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Abstract

Dysfunction of endothelial progenitor cells (EPCs) contributes to diabetic vascular disease. MicroRNAs (miRs) have emerged
as key regulators of diverse cellular processes including angiogenesis. We recently reported that miR-126, miR-130a, miR-21,
miR-27a, and miR-27b were downregulated in EPCs from type Il diabetes mellitus (DM) patients, and downregulation of
miR-126 impairs EPC function. The present study further explored whether dysregulated miR-130a were also related to EPC
dysfunction. EPCs were cultured from peripheral blood mononuclear cells of diabetic patients and healthy controls. Assays
on EPC function (proliferation, migration, differentiation, apoptosis, and colony and tubule formation) were performed.
Bioinformatics analyses were used to identify the potential targets of miR-130a in EPCs. Gene expression of miR-103a and
Runx3 was measured by real-time PCR, and protein expression of Runx3, extracellular signal-regulated kinase (ERK), vascular
endothelial growth factor (VEGF) and Akt was measured by Western blotting. Runx3 promoter activity was measured by
luciferase reporter assay. A miR-130a inhibitor or mimic and lentiviral vectors expressing miR-130a, or Runx3, or a short
hairpin RNA targeting Runx3 were transfected into EPCs to manipulate miR-130a and Runx3 levels. MiR-130a was decreased
in EPCs from DM patients. Anti-miR-130a inhibited whereas miR-130a overexpression promoted EPC function. miR-130a
negatively regulated Runx3 (mRNA, protein and promoter activity) in EPCs. Knockdown of Runx3 expression enhanced EPC
function. MiR-130a also upregulated protein expression of ERK/VEGF and Akt in EPCs. In conclusion, miR-130a plays an
important role in maintaining normal EPC function, and decreased miR-130a in EPCs from DM contributes to impaired EPC
function, likely via its target Runx3 and through ERK/VEGF and Akt pathways.
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Introduction diabetic vascular disease. Studies have demonstrated that DM
reduces the number of EPCs and adversely affects the functional
. . e . ) > OF dbe capacity of existing EPCs [5,6], leading to a subsequent reduction
worldwide, is largely initiated .w1th various endoth?hal injuries. in the ability of EPCs to repair the vascular endothelium [7,8,9]. A
The endothelium has regenerative capabilities that offer protection reduced angiogenic potential of EPCs has also been reported in
against atherosclerosis. It is believed that the damaged endothe- diabetic animals [10]. Elucidating the basic mechanisms respon-
lium can not only be repaired by the proliferation and migration of sible for the diabetes-associated defects in EPC function is

neighboring endothelial cells, but also by endothelial progenitor exceptionally important and has a high clinical impact on future
cells (EPCs) [1,2]. EPCs are mobilized from bone marrow, migrate interventional research

to ischemic tissue, and contribute to ischemia-induced neovascu- . DY o . e : s
larization 131, Tharefore. EPC dvafancti ) . MicroRNAs (miRs) are an emerging class of highly conserved,
arization [3]. Therefore, ystunction may play an important noncoding small RNAs that regulate gene expression at the post-

role in atherosclerosis and CAD. transcriptional level by inhibiting protein translation or by

Diabetes mell}tus (I?IVI) is one of th.e most important r.15k fa?tors promoting mRNA degradation [11,12]. MiRs are transcribed by
for CAD, and CAD, in turn, is a major cause of death in patients . .
RNA polymerase II as part of a primary transcript and are

with type II DM [4]. The loss of the modulatory role ‘of 4.0 404 by the RNAse II Drosha, and DGCRS into smaller
endothelium is a critical and initiating factor in the development of

Coronary artery disease (CAD), a leading cause of death
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segments of RNA [13]. Mature miRs specifically bind to 3’-UTRs
of target cellular mRNAs, leading to either mRNA degradation or
inhibition of translation [14]. MiRs are involved in the regulation
of key cellular processes, such as proliferation [15], differentiation
[16], migration [17] and apoptosis [18]. Under cell stress
conditions deregulation of miRs is often observed, which may
result in the development of disease, including CAD [19]. In
vascular cells, miRs are important for regulating vascular signaling
and function. Notably, EPCs are the prominent type of cells
involved in the process of angiogenesis [20].

Our recent study has reported that miR-126, miR-21, miR-27a,
miR-27b and miR-130a are downregulated in EPCs derived from
type II DM patients, and downregulation of miR-126 impairs EPC
function via its target, Spred-1, and through Ras/extracellular
signal-regulated kinase (ERK)/vascular endothelial growth factor
(VEGF) and phosphatidylinositol 3’-kinase (PI3K)/Akt/endothe-
lial nitric oxide synthase (eNOS) signal pathway [21]. MiR-130a
has been shown to play an important role in maintaining
endothelial cell proliferation, migration and tubulogenic activity
[22]. However, the role of miR-130a in EPC function has not been
reported to date. Therefore, the aim of the present study was to
investigate the contribution of dysregulated miR-130 to EPC
dysfunction as well as its signaling pathways.

