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a b s t r a c t

Endothelial progenitor cells (EPCs) play an important role in vascular repair and maintenance of vascular
homeostasis through re-endothelialization and neovascularization. Cardiovascular risk factors that con-
tribute to coronary artery disease (CAD) have been shown to negatively impact EPCs, although the mech-
anisms are poorly understood. MicroRNAs (miRNAs) which negatively regulate gene expression at the
post-transcriptional level have been shown to impact endothelial cell (EC) angiogenic actions, but little
is known about their role in modulating EPC function. In this study we first investigated if EPCs expressed
EC specific, angiogenesis-related miRNAs; then determined whether the expression of these miRNAs was
altered in EPCs from CAD patients as compared with healthy controls. Furthermore, we examined if ator-
vastatin, known to increase circulating EPC numbers, had any effect on EPC miRNA expression. We found
EPCs produced miR-126, miR-130a, miR-221, miR-222 and miR-92a which have thus far been identified
as the most important angiogenic miRNAs. Dysregulation of these miRNAs was detected in EPCs from
CAD patients and atorvastatin treatment selectively impacted miRNA expression in EPCs.

Our data provide evidence that angiogenic miRNAs might play an important role in the control of EPC
function, and that their dysregulation might contribute to EPC dysfunction in patients suffering from cor-
onary artery disease. These findings might lead to the development of novel therapeutic modalities for
the prevention and treatment of CAD.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Bone marrow derived endothelial progenitor cells (EPCs) pos-
sess the capacity to differentiate into endothelial lineage cells
in vitro and can be directly incorporated into newly formed vessels
in vivo and they play an important role in vascular repair and main-
tenance of vascular homeostasis through reendothelialization and
neovascularization [1,2]. Both animal and clinical studies have indi-
cated that risk factors for coronary artery disease such as advanced
age, diabetes and hypercholesterolemia cause reduced numbers
and impaired function of circulating EPCs [3–5]. However, the
mechanisms governing EPC dysfunction are poorly understood.

MicroRNAs (miRNAs) are a class of short, noncoding, single-
stranded RNA molecules, approximately 22 nucleotides in length,
that negatively regulate gene expression at the post-transcrip-
tional level [6–8]. They bind sequences in the target messenger
RNA 30-untranslated regions through complementarity and form
RNA–RNA complex, leading eventually to mRNA degradation or
translational inhibition. It’s known that miRNAs control a wide
range of biological functions and processes, such as development,
ll rights reserved.
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differentiation, metabolism, growth, proliferation, and apoptosis
[9–12].

The involvement of miRNAs in the regulation of mammalian
vascular biology was discovered in mice through the disruption
of the Dicer gene, a gene, essential for miRNA synthesis. Homozy-
gous dicerex1/2 mutant mice lacking the first two exons of dicer
were not viable with abnormal vasculature observed in yolk sacs
from 11.5 day embryos compared to their wild type or heterozy-
gous littermates [13]. Furthermore, expression changes of several
crucial genes involved in embryonic angiogenesis, including VEGF,
Flt1 (VEGF-R1), flk1 (VEGF-R2) and Tie1 was detected [13]. Polise-
no et al. performed the first large-scale analysis of miRNA expres-
sion in human umbilical vein endothelial cells (HUVECs) and
identified 15 highly expressed miRNAs, i.e., miR-23b, miR-23a,
miR-let-7a, miR-let-7b, miR-125b, miR-221, miR-222, miR-125a,
miR-24, miR-106a, miR-20, miR-16, miR-let-7c, miR-103, and
miR-133a [14]. Now, it’s well established that miRNAs modulate
endothelial cell (EC) angiogenesis by controlling cell growth,
migration, apoptosis, capillary tube formation [15,16]. The best
characterized miRNAs so far include miR-221, miR-222, miR-
130a, miR-126 and miR-92a [14,17–20].

Studies of miRNAs as regulators of angiogenesis have mostly fo-
cused on endothelial cells [15,16]. Therefore, we conducted this
study to investigate: (1) if EPCs express endothelial cell specific
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Fig. 1. Expression of EC selective angiogenesis-related miRNAs in human EPCs.
EPCs were isolated from healthy donors, miR-126, miR-130a, miR-221, miR-222
and miR-92a were assessed by real time PCR. All five miRNAs were detected in EPCs
with miR-92a the most robustly expressed followed by miR-222, miR-221, miR-126
and miR-130a (the level of each miRNA was expressed as the ratio of individual
miRNA to miR-RNU6B levels, n = 3).
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angiogenesis related miRNAs, especially, miR-221, miR222, miR-
130a, miR-126 and miR-92a, (2) if expression of these miRNAs is
altered in EPCs from CAD patients as compared with healthy con-
trols and (3) if atorvastatin which has been shown to increase the
number of cells expressing EPC markers both in vitro and in vivo
[21,22], has any effect on miRNA expression.

