1).

hESCs were able to differentiate into CD34+ cells with loss
of OCT4 and induction of AFP and DCN expression

We separated the CD34+ cells from undifferentiated hESC
using magnetic-bead separation (MACS) kit and verified ex-
pression of CD34 mRNA. We then monitored expression of
OCT4 (a marker for hESC), AFP (alpha fetoprotein; a marker
for erythroid cells), and DCN (decorin; a marker for endotherm).
RT-PCR results indicated that hESCs lost OCT4 on the cell
surface after a 7-day differentiation culture (Fig. 2A). In contrast,
we were able to detect CD34 expression on approximately 80%
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of the resulting cells, a manifestation of differentiation of hLESCs
into hematopoietic cells. Development of hematopoietic lineage
cells was confirmed by expression of AFP and DCN. Similar to
OCT4, we noticed diminished GATA-4 expression in hESC as
a result of co-culture with OP9 cells. CD34 expression was
detected in the generated cells as verified at a protein level by
immunohistochemical analysis (Fig. 2B). Ninety five percent of
the total cell population contained round-shaped nucleus
stained with deep bluish-purple and little cytoplasm stained with
pale gray-blue (Fig. 2C). These results indicate that hESCs
were differentiated into hematopoietic CD34+ cells under the
culture conditions adopted.

Differential miRNAs expression between hES and CB
CD34+ cells

Next, we determined whether differentiation of hESCs into CD34+
cells was reflected by changes in specific miRNA expression.
We assessed expression of four miRNAs (miR-142-3p, miR-
142-5p, miR-146a and miR-451), and compared expression of
these miRNAs by microarray analysis in hESCs, human em-
bryoid bodies (hEB) generated from hESCs by a 15-day differ-
entiation culture, hMSC, CB derived CD34+ cells and WI-38
cells, a human fibroblast-like lung cell line used as a negative
control cells (Fig. 3A). Expression levels of all the miRNAs were
highest in CD34+ CB cells among the cell types tested (Fig. 3A).
Quantitative RT-PCR indicated higher levels of all the miRNAs
in CD34+ CB cells compared to hESCs and WI-38 cells (Fig.
3B).

Differentiation of hESC derived CD34+ cells into
erythrocyte progenitors was manifested by decrease of
CD34 and increase of GPA-1 expression

Because induced CD34 expression in hESCs was apparent as
a result of their co-culture with OP9 cells in the hematopoietic
differentiation medium, we determined whether induced CD34
expression was lost as the CD34+ cells were further differenti-
ated into erythroid cells. To this end, the hESC derived CD34+
cells were cultured in serum free medium supplemented with
EPO and two other cytokines for first 7 days, and additional 7
days on human bone marrow derived MSC feeder cells with
EPO only until 14 days of total culture, which lead to generation
of more mature erythroid cells through two different develop-
mental stages. The cells were then assessed for expression of
CD34 and GPA-1, glycoprotein a marker for late stage erythroid
and red blood cells. As shown in Fig. 4A, CD34 expression
levels sharply declined at day 7 and were slightly evident at day
14. In contrast, expression levels of GPA-1 were increased
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during the culture up to 14 days. Morphological changes were
apparent: the nucleus was degraded during the differentiation
culture (Fig. 4B), an indication of erythropoietic transition.

Flow cytometric analysis of the erythroid cells developed
from hESC derived CD34+ cells for cell surface expression
of CD71 and GPA-1, erythroid cell markers

We confirmed generation of erythroid cells from hESC derived
CD834+ cells by using flow cytometry to determine induction of
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Fig. 2. Development of CD34+ cells expressing hemato-
poietic markers from hESCs. Initial hESCs and cells differ-
entiated from hESC were compared for the mRNA expres-
sion levels of OCT4, CD34, GATA4, AFP, DCN, Brachury
and NeuroD1 mRNA after a 10-day co-culture with OP9
cells in 100 uM MTG. The bands represent RT-PCR prod-
ucts from respective mRNA. Actin was used as an internal
control protein (A). The cells developed from hESCs were
stained with FITC conjugated anti-human CD34 antibody
to detect CD34 at protein levels (B). The cells developed
from hESCs were stained with Wright-Giemsa staining to
evaluate morphological changes under light microscope at
1,000x magnification (C).

Fig. 3. Differential miRNAs expression in CB derived CD34+
cells. CD34+ cells, hESC, hEB, MSC and WI-38 cells were
subject to Genopal miRNA microarray assays and predominant
species of miRNAs were identified. Among various miRNAs
miR-142-3p, miR-142-5p, miR-146a and miR-451 appeared to
be significantly upregulated in CD34+ cells compared to hESCs,
EBs, MSCs, and WI-38 cells (A). Quantitative real-time PCR for
the four miRNAs was carried out with mRNA isolated from
hESC, CD34+ cells and WI-38 cells. Relative miRNA levels of
each cell type were depicted as quantity ratios of specific miRNA
to RNUB6B used as an endogenous control (B). *P < 0.05.