Methods

The study protocol conformed to the principles outlined in the
Declaration of Helsinki for the use of human blood. Written
informed consent was obtained from each patient and the
investigation was approved by the Ethics Committee of Experi-
mental Research, JiaoTong University Shanghai Medical College.

Isolation and Characterization of EPCs

EPCs were cultured as we described previously [21,23]. PBMCs
were isolated using Ficoll-Isopaque Plus (Histopaque-1077, Sigma)
density gradient centrifugation of peripheral blood. Then,CD133
cells were selected from PBMCs using CD133-coupled magnetic
microbeads (Miltenyi Biotech) according to the manufacturer’s
instructions. CD133+ cells were then seeded into fibronectin-
coated 6-well plates and cultured in endothelial basal medium
(EBM, Cambrex) supplemented with VEGF (Peprotech), human
recombinant long insulin-like growth factor-1, ascorbic acid,
cortisol, and 20% fetal calf serum at 37°C in a 5% CO,
incubator. After 4 days, medium was refreshed and after 7 days of
culture, early EPCs developed an elongated spindle-shaped
morphology. Phenotypic characterization of early EPCs was
performed by confocal microscopy and flow cytometry. The cells
were incubated with agglutinin 1 (FITC-UEA-1; Sigma Deisen-
hofen, Germany) and 1, 19-dioctadecyl-3, 3, 3939-tetramethylin-
docar- bocyanine perchlorate (Dil)-labeled acetylated low density
lipoprotein (Dil-Ac-LDL) as previously described [24]. Incorpora-
tion of Dil-Ac-LDL and binding of FITC-UEA-1 were detected
with a confocal microscope (Leica Microsystems GmbH). Cells
positive for dual-staining of Dil-Ac-LDL and UEA-1 were
identified as EPCs. The purity of EPCs was analyzed by flow
cytometry after staining with anti-CD34, anti-KDR, anti-CD133,
anti-CD14 and anti-CD45 (all antibodies conjugated with PE,
from BD). EPCs after 7 days of culture were used for flow
cytometry analysis of EPC apoptosis and differentiation, Prolifer-
ation assay, Migration assay, Tubule formation assay. The
characteristics of EPC donors are described in Table S1. EPCs
from 5 donors were pooled for real-time PCR and western
blotting.
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Real-time PCR

Total RNA was isolated from EPCs using Trizol reagent
(Invitrogen) according to the manufacturer’s instruction. RNA was
reverse transcribed using the stem-loop RT primer as previously
described [25]. Real-time PCR was performed using a Roche
LightCycler 480 system. All reactions were performed in
triplicates. U6 and B-actin were used as endogenous controls.

Western Blotting

Western blotting was performed as described previously [26]. In
brief, EPCs were lysed with 100 mM phenylmethanesulfonyl
fluoride, and the protein extracts were denatured and loaded onto
a 10% SDS-PAGE gel. The separated proteins were transferred to
a PVDF membrane and probed with primary antibodies including
anti-Runx3, anti-f-actin, anti-Aktl, anti-p-ERK, anti-VEGF
antibody (Santa Cruz Biotechnology), anti-PI3K antibody (Cell
Signaling Technology, Inc) and the protein signals were detected
using Odyssey (Li-cor, USA) and semi-quantitatively analysis was
performed by using Quantity one (Bio-Rad).

Anti-miR-130a Transfection

To inhibit miR-130a, a miR-130a inhibitor (Sigma-Aldrich) or
a negative control was transfected into EPCs using lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions
[26]. Cells were harvested 36 h after transfection, and miR-130a
expression was analyzed by real-time PCR.

Lentiviral Constructs, Packaging, and Transduction
Expression plasmids for miR-130a and Runx3 were created
using PCR amplification with human genomic DNA as templates.
The primers are described in Table 1. The PCR product of miR-
130a was cloned into PLKO.1-puro vector (Sigma-Aldrich). The
PCR product of Runx3 was cloned into lentiviral expression
plasmid pCDH-EF1-MCS-T2A-Puro (System Biosciences, SBI,
CD520A-1), while a ¢cDNA encoding a short hairpin RNA
(shRNA) targeting Runx3 (Table 1) was cloned into the PLKO.1-
shRNAT vector. All constructs were confirmed by sequencing. To
produce lentivirus, these three plasmid DNAs were individually
transfected into 293 T cells using psPAX2, a pMD2G packaging
construct, and lipofectamine plus reagent (Invitrogen) according to
the manufacturer’s protocol. After 6 h, the medium was refreshed,
and viral supernatant was collected 48 h later. EPCs were seeded
into 6-well plates (5x10° cells per well) and cells were transfected
with different lentiviral vectors at an MOI of 10 as previously
described [25]. 48 h after infection, cells were selected and cloned
by culture in the presence of puromycin (2 pg/mL) for 1 week.

