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Lineage-specific Expression of miR-200 Family in Human
Embryonic Stem Cells during In Vitro Differentiation
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"Department of Biological Sciences and Center for Stem Cell Differentiation, KAIST,
“Division of Research & Development, Korea Institute of Toxicology, Daejeon, Korea

Although microRNAs have emerged as key regulators in diverse cellular processes, the roles of microRNAs are poorly
understood in human embryonic stem cells (hESCs) during differentiation into specialized cell types. In this study,
we used a microRNA array with 799 human microRNA probes to examine the expression profiles of microRNAs in
hESCs during differentiation into endodermal and mesodermal lineages in vitro. Among the microRNAs analyzed, 7
and 20 microRNAs were enriched in the developmental process of hESCs into mesodermal and endodermal lineages,
respectively. In particular, the expression levels of miR-200 family, which is known to regulate the epithelial to mesen-
chymal transition (EMT), gradually increased in hESCs during differentiation into hepatocytes while they gradually
decreased during differentiation into vascular endothelial cells. Downregulation of ZEBI, a direct target of miR-200
family, and E-CADHERIN, a target protein of ZEB1, was observed in hESCs during differentiation into endodermal
and mesodermal lineages, respectively. These results indicate that miR-200 family has an important role in determining
the cell fate between endodermal and mesodermal lineages from the pluripotent state.
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Introduction

Human embryonic stem cells (hESCs) which have pluri-
potency and self-renewal capacity can be used as sources
for numerous biomedical studies and cell therapies (1).
Differentiation of hESCs into a specialized cell type might
be regulated by complex networks of inter- and in-
tra-cellular molecules (2). Additionally, it has been known
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that microRNAs function as key regulators in stem cells
(3, 4). MicroRNAs that are single stranded, small (~22
nucleotides) and non-coding RNAs generated from endog-
enous transcripts regulate gene expressions (5) and have
important roles in cellular functions, such as cell pro-
liferation or survival (6), fat metabolism regulation (7),
mesenchymal stem cell differentiation (8), epithelial to
mesenchymal transition (9), and even in antiviral defense
(10). Additionally, recent studies have revealed that
microRNAs are critical regulators for the differentiation
of hESCs and cell fate determination during development
(11-14). For examples, miR-430/427/302 family is involved
in mesoderm fate determination by regulating LEFI and
LEF2 (Lefty-1/2) (15), and miR-145 represses the ex-
pressions of stem cell marker genes OCT4, SOX2, and
KLF4, thereby leading to the suppression of the stemness
in hESCs (16). p53 protein promotes the differentiation
of hESCs by targeting miR-34a and miR-145 (17). Recently,
miR-34a was identified as a regulator of the cell fate to
pluripotent state in mouse ESCs and induced pluripotent



stem cells (18). We previously reported that different
kinds of microRNAs may function in a developmental
stage-specific manner during the differentiation of hESCs
into hepatocytes (19). Although respective microRNAs are
associated with the differentiation process of pluripotent
stem cells, the roles of microRNAs have remained unclear
in cell fate determination for lineage specification.

Here we found that different kinds of microRNAs were
enriched between endodermal and mesodermal cells dif-
ferentiated from hESCs. Interestingly, the expression lev-
els of miR-200 family gradually increased in hESCs dur-
ing differentiation into hepatocytes (endodermal lineage)
while they gradually decreased in hESCs during differ-
entiation into vascular endothelial cells (mesodermal line-
age). The expression level of ZEBI, which is a target pro-
tein of miR-200 family and represses the transcriptional
expression of E-CADHERIN (20), was decreased during
the differentiation process of hESCs into the endodermal
lineage. Our findings show the involvement of miR-200
family in endodermal specification in hESCs during in vi-
tro differentiation.

Materials and Methods

Culture of hESCs

Human embryonic stem cells (CHA4-hES line) (21)
were maintained on a layer of mitomycin-C treated mouse
embryonic fibroblasts (MEFs) in ESC medium in a hu-
midified atmosphere of 5% CO; in air. The ESC medium
consisted of Dulbecco’s DMEM/F12 supplemented with
20% knockout serum replacement (Invitrogen, CA), 0.1
mM B -mercaptoethanol (Sigma-Aldrich, MO, USA), 1%
non-essential amino acids (Invitrogen), 1% penicillin-strep-
tomycin (Invitrogen), and 4 ng/ml basic FGF (R&D
Systems, MN). For the feeder-free culture, hESCs were
cultured on Matrigel (BD Biosciences, CA) in conditioned
medium which was obtained by culturing mitomycin-C
treated MEFs.

