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MicroRNAs (miRNAs) are small RNAs that participate in the regulation of genes associated with the differenti-
ation and proliferation. In this study, 5 novel miRNAs were identified from human mesenchymal stem cells and
characterized using various analyses. To investigate the potential functions associated with the regulation of cell
differentiation, the differences in miRNA expression were examined in undifferentiated and differentiated human
embryonic stem (ES) cells using reverse transcription (RT)-PCR analysis. Specifically, 3 miRNAs exhibited de-
creased expression levels in human umbilical vein endothelial cells (HUVECs) and endothelial cells derived from
human ES cells. Putative target genes related to differentiation or maturation of endothelial cells were predicted by
seed sequences of 2 novel miRNAs and analyzed for their expression via miRNA-mediated regulation using a
luciferase assay. In HUVECs, CDH5 gene expression was directly repressed by hsa-miR-6086. Similarly, hsa-miR-
6087 significantly downregulated endoglin expression. Therefore, the roles of these 2 miRNAs may be to directly
suppress their target genes, popularly known as endothelial cell markers. Taken together, our results demonstrate
that several novel miRNAs perform critical roles in human endothelial cell development.

Introduction

MicroRNAs (miRNAs) are small, endogenous non-
coding RNAs that are involved in various biological

processes, including the development, differentiation, and
proliferation of cells [1]. Recent studies have demonstrated
that miRNAs are involved in gene regulation or can serve as
biological markers for diagnosing diseases. Human miR-15-a
and miR-16-1 have been shown to be commonly deleted or
downregulated in patients with B-cell chronic lymphocytic
leukemia, suggesting that they may regulate biological pro-
cesses, similar to tumor suppressors [2]. miRNAs have also
been shown to mediate post-transcriptional regulation of
mRNA in eukaryotic cells through the suppression of gene
expression by recognizing complementary nucleic acid tar-
gets [3]. Mature miRNAs are excised from 60- to 80-nucleotide
pre-miRNA, double-stranded RNA (dsRNA) fold-back
structures, mimicking a dsRNA hairpin, by the Dicer RNase
III endonuclease, resulting in *18–24-nucleotide-long oligos
[4]. The resulting mature miRNA can directly inhibit the
translation of mRNA by binding to the target mRNA, forming
an RNA-induced silencing complex (RISC) [5]. Formation of

RISC is mediated by the binding of miRNA to complementary
sites in 3¢-untranslated regions (3¢-UTRs) of the target mRNAs
in a sequence-dependent manner [6]. A specific miRNA has
been predicted to bind a specific recognition sequence within
the 3¢-UTR of numerous transcripts [7]. Individual mRNAs
have also been shown to harbor multiple recognition se-
quences for various miRNAs [8].

miRNAs have been suggested to regulate up to 30% of the
genes within the human genome by binding to 3¢-UTRs [9].
Experimental evidence has revealed that miRNAs play im-
portant roles in various diseases, such as cancer, diabetes,
viral infection, and cardiac dysfunction [10]. Further, miR-
NAs were shown to be involved in the survival, prolifera-
tion, and differentiation of stem cells [11]. Although germ
cells are segregated relatively late in mammalian develop-
ment, at peri-gastrulation, they are restricted after the first
fertilized egg cleavage in lower organisms [12]. Mice defec-
tive in the Dicer endonuclease gene (Dicer - / - ) die at em-
bryonic day 7.5. This study has revealed that Dicer - / -

embryonic stem (ES) cells are defective in miRNA matura-
tion, resulting in proliferation and differentiation defects
[13]. Recently, pyrosequencing of small RNAs isolated from
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normal ES and mutant ES (Dicer - / - ) cells identified 46 novel
miRNAs from 110,000 miRNA transcripts. Further, the loci
of 4 miRNAs and their human homologs were demonstrated
to participate in the regulation of oncogenesis, suggesting
that miRNAs may vitally function in ES cells as cell cycle
regulators [14].

Human ES cells have the potential to be a valuable re-
source for regenerative medicine because of their unlimited
proliferation and differentiation potentials [15]. Although ES
cells are immortal and pluripotent, the specific gene ex-
pression patterns that are responsible for unique physiologic
states are not well understood [16]. Analyses of ES cells re-
vealed various aspects of the RNAi-mediated control of cel-
lular differentiation and epigenetic reprogramming in
mammals [17].