DNA Constructs and Report Gene Assay

For luciferase reporter experiments, the 3'UTR of the Runx3
gene was amplified by PCR from human genomic DNA and
cloned into the psiCHECK™-2 vector (Promega) between the
Notl and Sgfl sites. The primers are described in Table 1. The
construct with mutated targeting fragment (TGGCGCGCC) at
the 3'UTR of RUNX3 without the putative miR-130a binding
sequence was used as a mutated control. EPCs were seeded into
24-well plates (1x10° cells/well) by using lipofectamine 2000
according to the manufacturer’s protocol. Cells treated with
10 nM miR-130a inhibitor or negative control, or with 10 nM
miR-130a mimic or mimic negative control (Sigma-Aldrich) were
transfected with 0.1 ug of the p-Runx3 UTR firefly luciferase
report vector and 0.02 ug pRL-TK (Promega) for normalization
of transfection [27]. After 48 h, cells were washed and lysed with
passive lysis buffer, and firefly luciferase activity was determined
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Table 1. Oligonucleotides for cloning miR-130a, shRNA and
3'UTRs of target genes.

Primer Sequence

A miR-130a F5'- AAAGGATCCGCATCAAGCCCGAAGTAT -3’
R5'- AAAGAATTCGAGGCAGTGTCTATCACAAG -3’

B Runx3 F 5'-GGCGTAAGGGAACTCATAAAG-3’
R 5'-GGAGGGAAGAAACTACAAGGAC -3’
C  Runx3 F 5'- CCGGGGCTAGCAGCATGCGGTATTTCTCGAGA
shRNA AATACCGCATGCTGCTAGCC G-3'
R 5’- AATTCAAAAGGCTAGCAGCATGCGGTATTTCTCGA
GAAATACCGCATGCTGCTAGCC-3’
D Runx3 F 5'-CCGCCCTGGTGGACTCCT-3’
UTR

R 5'-CCTTCCACACATCTCAGAGTTATAT-3'

doi:10.1371/journal.pone.0068611.t001

using the dual-luciferase reporter assay system and a luminometer
(Promega) as we previously described [27]. The relative reporter
activity was obtained by normalizing the firefly luciferase activity
against the internal control luciferase activity.

Flow Cytometry Analysis of EPC Apoptosis and
Differentiation

Apoptosis, and differentiation of EPCs were measured using
flow cytometric analysis [28]. Apoptotic cells were measured by
dual labeling with anti-annexin V (eBioscience, San Diego) and
propidium iodide (eBioscience, San Diego). Cells were incubated
with PE-conjugated CD64 (BD Biosciences) and FITC-conjugated
anti-von Willebrand factor (vWF, BD Biosciences) to measure
EPC differentiation.

Colony Formation Assay

EPC colony-forming capacity was determined as previously
described [25]. Isolated PBMCs were resuspended in EBM
medium, and 5 X 10° PBMCs were seeded into fibronectin-coated
6-well plates. After two days, non-adherent cells were collected
and 1x10° cells were replated into 24-well fibronectin-coated
plates. On the 5™ day, EPC colony-forming units were manually
counted in 4 random wells by 2 independent, blinded investiga-
tors. Only clusters consisting of a central core of rounded cells
surrounded by elongated and spindle-shaped cells were counted.

Proliferation Assay

Proliferation of EPCs was evaluated by bromodeoxyuridine
(BrdUrd) incorporation as described previously [29]. Briefly, cells
were cultured in EBM medium following 24 h of serum starvation.
After 18 h in culture, BrdUrd (10 umol/L, Sigma) was added to
each well and incubated with cells for 72 h. BrdUrd was visualized
by immunostaining with anti-BrdUrd antibody (1:100, Biodesign),
and proliferation activity was expressed as mean percentage of
BrdUrd positive cells counted in 5 high-power fields (400X) in
each well.

Migration Assay

Migration assays were performed in a modified Boyden
chamber (NeuroProbe) [25,30]. EPCs were resuspended in
serum-free EBM medium, and 4x10* cells were loaded into the
upper chambers. The lower chamber was filled with EBM
medium containing VEGF (50 ng/mL). After 24 h of incubation
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at 37°C, cells were stained with hematoxylin and counted in 3
random fields (200 %) in each well. All groups were performed in
triplicate.

Tubule Formation Assay

In vitro neovascularization assays were performed in human
fibrin matrices as described previously. [24] In brief, EPCs
transfected with lentivirus, and then serum-starved EPCs were
seeded onto matrigel (BD Bioscience)-coated plate in EBM
medium and incubated at 37 for 24 h, tubular structures of EPCs
in the matrigel were analyzed by phase-contrast microscopy. To
quantify the length of newly formed tubes, 6 random phase-
contrast photomicrographs per well were taken, and the length of
each tube was measured using Quantity one Image software. Tube
length obtained from miR-130a transfected cells was set to 100.