2. Materials and methods

2.1. Recruitment of patients

Informed consent for study participation was obtained from all
patients and healthy volunteers. All protocols involving human
samples were approved by the Research Ethnics Board of St. Mi-
chael’s Hospital, University of Toronto, in accordance with The Code
of Ethics of the World Medical Association (Declaration of Helsinki).
To exclude interference with miRNA expression, all patients prior to
recruitment had not received treatment with HMG-CoA reductase
inhibitors (statins). Patients with multiple cardiac risk factors and
stable coronary artery disease (CAD), scheduled to undergo percu-
taneous coronary intervention, were recruited.

2.2. Isolation, culture, characterization and treatment of EPCs

Peripheral blood mononuclear cells (PBMNCs) were isolated
from 100 mL of peripheral blood by Ficoll gradient centrifugation.
The PBMNCs were plated at a density of 0.75 � 106 cells/cm2 in hu-
man fibronectin-coated flasks and cultured in endothelial cell basal
medium supplemented with 20% human serum and various growth
factors (EGM-2MV, Cambrex). After 3 days non-adherent cells were
removed and fresh culture medium was supplied. Cells were main-
tained until day seven with change of medium every other day.
Cells obtained were characterized by uptake of Dil-Ac-LDL, binding
of UEA-Lectin and detection of VEGF receptor 2 (KDR) gene expres-
sion (flow cytometric analysis) as described [23]. For treatment
with atorvastatin, cells were in fresh medium without growth fac-
tor supplement (VEGF, FGF and insulin like growth factor�1), and
atorvastatin (kindly provided by Pfizer Canada Inc.) was added
(1 lM, final concentration) and maintained for 24 h.

2.3. Total RNA extraction and reverse transcription

Total RNA was extracted and purified from EPCs by using a mir-
Vana miRNA Isolation Kit (Applied Biosystems Inc.) according to
the manufacturer’s instructions. Briefly, 0.5–2 � 106 EPCs were de-
tached in 600 lL Denaturing Lysis Buffer. Cell lysate was mixed
with miRNA Homogenate Additive followed by Acid–Phenol:Chlo-
roform extraction. The aqueous phase was transferred to a fresh
tube, mixed with 1/3 volume of room temperature 100% ethanol
and passed through a RNA purification column. After three washes
with the Wash Buffer, RNA was eluted by the addition of 100 lL of
95 �C pre-heated Elution Solution. A TaqMan miRNA Reverse Tran-
scription Kit (Applied Biosystems Inc.) was used for reverse tran-
scription (RT), the reaction contained: 0.15 lL 100 mM dNTP,
1.5 lL 10� RT buffer, 3 lL individual miRNA specific primer, 1 lL
MultiScribe Reverse Transcriptase, 20 ng total RNA and nuclease
free H2O which was used to adjust reaction volume (15 lL). RT
was then accomplished in following steps: 16 �C for 30 min;
42 �C for 30 min; 85 �C for 5 min.

2.4. Real-time PCR to detect miRNA levels

A Real Time PCR Assay Kit (Applied Biosystems Inc.) was used to
detect miRNA levels in human EPCs. Each reaction was carried out
in a total volume of 20 lL containing: 2 lL RT product, 1.0 lL 20�
TaqMan MicroRNA assay primer, 10 lL 2� TaqMan Universal PCR
Master Mix and nuclease-free H2O to adjust volume. Real time
PCR was run on the 7900HT DNA Sequence Detection System as
follows: stage 1, 95 �C for 10 min, stage 2, 95 �C for 15 s, 60 �C for
1 min. Stage 2 was repeated for 40 cycles. The relative expression
level of each individual miRNA after normalization to miR-RNU-
6B was calculated using the 2�DDCT method.

2.5. Statistical analysis

Data were expressed as mean ± standard error of the mean
(SEM). Statistical significance was determined by using Student’s
t test; p < 0.05 was considered statistically significant.

3. Results

3.1. Expression of EC specific angiogenesis-related miRNAs in EPCs

EPCs isolated from peripheral blood of healthy donors, and char-
acterized by the uptake of Dil-Ac-LDL, FITC-labeled UEA-lectin
stain, and VEGF receptor 2 (KDR) expression (data not shown), were
analyzed for levels of miR-126, miR-130a, miR-221, miR-222 and
miR-92a using a miRNA real-time PCR assay kit. The level of each
individual miRNA was expressed as the ratio of the target miRNA
and the reference miR-RNU6B levels. As shown in Fig. 1, of the five
miRNAs assayed, miR92a showed the most robust expression fol-
lowed by miR-221, miR-222, miR-126 and miR-130a. These find-
ings, to our knowledge, are the first to show that EPCs express EC
specific miRNAs with known angiogenic roles. Next, we detected
the expression of these miRNAs in EPCs from CAD patients and
compared the results with those from healthy subjects.