In this study, 5 novel miRNAs were identified from
human mesenchymal stem cells, and their expression pat-
terns were examined in undifferentiated human ES cells and
differentiated endothelial cells. The results demonstrated
differential expression of novel miRNAs during ES cell dif-
ferentiation, suggesting that they may play critical roles in
human embryonic development.

Materials and Methods

Culture of human mesenchymal stem cells

Human bone marrow-derived mesenchymal stem cells
were purchased from Cambrex Bio Science. Cells were cul-
tured in a-MEM (Invitrogen) supplemented with 10% fetal
bovine serum (FBS; HyClone) and 20mg/mL gentamicin
(Invitrogen). Cells were routinely maintained according to
the manufacturer’s instructions.

Maintenance and differentiation of human ES cells

Human ES cells (CHA3 human ES cells and H9 human ES
cells) used in a previous study [18] were cultured on mitot-
ically inactivated STO cells (CRL-1503) (ATCC) in ES cell
medium consisting of DMEM/F12 (1:1) supplemented with
100 mM MEM nonessential amino acids, 100 U/mL penicil-
lin, 0.1 mg/mL streptomycin, 55 mM b-mercaptoethanol,
20% Knockout Serum Replacement, and 4 ng/mL of recom-
binant human basic fibroblast growth factor (bFGF; R&D
Systems). Feeder cells were cultured in DMEM supplemented
with 100 mM MEM nonessential amino acids, 100 U/mL
penicillin, 100mg/mL streptomycin, 55 mM b-mercaptoethanol,
and 10% FBS (HyClone). Media were changed daily. Human
ES cells were manually subcultured using fire-thrown
Pasteur pipettes on freshly prepared STO cells every 7 days.
All cultures were maintained at 37�C and 5% CO2. All re-
agents were purchased from Gibco BRL unless otherwise
indicated. The CHA3 human ES cell and H9 human ES
cell lines were provided by the Stem Cell Research Labora-
tory of CHA University and the WiCell Research Institute,
respectively.

The isolation and characterization of endothelial cells of
both human ES cell lines were performed using the proce-
dures from our previous study [15,19]. For differentiating
human ES cells into endothelial cells, embryoid bodies (EBs)
were formed. Briefly, human ES cells were detached from
feeder cells and transferred into suspension ES culture me-
dium in the absence of bFGF for 9 days. EBs were allowed to

attach and grow on gelatinized culture dishes in differenti-
ation medium (Gibco BRL) for 7 to 9 days. The centers of the
differentiating EBs were isolated and cultured in a defined
medium (EGM-2; LONZA). Mouse anti-human monoclonal
von Willebrand factor (vWF) antibodies were used to purify
vWF–positive (vWF + ) cells from the isolated cells (Chemi-
con) using a FACS Vantage flow cytometer (BD Bioscience).
The sorted vWF + cells were cultured in EGM-2.

Isolation and cloning of novel miRNAs

Total RNA was extracted from human mesenchymal stem
cells with 3 different donors using TRI reagent (Molecular
Research Center, Inc.). To enrich for RNAs smaller than 200
nucleotides (nts) prior to novel miRNA cloning, the mirVana
RNA Isolation Kit (Ambion) was used according to the
manufacturer’s instructions. Small RNAs were cloned into
vectors using a DynaExpress miRNA Cloning Kit (BioDy-
namics Laboratory, Inc.) according to the manufacturer’s
instructions with modifications. Total RNA was prepared as
a mixture of RNAs isolated from mesenchymal stem cells
with 3 different donors and enriched twice by RNA precip-
itation. A total of 447.3 and 404.2 mg of RNA was acquired
and separated on a denaturing polyacrylamide gel to isolate
small RNAs of 18–28 nts in length. Purified 18–28-nt-long
RNAs were dephosphorylated by alkaline phosphatase and
subjected to phenol/chloroform extraction with ethanol
precipitation. The 3¢-linker was ligated to the dephos-
phorylated RNAs of 18–28 nts. The ligated products were
blocked at the 3¢-end to prevent circularization via 5¢-linker
ligation and purified on a polyacrylamide gel. The resulting
miRNAs 36 to 46 nts in length were cut and extracted from
the gel. The products were ligated with ribonucleotide 5¢-
linker at the 5¢-end after their phosphorylation, followed by
polyacrylamide gel electrophoresis purification as previously
discussed. The resulting miRNAs with 2 linkers ranging
from 53 to 63 nts were reverse-transcribed to make cDNA.
After amplification, PCR products were analyzed on a 3%
agarose gel and cloned into a T vector (Promega). The iso-
lated putative clones were transformed into DH5a cells using
a DokDo Mini-prep Kit (ELPIS-Biotech), sequenced, and
analyzed (Macrogen).