Statistical Analysis

Data were expressed as mean®=SD. Student’s t-test was used to
compare differences between 2 groups. One-way ANOVA
followed by tukey’s post-hoc tests or two-way ANOVA were used
to compare differences among multiple groups when appropriate.
A value of P<0.05 (two-sided) was considered statistically
significant. All experiments were performed at least 3 times.

Results

Characterization of EPCs and Downregulation of miR-
130a in Diabetic EPCs

Early EPCs after 7 days of culture developed an elongated
spindle-shaped morphology. EPCs were then characterized by
double-positive  staining with FITC-UEA-1 and Dil-Ac-LDL
(Fig. 1A). These EPCs also expressed high levels of EPC markers
such as CD34, CD133, KDR, CD14 and CD45 (Fig. 1C). In our
previous study, we reported that miR-130a was downregulated in
EPCs derived from patients with diabetes [25], suggesting that the
low level of miR-130a in diabetic EPCs may be involved in
functional impairment of EPCs in these patients.

MiR-130a Inhibition Induced Runx3 Gene and Protein

Expression in EPCs

We searched potential targets of miR-130a from multiple
databases (Targetscan, PicTar, and miRanda) and proposed that
Runx3 may be a potential target of miR-130a. To evaluate this
putative interaction, we first demonstrated an inverse correlation
between the expression level of miR-130a and the mRNA and
protein level of Runx3 in EPCs from both healthy and diabetic
donors. Anti-miR-130a significantly induced Runx3 mRNA
(Fig. 2A) and protein levels (relatively moderately) in both diabetic
and healthy groups (Fig. 2B, 2C).

Runx3 is a Direct Target of miR-130a in EPCs

Next, a dual luciferase reporter gene assay was performed to
further examine whether Runx3 is a direct target of miR-130a. A
mimic and an inhibitor of miR-130a were used to modulate miR-
130a levels in EPCs. The miR-130a mimic inhibited whereas the
miR-130a inhibitor increased luciferase reporter activity with a
wild-type sequence (Fig. 2D). However, this effect was not
observed for the mutants (Fig. 2D). This result confirms that
Runx3 is a direct target of miR-130a in EPCs.

Inhibition of miR-130a Impairs EPC Function

To investigate the role of miR-130a in EPC function, we
inhibited endogenous miR-130a in EPCs by transfecting EPCs
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Figure 1. Characterization of EPCs by confocal microscopy and flow cytometric analysis. (A) Staining of FITC-UEA-1 (a), Dil-Ac-LDL (b), and
dual staining of FITC-UEA-1 and Dil-Ac-LDL (c) were detected using a confocal microscope. (B) A representative FSC/SSC plot. (C) Flow cytometric
analysis of the cell surface markers of EPCs (CD34, KDR, CD133, CD14 and CD45). The presented experiment is a typical result obtained from three
separate experiments.

doi:10.1371/journal.pone.0068611.g001
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with a miR-130a inhibitor or a negative control. We first
confirmed that miR-130a gene expression was decreased by the
miR-130 inhibitor in both healthy and diabetic groups (Fig. 3A).
We then found that inhibition of miR-130 adversely affected EPC
function. Anti-miR-130a significantly reduced proliferation, mi-
gration and colony formation of EPCs (Fig. 3B-D), but increased
apoptosis of EPCs (Fig. 3E, 3F) compared to the negative control.
It is known that when EPCs differentiate into endothelium cells,
VWF' expression increases, whereas CD64 expression decreases
[25]. We found that vWF expression decreased, but CD64
expression increased in anti-miR-130a transfected EPCs in both
the diabetic and control groups (Fig. 4A, 4B), suggesting that anti-
miR-130a inhibits EPC differentiation. These results suggest that
miR-130a is fundamental to maintain normal EPC function.

MiR-130a Modulated EPCs Function by Targeting Runx3

To explore the role of Runx3 in EPC function, EPCs were
transfected with a lentiviral vector expressing Runx3 shRNA.
Transfection of Runx3 shRNA reduced protein level of Runx3
expression in EPCs in both diabetic and healthy subjects (Fig. 5A).
EPCs transfected with Runx3 shRNA showed increased cell
proliferation, colony formation, migration (Fig. 5B-D) as com-
pared to cells transfected with empty vector controls. We further
explored whether miR-130a mediated EPC function by regulating
the expression level of Runx3. We constructed lentiviral vectors
expressing Runx3 and lenti-miR130a to transfect EPCs. Lent-
miR-130a alone downregulated expression levels of Runx3
(Fig. 6A), promoted colony formation (Fig. 6D), migration
(Fig. 6E), differentiation (Fig. 4C, Fig. 4D) and EPCs tube

MicroRNA-130a Regulates EPCs Function via Runx3

formation (Fig. 5E, 5F) compared to empty vector control. The
cells infected with both lenti-Runx3 and lenti-miR-130a upregu-
lated mRINA and protein expression levels of Runx3 (Fig. 6A-C),
but decreased EPC colony formation and migration capacity
(Fig. 6D, 6E) and tubule formation (Fig. 5E, 5F) compared to
EPCs transfected with lenti-miR130a alone. We also studied
whether miR-130a affected PI3SK/Akt and ERK/VEGF path-
ways. Lenti-miR-130a upregulated while anti-miR-130a down-
regulated the protein expression of VEGF, p-ERK and Aktl in
EPCs (Fig. 6F, 6G). These data confirm that Runx3 is
downregulated by miR-130a and also indicate that repression of
Rux3 by miR-130a mediates the role of miR-130a in maintaining
normal function of EPCs. In addition, miR-130a may exert its
effect on EPCs through ERK/VEGF and Akt pathway.