Differentiation of hESCs into hepatocytes

hESCs were differentiated into hepatocytes as pre-
viously described (19). Briefly, for definitive endoderm
(DE) induction, hESCs were cultured in RPMI1640 me-
dium (Hyclone, UT) supplemented with 0.5 mg/ml albu-
min fraction V (Sigma-Aldrich) and 50 ng/ml Activin A
(Peprotech, NJ, USA) for 1 d and 1% insulin-trans-
ferrin-selenium (ITS, Sigma-Aldrich) was added to this
medium for an additional 4 d. For hepatocyte differ-
entiation, hESC-derived DE cells were cultured in hep-
atocyte culture medium (HCM, Lonza, MD) containing 30
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ng/ml FGF4 (Peprotech) and 20 ng/ml BMP2 (Peprotech)
for 5 d, then incubated in HCM containing 20 ng/ml HGF
(Peprotech) for 5 d, and further cultured in HCM supple-
mented with 10 ng/ml Oncostatin M (OSM, R&D systems)
and 0.1 #M dexamethasone (DEX, Sigma-Aldrich) for 5
d. The medium was changed daily.

Differentiation of hESCs into vascular endothelial cells

Differentiation of hESCs into vascular endothelial cells
was done as previously described (22). Briefly, hESCs were
first treated with 50 «M PD98059 (Promega, Madison,
WI) and 20 ng/ml BMP4 (Peprotech, Rocky Hill, NJ) to
induce the mesodermal lineage for 3 d. The mesodermal
cells were committed to CD34" vascular progenitor cells
by treatment with 100 ng/ml VEGF-A and 50 ng/ml bFGF
(R&D Systems, Minneapolis, MN) for 6 d. hESC-derived
CD34" cells were isolated by with CD34" microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany). To ob-
tain vascular endothelial cells, the hESC-derived CD34™"
cells were cultured in EGM-2MV medium (CAMBREX,
Rutherford, NJ) supplemented with 100 ng/ml VEGF-A
and 50 ng/ml bFGF for 10 d.

Microarray analysis

Total RNAs were extracted from cells lysed in Trizol
(Invitrogen) according to the manufacturer’s instruction.
For the microRNA microarray, microRNA Complete
Labeling and Hyb kit (Agilent Technology, GES190-0456)
was used, following the manufacturer’s instruction. Briefly,
100 ng of total RNA were incubated with CIP at 37°C for
30 min. Dephosphorylated RNA sample was denatured
with DMSO at 100°C for 5 min. Ligation master mix was
prepared following the manufacturer’s instructions (10xT4
RNA ligase buffer, Cyanine3-pCp, T4 RNA ligase) and
added to each sample. Samples were resuspended with
blocking agent and Hi-RPM hybridization buffer, and in-
cubated at 100°C for 5 min, and then loaded onto Agilent’s
Human microRNA microarray (Agilent Technology, G4112F).
Human miRNA Microarray Kit (Aglent Technology,
(G2545A) was used for hybridization. Samples were hybri-
dized at 55°C and 20xrpm for 20 h on Agilent Hybridiza-
tion oven (Agilent Technology, G2545A). The hybridized
microarrays were washed following the manufacturer’s
washing instructions (Agilent Technology).

Acquisition of the microarray data

The hybridized images were scanned with Agilent’s
DNA microarray scanner (Agilent Technology, G2505B)
and quantified with Feature Extraction Software (Agilent
Technology). All data normalization and selection of
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fold-changed genes were performed with GeneSpringGX
7.3 (Agilent Technology). The averages of normalized ra-
tios were calculated by dividing the average of the normal-
ized signal channel intensity by the average of the normal-
ized control channel intensity. Cluster and the TreeView
program (Eisen Lab, http://rana.lbl.gov/eisen/) were used
for clustering and visualizing the expression level of the
microRNAs. Hierarchical clustering was performed with
average linkage and correlation similarity with the soft-
ware listed above.

Quantitative RT-PCR

For extracting total RNAs, hESCs were homogenized in
TRIzol (Invitrogen) according to the manufacturer’s
instructions. Approximately 1 #g of total RNAs was used
to generate first-strand cDNA using Superscript II reverse
transcriptase (Invitrogen), and cDNA was amplified by
PCR with the PCR PreMix (GENETBIO, Daejeon,
Korea). The specific primers used in this study are listed
in Supplementary Table 1. The expression levels of the
respective genes were measured by quantitative RT-PCR
using Prime Q-Master mix with SYBR Green I (GENETBIO).
The relative expression level was analyzed with an iCycler
iQ5 Real-Time detection system (Bio-Rad Laboratories,
Hercules, CA). The reaction parameters for the quantita-
tive RT-PCR analysis were 95°C for 10 min followed by
40 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C
for 30 sec, and a final elongation step at 72°C for 5 min.
All reactions were performed in duplicate. For the com-
parative quantification, the transcriptional levels of re-
spective genes were normalized to that of GAPDH, and
expressed as fold-change relative to the expression level
in undifferentiated hESCs. The sample 4Ct (S4Ct) value
was calculated as the difference between the Ct values of
GAPDH and the target. The ACt value of the undiffe-
rentiated hESCs was used as the control 4Ct (CACt) value.