Characterization of putative novel miRNAs
from total isolated small RNAs

After the sequencing analysis, small RNAs were evaluated
for miRNA characteristics using a web-based program. The
presence of putative miRNA sequences in the human ge-
nome was assessed using NCBI BLAST. Predictions of pre-
cursor sequence and a stem-loop structure with surrounding
putative miRNA sequence in the genome were confirmed
using RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold
.cgi). The novelty of the putative miRNA was assessed with
miRBase (http://microrna.sanger.ac.us/sequences/).

Analysis of miRNA expression using the TaqMan
miRNA assay

The expression of 2 miRNAs was quantified by real-time
PCR analysis using TaqMan miRNA assays (Applied Bio-
systems). Customized RT primers were synthesized to
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complementary sequences of mature miRNAs and analyzed
with the Custom TaqMan Small RNA assay [20]. Com-
plementary DNA templates were standardized with RNU48
[21] and subjected to PCR analysis at 40 cycles according to
the manufacturer’s instructions. Data were generated using
the CFX ManagerTM software (Bio-Rad).

Analysis of miRNA expression using a polyA-tailed
RT-PCR assay

Small RNAs were isolated from undifferentiated human
ES cells and differentiated endothelial cells using the mir-
Vana miRNA Isolation Kit according to the manufacturer’s
instructions. For poly(A)-tailed RT-PCR analysis, 1mg of
small RNA was polyadenylated using poly(A) polymerase
followed by purification of poly(A)-tailed RNAs with Nuc-
Away Spin Columns (Applied Biosystems), as previously
described [22], according to the manufacturer’s instructions.
Purified poly(A)-tailed RNAs were reverse-transcribed into
single-strand cDNA using the Superscript III Transcriptase
(Invitogen) with the RTQ adapter. The reverse primer was
the same tailing sequence for all miRNAs.

Constructs, mimic transfection, and the dual-
luciferase assay

The 3¢-UTRs of the target genes were cloned into pGL4 RL
vectors (Promega) at the XbaI site. Site-directed mutagenesis
was performed using a DokdoTM Site-Specific Mutagenesis
Kit (ELPIS-Biotech) to mutate 7 base pairs in the predicted
seed region targeted by hms-smR-9 and smR-28 in the target
3¢-UTR. HeLa cells (5 · 104) were plated and transfected with
a 1:7 mixture (150 ng) of the Firefly luciferase control plasmid
(pGL3-control) (Promega) and each of the 3¢-UTRs was
conjugated with the Renilla luciferase construct and 20 nM
of miRNA mimics (Genolution, Inc.) using Lipofectamine
2000 (Invitrogen) in a 24-well culture plate. After 24 h, cells
were lysed and assayed for luciferase activity using the Dual
Luciferase Assay System (Promega). Firefly luciferase activ-
ity was normalized to Renilla luciferase activity for each
culture well. The ratio of luciferase activity was measured
using the VICTOR3 luminometer (PerkinElmer). Data re-
presented 3 independent experiments performed on differ-
ent days.

Western blot analysis

Protein extracts were prepared using a PRO-PREP Kit
(Intron, Inc.) according to the manufacturer’s instructions.
After electrophoresis using the Gradi-Gel II Gradient PAGE
Analysis Kit (Elpis Biotech), the separated proteins were
blotted onto PVDF transfer membranes (Hybond-P; Amer-
sham Biosciences). The blots were probed with mouse
monoclonal endoglin IgG (1:1,000) and mouse monoclonal
CDH5 antibodies (1:750) overnight at 4�C. A horseradish
peroxidase-conjugated goat anti-mouse secondary IgG was
used. Rabbit anti-GAPDH was used for the normalization
control. All antibodies used in this study were purchased
from Santa Cruz Biotechnology (Santa Cruz Biotechnology).
Immunocomplexes were visualized with the western blot-
ting Luminol Reagent (Santa Cruz Biotechnology) using the
luminescent image analyzer LAS-3000 (Fujifilm).