Discussion

In this study we have made several important findings. First,
miR-130a was decreased in EPCs derived from patients with type
II DM. Inhibition of miR-130a decreased proliferation, migration,
differentiation, colony formation, and angiogenic potential of
EPCs, but increased apoptosis of EPCs. Next, we found that
Runx3 is a target of miR-130a in EPCs. Runx3 negatively
regulated EPC function and repression of Runx3 by miR-130a
mediated miR-130’s effect on EPC function. Furthermore, miR-
130a regulated ERK/VEGF and Aktl in a positive way. Taken
together, our findings suggest that miR-130a plays an important
role in maintaining normal EPC function, and decreased miR-
130a in EPCs from DM contributes to impaired EPC function,
which is likely due to increased Runx3 and decreased VEGF.
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Figure 3. MiR-130a inhibition decreased EPC proliferation, migration and colony formation, but increased EPC apoptosis. Cells were
transfected with a miR-130a inhibitor (anti-miR-130a) or a negative control (blank) (A) Gene expression of miR-130 by real-time PCR (normalized to
U6). (B to F) Functional assays of EPCs: proliferation (B), migration (C), colony formation (D), and apoptosis (E, F) of EPCs. *P<<0.05 vs. respective
scrambled control (blank) groups. #P<0.05 vs. healthy control group. CFU: colony-forming units. Similar results were obtained in at least three
separate experiments and error bars represent the standard deviation from the mean.

doi:10.1371/journal.pone.0068611.g003
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Figure 4. The effect of miR-130 and Runx3 on EPC differentiation. Expression of CD64 and vVWF were analyzed by flow cytometry. (A, B) Cells
were transfected with a miR-130 inhibitor or both miR-130 inhibitor and lentiviral Runx3. (C, D) cells were transfected with lentiviral miR-130 or both
lentiviral miR-130 and lentiviral vector expressing Runx3 shRNA (Runx3-SH). Lenti-V: cells were tranfected with an empty vector. *P<<0.05 vs.
respective Lenti-V groups. #P<0.05 vs. healthy control group. Similar results were obtained in at least three separate experiments and error bars

represent the standard deviation from the mean.
doi:10.1371/journal.pone.0068611.9g004

A strong correlation exists between cardiovascular risk factors
and the number and function of EPCs [23]. DM has also been
shown to adversely affect the number and function of EPCs [5,6],
leading to a decreased ability of EPCs to perform endothelial
repair. Accumulating evidence suggests that miRs are involved in
the process of angiogenesis by modulating new vessel formation
[31,32]. Overexpression of miR-221 and miR-222 [33] in human
vascular endothelial cells significantly reduced endothelial cell
migration, proliferation and angiogenesis i vitro, whereas miR-
130a, miR-210, miR-424, miR-27-b, let-7f, and the miR-17-92
cluster were identified as proangiogenic miRs [34]. Our recent
study has detected downregulation of miR-126, miR-21, miR-27a,
miR-27b and miR-130a in EPCs derived from type II DM
patients. We further demonstrated that downregulation of miR-
126 mmpairs EPC function via its target, Spred-1, and through
Ras/ERK/VEGF and PI3K/Akt/eNOS signal pathway [25].

PLOS ONE | www.plosone.org

Since miR-130a has been found to play a pivotal role in
maintaining endothelial cell proliferation, migration and tubulo-
genic activity [22], in the present study, we investigated whether
downregulation of miR-130a were also associated with impaired
EPC function in type II DM. We found that interfering with miR-
130a in EPCs inhibited proliferation, migration, differentiation
and colony formation (but increased apoptosis), while overexpres-
sion of miR-130a in EPCs promoted migration, differentiation,
colony formation, and tubule formation. So, reduced level of miR-
130a contributes to EPC dysfunction in type II DM. Administra-
tion of miR-130a may restore the ability of EPCs in diabetes to
incorporate into the damaged endothelium and work in concert
with existing endothelial cells to form blood vessels. Further studies
are required to examine whether other miRs such as miR-21,
miR-27a and miR-27b which are decreased in DM are also
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Lenti-130a control groups VS Lenti-130a diabetes groups ) (F, G) EPCs were transfected with a miR-130a inhibitor or a negative control (Blank), or
lentiviral miR-130 or an empty vector (Lenti-V). Protein levels of VEGF, p-ERK and Akt1 were measured by Western blotting. *P<<0.05 Lenti-130a vs.
Lenti-V group or anti-130a vs. scrambled control (blank) group. VEGF: vascular endothelial growth factor; ERK: extracellular signal-regulated kinase;
PI3K: phosphatidylinositol 3’-kinase. The presented experiment is a typical result obtained from three separate experiments.

doi:10.1371/journal.pone.0068611.g006

related to EPC dysfunction in type II DM, and how these miRs
interact with each other to maintain normal EPC function.