Table 1. List of microRNAs enriched in a specific lineage

The relative gene expression levels between the sample
and control were determined with the formula 2~ /% ¢4,

For quantitative RT-PCR of the microRNAs, TagMan
microRNA assays (Applied Biosystems) were used to
quantify the level of mature microRNAs according to the
manufacturer’s instructions. Reactions were done by BioRad
1Q5 real-time PCR system. The reaction parameters for
the quantitative RT-PCR analysis were 95°C for 10 min
followed by 40 cycles of 95°C for 10 sec, 60°C for 10 sec,
and 72°C for 10 sec. The sample 4Ct (S4Ct) value was
calculated as the difference between the Ct value of RNU6B
and the target. The 4Ct value of the undifferentiated
hESCs was used as the control 4Ct (C4Ct) value. The
relative gene expression levels between the sample and
control were determined with the formula 2~ &4 C4%),
Quantitative RT-PCR of the microRNAs was performed
in duplicate.

Western blot

For protein purification, cells were mechanically har-
vested in Western blot PRO-PREP lysis buffer (Intron
Biotechnology) and homogenized with Vibra cell™
VCX-750 (SONICS & MATERIALS Inc., Newton, CT) if
required. The proteins were separated on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes. The pro-
tein-bound membranes were blocked with 4% BSA in
TBST for 1 h at RT followed by overnight incubation with
a primary antibody at 4°C. The primary antibodies used
in this study were as follows: ZEB1 (1:200, Santa Cruz
Biotechnology), E-CADHERIN (1:1000, BD Biosciences),
and HRP-conjugated actin (1:1000, Santa Cruz Biotech-
nology). After washing several times with TBST, the
membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:5,000, Santa
Cruz Biotechnology). The membranes were developed
with ECL (Elpis biotech) and exposed on a Fujifilm

Lineage specificity

Enriched microRNAs

Mesodermal differentiation hsa-let-7d
hsa-let-7g
hsa-miR-106b*
hsa-let-7f-1*
hsa-miR-141
hsa-miR-182
hsa-miR-183
hsa-miR-200a
hsa-miR-200b
hsa-miR-200c

Endodermal differentiation

hsa-miR-130a*

hsa-miR-338-3p

hsa-miR-190b hsa-miR-497
hsa-miR-196a*

hsa-miR-33a hsa-miR-599
hsa-miR-340* hsa-miR-605
hsa-miR-421 hsa-miR-628-5p
hsa-miR-429 hsa-miR-886-5p
hsa-miR-432 hsa-miR-942
hsa-miR-489 hsa-miR-96

hsa-miR-518d-3p




LAS-4000 CCD camera system (Fujifilm, Tokyo, Japan)
for quantitative imaging. Band intensities were measured
with the Image] program. Quantification of the protein
bands was normalized by that of actin.
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The statistical significance of the real-time RT-PCR data
rate was evaluated with one-way ANOVA. Values of p<0.05
were considered significant.
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Fig. 1. Differentiation of hESCs. (A) Overall scheme for the differentiation of hESCs into hepatocytes or vascular endothelial cells. (B)
Characterization of endodermal lineage cells derived from hESCs. Immunocytochemistry of SOX17 and GATA4 (up), AAT and AFP (middle),
and PAS staining and LDL uptake assay (lower). AAT, anti-@ trypsin; AFP, a-fetoprotein; LDL, low-density lipoprotein. Scale bar, 500
12m. (C) Characterization of mesodermal lineage cells derived from hESCs; Immunocytochemistry of CD31 (upper), FACS analysis of vascular
endothelial cells (middle), and tubular formation of vascular endothelial cells (lower). Scale bar, 500 z«m.
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Results and Discussion