Results

Cloning of small RNAs from human
mesenchymal stem cells

Human mesenchymal stem cells from 3 different donors
were individually cultured and harvested for total RNA
isolation. To isolate putative small RNAs, RNAs between 18
and 28 nts, which correspond to the average length of mature
miRNAs (ie, cloned small RNA), were purified from total
precipitated RNA. Approximately 95 small RNA sequences
were obtained from the total RNA of human mesenchymal
stem cells. After the sequencing analysis, 95 putative small
RNA clones between 18 and 24 nts were identified using
NCBI blast searches (Fig. 1A). Among them, the sequences of
26 clones overlapped (Fig. 1B). All putative small RNAs
mapped to human chromosomes (Supplementary Table
S1; Supplementary Data are available online at www
.liebertonline.com/scd).

Identification of novel miRNAs from human
mesenchymal stem cells

To confirm the identity of putative miRNAs, the following
conditions were analyzed: size of small RNAs (18–24 nts),
the capacity for the formation of a stem-loop structure (Fig.
2) and the cellular expression [20,23,24]. Among 69 small
RNAs, 5 novel miRNAs and one previously known miRNA
were identified (Fig. 1B). The novel miRNAs ranged between
18 and 24 nts in length (Table 1). As shown in Fig. 2, the
precursor miRNAs could form stem-loop structures when
analyzed using an RNA fold program. The sequences of 5
novel miRNAs were conserved among various species
(Supplementary Table S2). To map the chromosomal location
of the miRNAs, their sequences were compared with the
human genome (NCBI blast, Genome browser). As shown in
Table 1, the novel miRNAs mapped to the following loca-
tions: hsa-miR-6090 on chromosome 11, hsa-miR-6088 on
chromosome 19, hsa-miR-6086, hsa-miR-6087, and hsa-miR-
6089 on chromosome X.

Among the 5 novel miRNAs, hsa-miR-6086 mapped to
multiple chromosomes (Table 1). The sequence of hsa-miR-
6086 was observed on both chromosomes 3 and X but did not
form a stem-loop structure on chromosome 3. The expression
of all 5 miRNAs was examined in human mesenchymal stem
cells of 3 different donors using a TaqMan miRNA Assay or
poly(A)-tailed RT-PCR analysis (data not shown).

Expression of miRNAs during differentiation
of ES cells

Two TaqMan probes [20] and 3 poly(A)-tailed RT-PCR
primers (Supplementary Table S3) were designed to quantify
mature miRNAs in cells. In this study, miRNA expression was
examined in 2 human ES cell lines, CHA3 human ES cells, and
H9 human ES cells. miRNA expression was examined while
human ES cells differentiated into endothelial cells. Most of
the novel miRNAs were expressed in undifferentiated ES cells
and the differentiated endothelial cells and human umbilical
vein endothelial cells (HUVECs). The expression of 5 miR-
NAs, specifically hsa-miR-6086, hsa-miR-6087, hsa-miR-6088,
hsa-miR-6089 and hsa-miR-6090, were specifically down-
regulated during endothelial differentiation of human ES cells
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(Fig. 3A, C). When analyzed in HUVECs, hsa-miR-6086, hsa-
miR-6087, and hsa-miR-6088 expression decreased compared
with the expression in undifferentiated human ES cells. In
contrast, hsa-miR-6089, and hsa-miR-6090 expression in-
creased relative to the expression in HUVECs (Fig. 3B, D).

Predicted 3¢-UTR of target genes harbors
conserved binding site for 3 miRNAs

To characterize the functions of novel miRNAs, the 3¢-
UTRs of putative target genes were examined to determine
the binding site for candidate miRNAs by sequence com-
parison. Three candidate miRNAs, hsa-miR-6086, hsa-
miR-6087, and hsa-miR-6088, were chosen for subsequent
analysis. Because their expression gradually decreased
during endothelial cell differentiation, the target genes that
were upregulated in endothelial cells were examined (data
not shown). PECAM, TIE-2, vWF, ICAM1, endoglin, CDH5,
and VCAM1 have been shown to act as cellular markers of
endothelial cells [15,19,25,26]. Analysis of the predicted tar-
get genes was performed by comparing 3¢-UTR sequences
with those of candidate miRNAs. As shown in Table 2, the
analysis revealed that the hsa-miR-6086 sequence matched
that of the CDH5 3¢-UTR. The results also showed that the
3¢-UTR of endoglin has binding sites for hsa-miR-6087.
However, hsa-miR-6088 did not bind to any endothelial cell
markers in this study. The 3¢-UTR sequences of the target
genes used in this study were shown to be highly conserved
among various mammalian species (Figs. 4A and 5A).