CD71, the transferrin receptor which is a marker for early but
not mature stages of erythroid differentiation. CD71 expression
was significantly increased at day 7 and remained at similar
levels to day 14 during the erythroid differentiation culture. Con-
sistent with the previous results (Fig. 4A), GPA-1 expression
was increased continuously during the differentiation period
(Fig. 5). This data demonstrated the potential of hESC derived
CD34+ cells to differentiate into late erythroid stages.
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Fig. 4. Differentiation of hESC derived CD34+ cells into erythroid
cells. hESC, hESC-derived CD34+ cells and CD34+ cells-derived
erythrocyte progenitors at two stages were produced as described
in Fig. 1 and CD34 and GPA-1 mRNA determined by RT-PCR. (A).
The cells were harvested after 0, 7 and 14 days from erythroid
inducing cultures and stained with Wright-Giemsa. Morphological
changes indicative of erythroid cell development were observed
under light microscope at 1,000x magnification (B).

Erythroid cell generation from hESC derived CD34+ cells
was associated with induction of four specific miRNAs

We assessed expression patterns of four different miRNAs,
miR-142-3p, miR-142-5p, miR-146a and miR-451 by quantita-
tive PCR analysis in the hESC derived CD34+ cells at two dif-
ferent stages of their erythroid differentiation during culture for 7
and 14 days. Expression levels of the four miRNAs were low in
the hESC derived CD34+ cells, but increased dramatically as
the hESC derived CD34+ cells differentiated into erythroid cells.
However, induction patterns of these miRNAs differed during
the differentiation culture. While expression levels of miR-142-
5p and miR-451 were continuously increased throughout the 14
day culture, miRNA-142-3p and miRNA-146a reached a peak
at day 7 but decreased by day 14 (Fig. 6). These results sug-
gest that miR-142-3p, miR-142-5p, miR-146a, miR-451 may be
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induced in hematopoietic stem and/or progenitor cells upon
erythroid cell differentiation, and each miRNA may play different
roles for this differentiation.

For the last decade, miRNAs have been target molecules
that many investigators have paid attention to due to their criti-
cal regulatory roles in cellular developmental processes. Com-
parative microarray assays has been used to identify miRNAs
expressed in a variety of tissues including hematopoietic cells.
For example, microarray analysis by Zhan et al. (2007). re-
vealed that the overall miRNA expression levels are increased
upon erythroid differentiation. This suggests that miRNAs may
play an important role in promoting erythroid differentiation.

In this study we found that four miRNAs, miR-142-3p, miR-
142-5p, miR-146a and miR-451 were most predominantly ex-
pressed in CD34+ cells by a microarray assay and extended
this microarray study focusing on investigating expression of
these four most prominent miRNAs by gRT-PCR during in vitro
erythroid lineage differentiation of CD34+ cells at two different
stages. We used two different sources of CD34+ cells, those
generated from hESC and the others isolated from cryopre-
served CB. Consistent with the results from microarray, qRT-
PCR analysis indicated significantly higher expression of all the
miRNAs in CB CD34+ cells compared to that in hESCs (Fig.
3B) and even higher as the CD34+ cells differentiated into
erythroid progenitor cells (Fig. 6). However, expression profiles
of the miRNA in erythroid progenitor cells were no longer syn-
chronized as cells further matured; while miR-142-5p and miR-
451 levels were continuously increased from day 7 to day 14 of
the erythroid differentiation processes, miR-142-3p and miR-
146a levels were decreased (Fig. 6). Erythroid differentiation
consists of multiple maturation steps which may be coupled
with expression of the specific miRNAs. Consequently, the indi-
vidual miRNA expressed at an appropriate window of time may
regulate specific target molecules necessary for dictating
erythroid differentiation.

We characterized erythroid differentiation by determining in-
duction of CD71 and GPA-1 on the cell surface. The signifi-
cance of our study is that we were able to link expression pro-
files of the specific miRNAs and the degree of erythroid matura-
tion defined by induction of CD71 using quantitative RT-PCR
and flow cytometry, respectively. No regulatory target mole-
cules of these miRNAs have been identified. Therefore, more
studies have yet to be done using gene knockdown techniques
for miRNAs in order to understand the exact target molecules
and the roles of each miRNAs in erythropoiesis.

Fig. 5. Flow cytometric analysis of

erythroid cells developed from hESC-
=] derived CD34+ cells. Expression of
CD71 and GPA-1, erythrocyte mark-
ers, on erythroid cells developed from
hESC-derived CD34+ cells at two
different phases (day 7 and day 14)
was determined. Percent of the cells
positive for CD71 and GPA-1 are

Control hESC-CD34+ E 7 days E 14 days
= ¥ s
138% 8.20% 31.91% 17.67%
CDh71 e e
= 1 ™
0.26% L.15% 4.02%
GPA-1
woow - - w w W ow w oW w - - v W - w W

denoted in the histograms. Control
— histograms represent the day 7
erythroid cells stained with isotype
control antibody.
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In recent years, human CB has served as a hematopoietic
stem cell and progenitor cell source to repopulate the blood
system (Broxmeyer and Smith, 2008) (Liao et al., 2011) for
treatment of hematopoietic disorders such as leukemia (Lin et
al., 2006; Miniero et al., 1995). However, the efficacy of stem
cell transplantation with CB is somewhat limited due to the low
number of hematopoietic stem cells contained in single CB
units. Our results demonstrated that the CD34+ cells we gener-
ated from hESC in vitro were comparable to CD34+ cells iso-
lated from cryopreserved CB in their ability to induce the four
miRNAs we examined during erythroid cell differentiation in
vitro. Thus, our study opens up a possibility that hESC may
represent a potential future source of CD34+ cells and the
miRNAs might be able to be utilized as needed as a clinical tool
to promote erythropoiesis.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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