Differentiation of hESCs into specific lineages

To compare expression profiles of microRNAs between
two lineages, hESCs were differentiated into endodermal
and mesodermal lineages, respectively (Fig. 1A). For en-
dodermal differentiation, hESCs were induced to defini-
tive endoderm (DE) cells expressing DE markers SOX17
and GATA4 (Fig. 1B, upper) and then further differ-
entiated into hepatocytes. hESC-derived hepatocytes ex-
pressed hepatic markers AAT and AFP (Fig. 1B, middle)
and showed the functionality of glycogen storage and LDL
uptake (Fig. 1B, lower). For mesodermal differentiation,
hESCs were developed to CD34-positive cells (CD34"
cells) and then the sorted CD34™ cells were differentiated
into vascular endothelial cells with high efficiency (Fig.
1C, upper and middle). These hESC-derived vascular en-
dothelial cells had tubular formation competence (Fig. 1C,
lower). By microarray analysis using 799 human microRNA
probes and quantitative RT-PCR of specific microRNAs,
the expression profiles of the microRNAs were analyzed
in hESCs, intermediate cells (DE and CD34" cells), and
terminally differentiated cells (hepatocytes and vascular
endothelial cells), respectively.

Expression patterns of the microRNAs in hESCs during
differentiation into hepatocytes and vascular
endothelial cells

The heatmaps for the total microRNAs showed differ-
ential expression patterns in both endodermal and meso-
dermal lineages during in ovitro differentiation of hESCs
(Fig. 2A). Additionally, the overall microRNA expression
levels of the different cell types derived from hESCs
showed differential profiles in each lineage compared to
those of hESCs (Fig. 2A). As the developmental stage of
hESCs advanced, the correlation of the microRNA ex-
pression patterns decreased in both endodermal (R square
value; 0.91 vs 0.77) and mesodermal lineages (0.77 vs 0.57)
(Fig. 2B). In addition, the correlation of the microRNA
expression patterns between the intermediate cells and ter-
minally differentiated cells was relatively high in both lin-
eages compared to the microRNA expression profiles be-
tween hESCs and intermediate cells (Fig. 2C). These re-
sults imply that the expression patterns of the microRNA
are continuously changed in hESCs during the differ-
entiation process. Among the microRNAs showing various
expression patterns during i ovitro differentiation of
hESCs, 20 and 7 microRNAs were enriched in the endo-
dermal and mesodermal lineages, respectively (Table 1).
Out of 20 endodermal-enriched microRNAs, interestingly,

the expressions of 10 microRNAs (miR-141, 182, 183,
201a, 200b, 200c, 429, 489, 886-5p, and 96) were increased
in hESCs during the endodermal development whereas
they were decreased during the mesodermal development
(Fig. 2D). The expression of mir-182 and miR-886-5p
were enormously enhanced in DE cells and then decreased
in hepatocytes, and the expressions of the others were
gradually increased during endodermal differentiation of
hESCs in vitro (Fig. 2D, left diagram). Intriguingly, the
transcriptional activities of all 10 endodermal-enriched
microRNAs were gradually reduced in hESCs during the
mesodermal development (Fig. 2D, right diagram).
Moreover, 7 mesodermal-enriched microRNAs showed in-
verse expression patterns in the developmental process of
hESCs between the endodermal and mesodermal lineages
(Fig. 2E). let-7g, miR-196a*, and miR-497 had the highest
expressions in CD34" cells, and the others (let-7d,
miR-106b*, miR-190b, and miR-338-3p) gradually in-
creased during mesodermal differentiation (Fig. 2E, left
diagram). In endodermal differentiation, 6 microRNAs ex-
cept miR-196a* were drastically decreased in DE cells
(Fig. 2E, right diagram). These results could be consid-
ered as silencing of those microRNAs at the early meso-
dermal differentiation stage. The microRNAs particularly
enriched in the endodermal lineage were categorized into
three groups: 1) miR-200 family (miR-141, miR-200a,
miR-200b, miR-200c, and miR-429), 2) miR-183 family
(miR-182, miR-183, and miR-96), and 3) others (miR-489
and miR-886-5p). Among the microRNAs enriched in the
endodermal lineage, the expression profiles of miR-200
family were obviously changed in the differentiation proc-
ess of hESCs between the mesodermal and endodermal
lineages (Fig. 3A). These differential expression patterns
of miR-200 family were clarified again by quantitative
RT-PCR (Fig. 3B). Our findings show that the expression
of miR-200 family is associated with the endodermal de-
velopment of hESCs in vitro.