Two miRNAs directly repressed expression
of target genes

Functional analysis of selected miRNA-mRNA interac-
tions was performed using a dual luciferase assay. As shown

in Figs. 4B and 5B, the selected miRNAs repressed the ac-
tivity of Renilla luciferase regulated by the 3¢-UTRs of the
corresponding genes CDH5 and endoglin. Mutating the
modified seed-binding site abrogated the ability of 2 miR-
NAs to regulate their target genes. Similarly, hsa-miR-6086
repressed the wild type construct by 30%–35% but failed to
inhibit the mutant construct (Fig. 4B), and hsa-miR-6087 also
failed to suppress the mutant construct (Fig. 5B).

FIG. 2. Predicted secondary structure of novel cloned pre-
miRNAs. Human genomic sequences upstream and downstream
of the novel miRNAs were folded with the computer program
RNAfold. Mature miRNA sequences are marked in gray.

FIG. 1. Characterization of
small RNAs. Five novel miR-
NAs were isolated from
hMSCs. (A) The size distribu-
tions of small RNAs cloned
from hMSCs (B) The results of
small RNAs depicted in a pie
diagram. miRNA, microRNA;
hMSCs, human mesenchymal
stem cells.
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To examine the direct relationship between the selected
miRNAs and the expression of their target genes, RT-PCR
and western blot analyses were performed in HUVECs.
When HUVECs were transfected with mimics of the control
and hsa-miR-6086 or hsa-miR-6087, the mRNA expressions
of CDH5 and endoglin were not significantly affected (Figs.
4C and 5C). Unlike the mRNA expression, CDH5 protein
levels were downregulated in the presence of hsa-miR-6086
in HUVECs (Fig. 4D) compared with the control. Similar
results were obtained for endoglin protein expression under
the influence of hsa-miR-6087 in HUVECs (Fig. 5D).

Discussion

We identified 5 novel miRNAs from human mesenchymal
stem cells. Approximately 95 small RNAs were cloned (Fig.
1A) and sequenced (Supplementary Table S1). Among them,
26 clones were excluded due to their redundancy (Fig. 1B).
Sixty-nine positive clones were confirmed as putative miR-
NAs by sequence analysis using a web-based program.
Among the 69 small RNAs, 5 novel miRNAs and 1 previ-
ously known miRNA were identified. Formation of a stem-
loop structure is a typical characteristic of miRNAs [27]. All
of the 5 putative miRNAs identified in this study were pre-
dicted to have this unique stem-loop structure (Fig. 2), con-
firming that they are miRNAs.

Pre-miRNAs are processed into mature miRNAs by sev-
eral types of RNase III, including Dicer, which then act as
regulators of target gene expression [28]. miRNAs were
shown to be transcribed from exonic, intronic, and intergenic
regions of both protein-coding and noncoding transcripts
from RNA polymerase II [29]. Specifically, transcription of
miRNA derived from intronic regions depended on the host
gene [30]. In this study, novel miRNAs were also confirmed
to be transcribed from exonic, intronic, and intergenic re-
gions by transcription genomic analysis using NCBI blast
(Table 1).