MiR-130a appears to be widely expressed in diverse cell types
and regulate various cell function through different targets in
different cell types [22,35,36,37,38]]. We searched potential
targets of miR-130a from multiple databases and proposed that
Runx3 may be a target of miR-130a in EPCs. We demonstrated
that inhibition of miR-130a increased while overexpression of
miR-130a decreased Runx3 mRINA and protein levels in EPCs.
Consistent with this, knockdown of Runx3 expression in EPCs
derived from patients with DM promotes colony formation,
proliferation, migration and differentiation of EPCs, thus rescuing
EPC dysfunction due to miR-130a deficiency in DM.

The human Runx gene encodes the o-subunit of the runt
domain transcription factor PEBP2/CBF and is a homolog of the
Drosphila genes Runt and Lozenge. The mammalian and
Drosphila Runx genes share an evolutionarily conserved region
of 128 amino acids, termed the runt domain, required for DNA
binding and heterodimerization with the B-subunit PEBP2/CBF.
All three runt domain family members, Runxl, Runx2, and
Runx3, are master regulators of gene expression in humans
[39,40,41]. Runx3 is reported as a tumor suppressor gene for
gastric cancer [42], and may be important in the development of
hepatocellular carcinoma [43]. Although there are no reports on
relationships between Runx3 and diabetes, or between Runx3 and
EPCs, our study shows that Runx3 is expressed by EPCs, and
increased Runx3 in EPCs of type II DM patients due to
downregulated miR-130a causes EPC dysfunction. Further work
is needed to study whether Runx-1 and Runx-2 are also targets of
miR-130a.

Previous evidence has suggested a negative relationship between
Runx3 and VEGF. It was found that dramatic loss of Runx3
protein was associated with VEGF overexpression and increased
microvessel density in human gastric cancer. Restoration of Runx3
expression significantly inhibited gastric cancer cell growth i vitro
and tumorigenicity and metastasis in animal models and
correlated with transcriptional repression of VEGF expression
[42]. It 1s therefore suggested that the VEGF pathway may be
involved in miR-130a deficiency-induced EPC dysfunction in type
II DM patients. In the present study, we have found that miR-130
negatively regulate Runx3, but positively regulate ERK/VEGF
and Akt. So, downregulated miR-130a in EPCs from DM patients
decreases VEGF expression and VEGF-induced angiogenesis,
likely via increased Runx3.

There are currently no suitable soluble biomarkers for
atherosclerosis and/or endothelial dysfunction in patients with
diabetes. Inflammatory markers such as high-sensitivity C-reactive

References
1. He T, Smith LA, Harrington S, Nath KA, Caplice NM, et al. (2004)

Transplantation of circulating endothelial progenitor cells restores endothelial
function of denuded rabbit carotid arteries. Stroke 35: 2378-2384.

2. Wassmann S, Werner N, Czech T, Nickenig G (2006) Improvement of
endothelial function by systemic transfusion of vascular progenitor cells. Circ
Res 99: ¢74-83.

3. Sata M (2003) Molecular strategies to treat vascular diseases: circulating vascular
progenitor cell as a potential target for prophylactic treatment of atherosclerosis.
Circ J 67: 983-991.

PLOS ONE | www.plosone.org

protein are widely used, but they lack specificity for the vasculature
pathology. Moreover, the existing imaging techniques are capable
of quantifying the presence of plaques, but imaging techniques are
not able to identify early stages of vasculature pathology,
particularly endothelial dysfunction. If miR-130a is uniquely
modified by diabetic vascular injury, it may be capable of adding
to the predictive value of conventional risk factors.

This study has some limitations. From database search, we
proposed that Runx3 was a potential target of miR-130a in EPCs.
Our results confirmed that Runx3 is a target of miR-130a and
repression of Rux3 by miR-130a mediates the role of miR-130a in
maintaining normal EPC function. However, this does not
necessarily mean that Runx3 is the most important target of
miR-130a in EPCs. Runxl, Runx?2, and other miR-130a targets
identified in other cell types should be investigated as well. In
addition, our current data did not provide direct evidence on the
interaction between Runx3 and VEGF in EPCs. Future studies are
required to investigate how Runx3 regulates VEGF in EPCs. Up
to now, various criteria for EPC selection have been used,
including CD34(+) Dil-acLDL(+) lec-
tin(+),CD34(+),CD133(+H)KDR(+),CD34(—)  CD14(+),CD31(+),
CD14(+), CD34(+) and so on. In the present study, PBMCs
derived CD133+ cells were isolated, endocytose Dil-acLDL, and
bind Ulex-lectin were used as EPCs, the cells also showed high
expression of KDR and CD34. EPCs have been shown to
proliferate, differentiate into ECs, and form tube-like structures
in vitro. The cells have the feature of progenitor cells, and they
have different physiological implications in paracrine cells of the
innate immune response than in endothelial cells. In consideration
of this, the present result can be said to have been derived from
this population of EPCs; the PBMCs derived CD133+ cells.