MiR-200 family and EMT

The next question was how the expression of miR-200
family is involved in cell fate determination in hESCs dur-
ing in vitro differentiation. It is well known that miR-200
family suppresses the epithelial to mesenchymal transition
(EMT) process which has an important role in mamma-
lian development (9). To determine whether miR-200 fam-
ily actually functions in hESCs during differentiation into
specialized lineages, the expression levels of ZEB1 and
E-CADHERIN were examined. The expression level of
ZEBI, a direct target of miR-200 family in the EMT proc-
ess, was gradually decreased during the differentiation of
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Fig. 2. Expression profiles of microRNAs in hESCs during differentiation into endodermal and mesodermal lineages. (A) A heatmap showing
hierarchical clustering of microRNA expression level. ES, embryonic stem cells; DE, definitive endoderm; HEP, hepatocytes; CD34, CD34"
cells; EC, vascular endothelial cells. (B) Correlation of microRNA expression levels (log) between hESCs and differentiated cells in each
stage, respectively. R value was calculated by Pearson's correlation coefficient. HEP, hepatocytes; EC, vascular endothelial cells. (C)
Correlation of microRNA expression levels (log) between the cells at an intermediate status and the finally differentiated cells. R value
was calculated by Pearson's correlation coefficient. (D) Relative expression levels of microRNAs enriched in the endodermal lineage cells.
(E) Relative expression levels of microRNAs enriched in the mesodermal lineage cells.
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Fig. 3. Quantification of microRNAs using qRT-PCR. (A) Relative expression levels of miR-200 family from the microarray results. ES, embry-
onic stem cells; DE, definitive endoderm; HEP, hepatocytes; CD34, CD34" cells; EC, vascular endothelial cells. (B) Comparative quantifica-
tion of MiR-200 family in hESCs during differentiation into hepatocytes and vascular endothelial cells. *p<0.05, **p<0.01, n=3.

hESCs into hepatocytes, and a gradual increment of
E-CADHERIN, a target protein of ZEBI, was detected
(Fig. 4A). In contrast, the expression of ZEBI1 and the re-
pression of E-CADHERIN were observed in the differ-
entiation of hESCs into the mesodermal lineage (Fig. 4B).

These results show that expression of miR-200 family is
critical for determining the endodermal specification
through the EMT process during in vitro differentiation
of hESCs. The transcriptional activities of epithelial mark-

er genes (OCCLUDIN, ZO-1, E-CADHERIN, and
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Expression of miR-200 family-downstream target genes and proteins in hESCs during in vitro differentiation. (A) Expression levels

of miR-200 family target proteins in the endodermal lineage cells. Band intensities were measured using Image) program. Quantification
of protein bands was normalized by that of actin. **p<0.01, n=3. ES, embryonic stem cells; DE, definitive endoderm; HEP, hepatocytes;
CD34, CD34™ cells; EC, vascular endothelial cells; E-CAD, E-CADHERIN. (B) Expression levels of miR-200 family target proteins in meso-
dermal lineage cells. ***p<0.005, n=3. (C) Transcriptional expression levels of the epithelial marker genes in hESCs during in vitro
differentiation. *p<0.05; **p<0.01; ***p<0.005, n=3. (D) Transcriptional expression levels of the mesenchymal marker genes in hESCs

during

in vitro differentiation. *p<0.05; **p<0.01; ***p<0.005, n=3.



36 International Journal of Stem Cells 2017;10:28-37

CLAUDINI) were increased in hESCs during endodermal
differentiation while their activities were not significant
during mesodermal differentiation (Fig. 4C). The mesen-
chymal marker genes (INTEGRIN- @5, MMP-1, N-CA-
DHERIN, and VIMENTIN) did not exhibit any consistent
patterns in the transcriptional expression level during dif-
ferentiation of hESCs into both lineages (Fig. 4D). It has
been reported that the knockdown of miR-200c¢ inhibits
NANOG and upregulates GATA4, thereby regulating
self-renewal and differentiation in hESCs (23). Transfection
with a group of microRNAs including miR-200c, miR-302s,
and miR-376s family successfully induced somatic cells in-
to induced pluripotent stem cells (24). Thus, miR-200c ap-
pears to be associated with the self-renewal of hESCs. In
contrast to previous studies, our results provide new in-
sight showing that miR-200 family is involved in the endo-
dermal development during the differentiation of hESCs
m vitro.

This study reports for the first time that specific
microRNAs or a microRNA family has an important role
in the lineage determination of hESCs during in ovitro
differentiation. In particular, we found that miR-200 fam-
ily was considered the critical microRNAs for endodermal
determination in hESCs during early development i vitro.
Our results indicate that endodermal lineage in hESCs
may be determined through the suppression of the EMT
process by expression of miR-200 family which down-
regulate the target protein (ZEB1). Studies on the dynam-
ics of microRNAs in hESCs will be helpful in under-
standing cell fate and lineage specification in the devel-
opmental process.
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