Although miRNA functions remain poorly understood,
miRNAs have been suggested to regulate gene expression in
various biological processes, including stress resistance, fat
metabolism, cellular proliferation, differentiation, and death
[31]. Most novel miRNAs identified in this study exhibit
specific expression patterns during human ES cell differen-
tiation. Before characterizing expression profiles of these 5
miRNAs, we selected an endogenous control. For endoge-
nous control expression patterns [32] in human ES and dif-
ferentiated cells, 4 small nucleolar RNAs were selected for
comparison of Ct values expressed in 5 different cells. In this
study, RNU48 [21] was more effective than RNU6B, RNU66,
and RNU24 as an endogenous control for miRNA expres-
sion. The Ct value for RNU6B increased during differentia-
tion compared with undifferentiating human ES cells.
However, expression of RNU48 was similar in human ES
cells while they were differentiating (Supplementary Fig. S1).
CHA3 human ES cell lines [18] and H9 human ES cell lines
[33] were provided by the Stem Cell Research Laboratory of
CHA University and the WiCell Research Institute, respec-
tively. Two human ES cell lines were successfully differen-
tiated into endothelial cells in our previous study [15]. To
examine the patterns of expression associated with cell dif-
ferentiation, undifferentiated ES and differentiated endothe-
lial cells were subject to 2 different analyses, the TaqMan
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miRNA assay and poly(A)-tailed RT-PCR [22,34]. When
undifferentiated human ES cells were compared with their
differentiated endothelial cells, the expression of 5 miRNAs
was lower in the differentiated cells than the undifferentiated
cells. When ES cells were analyzed with HUVECs, the ex-
pression of 3 miRNAs was lower in HUVECs than in un-
differentiated ES cells. Conversely, the expression levels of 2
miRNAs, hms-smR-89 and hms-smR-63, were higher in
HUVECs than in human ES cells. The differential expression
patterns of 2 miRNAs between ES-derived endothelial cells
and HUVECs may be a result of their differential endothelial
lineage stages. This observation may suggest that both ES-
derived endothelial cells and HUVECs are not at the same
stage of differentiation [15,26].

To dissect the functions of the novel miRNAs, 3¢-UTRs of
potential target genes were predicted to determine binding
sites for the candidate miRNAs by sequence comparison. The
3 miRNAs, hsa-miR-6086, -6087, and -6088, the expression of
which decreased upon endothelial differentiation, were se-
lected. Upon sequence analysis, 2 miRNA sequences mat-
ched the 3¢-UTRs of the predicted target genes (Figs. 4A and
5A), which have been previously reported as endothelial cell
markers by other groups [15,25]. Analysis of target gene
regulation by the selected miRNAs was performed using a
dual luciferase assay. The luciferase assay revealed that hsa-
miR-6086 repressed expression of CDH5 (Fig. 4B), and hsa-
miR-6087 downregulated endoglin expression (Fig. 5B). To
examine direct relationships between the selected miRNAs

FIG. 3. The miRNA assay was performed to assess the expression of the novel miRNAs in CHA3 and H9 human ES cells,
CHA3 and H9 ECs using the TaqMan miRNA assay and poly(A)-tailed reverse transcription-PCR. The following calculation
was used to determine the ratios for expression of the miRNAs in CHA3 and H9 ECs compared with CHA3 and H9 human ES
cells compared with an internal control (RNU48): dCt = Ct each novel miRNA - Ct RNU48. These values were used to calculate
the novel miRNA’s ddCt = dCt differentiated stage of ES cells - dCt undifferentiated ES cells. (A) Expression levels are
downregulated in CHA3 ECs compared with CHA3 human ES cells. (B) Expression levels are downregulated in CHA3 ECs
and upregulated in HUVECs compared with CHA3 human ES cells. (C) Expression levels are downregulated in H9 ECs
compared with H9 human ES cells. (D) Expression levels are downregulated in H9 ECs and upregulated in HUVECs compared
with H9 humna ES cells. ES, embryonic stem; ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells.

Table 2. The Putative MicroRNAs Are Matched with 3¢- Untranslated

Regions of Endothelial Cell Markers

Roles of genes Name NCBI No. Predicted target-miRNA

Marker of endothelial cell CDH5 (CD144) NM_001795.3 hsa-miR-6086
Endoglin (CD105) NM_001114753.1 hsa-miR-6087
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FIG. 4. CDH5 expression is negatively regulated by hsa-miR-6086. (A) Sequence alignment between hsa-miR-6086 and the
3¢-UTR of the CDH5 mRNA. The binding sites of hsa-miR-6086 in the 3¢-UTR of CDH5 are highly conserved in mammals.
Dashline: seed mutant region. (B) Luciferase reporter gene assays indicate the effect of hsa-miR-6086 on the activity of the
CDH5 3¢-UTR reporter. Cotransfection was performed using the plasmids, including the CDH5 3¢-UTR and the hsa-miR-6086
binding site mutant (7mt), a hsa-miR-6086 mimic or NC in HeLa cells. All values were normalized to Renilla luciferase
activity produced from a cotransfected control plasmid. (C) Semi-quantification of CDH5 mRNA expression indicates that
hsa-miR-6086 does not regulate mRNA levels. (D) Immunoblot illustrates that hsa-miR-6086 induces a decrease in CDH5
expression. NC, negative control; UTR, untranslated region.