Taken together, this study shows that miR-130a is downregu-
lated in EPCs from diabetic patients, which impairs EPC function
via its target, Runx3, and through ERK/VEGF and Akt pathway.
Future animal studies need to be conducted to explore miRs-based
therapeutic interventions on vascular complications of DM.

Supporting Information

Table S1 Baseline characteristics of study subjects.
(DOC)

Author Contributions

Conceived and designed the experiments: SM JC YL. Performed the
experiments: SM XZ JC ZL DF. Analyzed the data: CW YF LF.
Contributed reagents/materials/analysis tools: ZL DF. Wrote the paper:
SM JC YL LF.

4. van den Oever IA, Raterman HG, Nurmohamed MT, Simsek S.(2010)
Endothelial dysfunction, inflammation, and apoptosis in diabetes mellitus.
Mediators Inflamm 2010: 792393.

5. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, et al.
(2004) Endothelial progenitor cell dysfunction: a novel concept in the
pathogenesis of vascular complications of type 1 diabetes. Diabetes 53: 195-199.

6. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, et al. (2002) Human
endothelial progenitor cells from type II diabetics exhibit impaired proliferation,
adhesion, and incorporation into vascular structures. Circulation 106: 2781—

2786.

July 2013 | Volume 8 | Issue 7 | e68611



20.

21.

22.

23.

24.

. Jarajapu YP, Grant MB. (2010)The promise of cell-based therapies for diabetic

complications: challenges and solutions. Circ Res 106: 854-869.

. Fadini GP, Sartore S, Albiero M, Baesso I, Murphy E, et al. (2006) Number and

function of endothelial progenitor cells as a marker of severity for diabetic
vasculopathy. Arterioscler Thromb Vasc Biol 26: 2140-2146.

. Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, et al. (2001) Number and

migratory activity of circulating endothelial progenitor cells inversely correlate
with risk factors for coronary artery disease. Circ Res 89: E1-7.

. Tamarat R, Silvestre JS, Le Ricousse-Roussanne S, Barateau V, Lecomte-Raclet

L, et al. (2004) Impairment in ischemia-induced neovascularization in diabetes:
bone marrow mononuclear cell dysfunction and therapeutic potential of
placenta growth factor treatment. Am J Pathol 164: 457-466.

. Cai X, Hagedorn CH, Cullen BR (2004) Human microRNAs are processed

from capped, polyadenylated transcripts that can also function as mRNAs. RNA
10: 1957-1966.

. Lee Y, Kim M, Han J, Yeom KH, Lee S, et al. (2004) MicroRNA genes are

transcribed by RNA polymerase 1I. EMBO J 23: 4051-4060.

. HanJ, Lee Y, Yeom KH, Nam JW, Heo I, et al. (2006) Molecular basis for the

recognition of primary microRNAs by the Drosha-DGCR8 complex. Cell 125:
887-901.

. Valencia-Sanchez MA, Liu J, Hannon GJ, Parker R (2006) Control of

translation and mRNA degradation by miRNAs and siRNAs. Genes Dev 20:
515-524.

5. Karp X, Ambros V (2005) Developmental biology. Encountering microRNAs in

cell fate signaling. Science 310: 1288-1289.

. Miska EA, Alvarez-Saavedra E, Townsend M, Yoshii A, Sestan N, et al. (2004)

Microarray analysis of microRNA expression in the developing mammalian
brain. Genome Biol 5: R68.

. Xu P, Guo M, Hay BA (2004) MicroRNAs and the regulation of cell death.

Trends Genet 20: 617-624.

. Fleissner F, Jazbutyte V, Fiedler J, Gupta SK, Yin X, et al. (2010)Short

communication: asymmetric dimethylarginine impairs angiogenic progenitor
cell function in patients with coronary artery disease through a microRNA-21-
dependent mechanism. Circ Res 107: 138-143.

. Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G, Diwan A, et al.

(2009) Reciprocal regulation of myocardial microRNAs and messenger RNA in
human cardiomyopathy and reversal of the microRNA signature by biome-
chanical support. Circulation 119: 1263-1271.

Ahn GO, Brown JM (2009) Role of endothelial progenitors and other bone
marrow-derived cells in the development of the tumor vasculature. Angiogenesis
12: 159-164.

Meng S, Cao JT, Zhang B, Zhou Q), Shen CX, et al. (2012) Downregulation
Downregulation microRNA-126 in endothelial progenitor cells from diabetes
patients, impairs their functional properties, via target gene Spred-1. ] Mol Cell
Cardiol 53: 64-72.