FIG. 5. Endoglin expression is directly suppressed by hsa-miR-6087. (A) Sequence alignment between hsa-miR-6087 and the
3¢-UTR of ENG mRNA. Binding sites of hsa-miR-6087 in the ENG 3¢-UTR are highly conserved in mammals. Dashline: seed
mutant region. (B) Luciferase reporter gene assay reveals the effect of hsa-miR-6087 on the activity of the ENG 3¢-UTR
reporter. Cotransfection was performed using the plasmids with the ENG 3¢-UTR or the hsa-miR-6087 binding site mutant
(7mt), a hsa-miR-6087 mimic or NC in HeLa cells. All values were normalized to Renilla luciferase activity produced from a
cotransfected control plasmid. (C) Semi-quantification of ENG mRNA expression indicates that hsa-miR-6087 does not
regulate mRNA levels. (D) Immunoblot illustrates that hsa-miR-6087 induces a decrease in ENG expression.
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and the expression of their target genes and proteins, RT-
PCR and western blot analyses were performed in HU-
VECs. When HUVECs were transfected with mimics of the
control or hsa-miR-6086 and hsa-miR-6087, respectively,
mRNA levels of the corresponding genes did not signifi-
cantly decrease in the presence of miRNAs (Figs. 4C and
5C). These findings suggest that the novel miRNAs may not
regulate gene expression at the transcriptional level. How-
ever, western blot analysis revealed that protein expression
was repressed by the presence of the novel miRNAs in this
study. There are 2 mechanisms by which miRNAs regulate
target genes: (i) the mRNA is degraded when the miRNA
exhibits a near-perfect complementary sequence with the
target mRNA, and deadenylation and subsequent degra-
dation of the target mRNA occurs (the major mechanism of
miRNA action) and (ii) the mRNA is translationally, but not
transcriptionally, inhibited when the miRNA sequence is
only partially complementary to its target mRNA [35]. Two
novel miRNAs have been shown to translationally inhibit
target genes [36–38]. After transfection of mimics, forma-
tion of cell morphology was not observed (data not shown).
In fact, 2 miRNAs did not directly regulate reprogramming
factors, where the mRNA levels of reprogramming fac-
tors in transfected cells were unchanged (Supplementary
Fig. S2). ES-specific miRNAs or iPS-specific miRNAs
maintained stemness and undifferentiated ability [39]. In
this study, hsa-miR-6086 and -6087 regulated their target
genes irrespective of ES- or iPS-specific functions during
endothelial differentiation. Specifically, hsa-miR-6086 de-
creased CDH5 protein expression (Fig. 4D), which was
shown to regulate barrier function in endothelial cells [40]
and vitally participate in embryonic angiogenesis [41]. In
zebra fish and mice, CDH5 deficiency inhibited blood for-
mation and development during embryogenesis [42,43].
Moreover, hsa-miR-6087 suppressed endoglin expression
(Fig. 5D), a type of transforming growth factor-b (TGF-b)
receptor on endothelial cells [44]. Endoglin has been shown
to be expressed in cardiovascular, hematological, reticulo-
endothelial, and genitourinary systems [45]. Endoglin-
deficient mice exhibited defects in angiogenesis and
vascular development [46]. These genes were shown to be
essential for endothelial differentiation in previous studies.
In this study, 2 miRNAs were downregulated in endothelial
cells and were shown to negatively regulate their target
genes, including endothelial cell markers. Moreover, hsa-
miR-6086 and -6087 appeared to function during endothe-
lial biogenesis.

In summary, this study identified 5 novel miRNAs, which
were cloned in human mesenchymal stem cells and dif-
ferentially expressed during endothelial differentiation of
human ES cells. In addition, expression profiles of 3 miRNAs
were downregulated in both ES-derived endothelial cells and
HUVECs compared with undifferentiated human ES cells.
Among them, 2 miRNAs repressed the protein expression of
their putative targets genes, known endothelial cell markers,
indicative of their involvement in the developmental of
human endothelial lineages.
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