Chen Y, Gorski DH (2008) Regulation of angiogenesis through a microRNA
(miR-130a) that down-regulates antiangiogenic homeobox genes GAX and
HOXADS. Blood 111: 1217-1226.

Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, et al. (2003)
Circulating endothelial progenitor cells, vascular function, and cardiovascular
risk. N Engl J Med 348: 593-600.

Ma FX, Zhou B, Chen Z, Ren Q), Lu SH, et al. (2006) Oxidized low density
lipoprotein impairs endothelial progenitor cells by regulation of endothelial nitric

oxide synthase. J Lipid Res 47: 1227-1237.

PLOS ONE | www.plosone.org

10

29.

30.

36.

37.

38.

39.

40.

41.

42,

43.

MicroRNA-130a Regulates EPCs Function via Runx3

. Chen X, Gong J, Zeng H, Chen N, Huang R, et al. (2010) MicroRNA145

targets BNIP3 and suppresses prostate cancer progression. Cancer Res 70:
2728-2738.

. Urbich C, Dernbach E, Zeiher AM, Dimmeler S (2002) Double-edged role of

statins in angiogenesis signaling. Circ Res 90: 737-744.

. Chen T, Huang Z, Wang L, Wang Y, Wu I, et al. (2009) MicroRNA-125a-5p

partly regulates the inflammatory response, lipid uptake, and ORP9 expression
in oxLDL-stimulated monocyte/macrophages. Cardiovasc Res 83: 131-139.
Shimada T, Takeshita Y, Murohara T, Sasaki K, Egami K, et al. (2004)
Angiogenesis and vasculogenesis are impaired in the precocious-aging klotho
mouse. Circulation 110: 1148-1155.

Ii M, Hoshiga M, Fukui R, Negoro N, Nakakoji T, et al. (2001) Beraprost
sodium regulates cell cycle in vascular smooth muscle cells through cAMP
signaling by preventing down-regulation of p27(Kip1). Cardiovasc Res 52: 500~
508

Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, et al. (2000)
Transplantation of ex vivo expanded endothelial progenitor cells for therapeutic
neovascularization. Proc Natl Acad Sci U S A 97: 3422-3427.

. Hermeking H.(2010)The miR-34 family in cancer and apoptosis. Cell Death

Differ 17: 193-199.
Suarez Y, Sessa WC (2009) MicroRNAs as novel regulators of angiogenesis. Circ
Res 104: 442-454.

. Poliseno L, Tuccoli A, Mariani L, Evangelista M, Citti L, et al. (2006)

MicroRNAs modulate the angiogenic properties of HUVECs. Blood 108: 3068—
3071.

. Urbich C, Kuehbacher A, Dimmeler S (2008) Role of microRNAs in vascular

diseases, inflammation, and angiogenesis. Cardiovasc Res 79: 581-588.

. Acunzo M, Visone R, Romano G, Veronese A, Lovat F, et al. (2012) miR-130a

targets MET and induces TRAIL-sensitivity in NSCLC by downregulating miR-
221 and 222. Oncogene 31: 634-642.

Hager M, Pedersen CC, Larsen MT, Andersen MK, Hother C, et al. (2011)
MicroRNA-130a mediated down-regulation of Smad4 contributes to reduced
sensitivity to TGF-betal stimulation in granulocytic precursors. Blood 118:
6649-6659.

Sevinsky JR, Whalen AM, Ahn NG (2004) Extracellular signal-regulated kinase
induces the megakaryocyte GPIIb/CD41 gene through MafB/Kreisler. Mol
Cell Biol 24: 4534-4545.

Wu WH, Hu CP, Chen XP, Zhang WF, Li XW, et al. (2011)MicroRNA-130a
mediates proliferation of vascular smooth muscle cells in hypertension.
Am J Hypertens 24: 1087-1093.

Karsenty G, Wagner EF (2002) Reaching a genetic and molecular understand-
ing of skeletal development. Dev Cell 2: 389-406.

Tracey WD, Speck NA (2000) Potential roles for RUNXI1 and its orthologs in
determining hematopoietic cell fate. Semin Cell Dev Biol 11: 337-342.

Yang S, Wei D, Wang D, Phimphilai M, Krebsbach PH, et al. (2003) In vitro
and in vivo synergistic interactions between the Runx2/Cbfal transcription
factor and bone morphogenetic protein-2 in stimulating osteoblast differentia-
tion. J Bone Miner Res 18: 705-715.

Peng Z, Wei D, Wang L, Tang H, Zhang ], et al. (2006) RUNX3 inhibits the
expression of vascular endothelial growth factor and reduces the angiogenesis,
growth, and metastasis of human gastric cancer. Clin Cancer Res 12: 6386
6394.

Shiraha H, Nishina S, Yamamoto K.(2011)Loss of runt-related transcription
factor 3 causes development and progression of hepatocellular carcinoma. J Cell

Biochem 112: 745-749.

July 2013 | Volume 8 | Issue 7 | e68611