3.2. Dysregulation of angiogenesis-related miRNAs in EPCs from
patients with coronary artery disease

EPCs from age- and gender-matched healthy donors and CAD
patients were isolated, and the angiogenic miRNA levels were de-
tected. As shown in Fig. 2, the level of miR-130 remained the same
between the two groups while the level of miR-126 was decreased,
and levels of miR-221, miR-222 and miR-92a were augmented in
patients suffering CAD.

3.3. Effect of atorvastatin on angiogenic miRNA expression in patients’
EPCs

To determine whether atorvastatin had any effect on miRNA
expression in patients’ EPCs, cells were maintained for 24 h in
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Fig. 2. Dysregulation of miRNAs in EPCs from patients with CAD. miRNA levels in EPCs were detected from age and gender matched patients and healthy subjects. The pro-
angiogenic miR-126 level was reduced while anti-angiogenic miR-221, miR-222 and miR-92a levels were elevated in CAD patients compared with controls (n = 4, ⁄p < 0.05).
miR-130a levels were the same between these two groups.
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the presence of 1 lM atorvastatin and miRNA levels measured. As
shown in Fig. 3, treatment of EPCs with atorvastatin led to en-
hanced production of miR-221, miR-222 and miR-92a while miR-
126 and miR-130a were not affected.
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Fig. 3. Effect of atorvastatin treatment on miRNA expression in EPCs from patients suffer
1 lM) for 24 h as detailed in section 2 and miRNA levels were measured. Atorvastatin tre
⁄⁄p < 0.01) while had no effect on expression of miR-130a and miR-126.
4. Discussion

Although increasing evidence suggests that miRNAs are impor-
tant regulators of the angiogenic potential of endothelial cells, little
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ing CAD. EPCs were maintained in the presence of atorvastatin (final concentration:
atment enhanced production of miR-221, miR-222 and miR-92a (n = 4–6, ⁄p < 0.05,
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is known about their involvement in EPC function. We first
addressed the question if EPCs express EC specific, angiogenesis-
related miRNAs. We chose to examine miR-126, miR-130a,
miR-221, miR-222 and miR-92a as they have been consistently re-
ported to be highly expressed in ECs and, more importantly, their
angiogenic roles have been defined and their targets identified
[14,17–20]. We detected expression of all these five miRNAs in
EPCs, suggesting they might play a role in regulating EPC function
as well. EPCs have been shown to display a variety of EC activities
such as Dil-Ac-LDL uptake, UEA-lectin binding and VEGF receptor 2
(KDR) expression [23,24]. Our finding that EPCs express EC selec-
tive miRNAs adds a new layer of evidence that EPCs could be
‘‘coaxed’’ to differentiate into EC-like lineage.

Next, we addressed the question if expression of miRNAs in
EPCs from CAD patients is altered due to genetic predisposition
and environment influences. With a real time PCR approach, we
found that miR-126 was decreased, miR-221, miR-222 and miR-
92a were increased and miR-130a remained the same level in
CAD patients compared with healthy controls. Our findings that
miR-221 and miR-222 were augmented in CAD patients are in
accordance with a previous report by Minami and colleagues,
who limited their analysis only to miR-221 and miR-222 [25]. Of
the five miRNAs selected for current analysis, miR-126 promotes
angiogenesis by the inhibition of suppressors of the PI-3 kinase
pathway, namely Spred-1 and PI-3 kinase regulatory subunit
two, resulting in VEGF and FGF induced endothelial cell prolifera-
tion and tube formation [18,19]. miR-130a targets and down-
regulates the anti-angiogenic homeobox proteins GAX and HoxA5
[17]. miR-221 and miR-222 negatively regulate expression of c-kit,
a tyrosine kinase receptor for stem cell factor (SCF) that is involved
in EC survival, migration, and capillary tube formation [14]. Over-
expression of miR-221 and miR-222 complexes in HUVECs results
in reduced cell migration and tube formation in response to SCF
stimulation [14]. miR-221 and miR-222 also inhibit expression of
eNOS, an essential molecule in the regulation of vessel tone and
angiogenesis. miR-92a targets a number of genes related to angio-
genesis, including integrin subunits a5 (ITGA5) and av (ITGAV),
which mediate cell-matrix interactions and cell migration [20].
Therefore, miR-126 and miR-130a exert pro-angiogenic effects
while miR-221, miR-222 and miR-92a are anti-angiogenic miRNAs.
Dysregulation of these miRNAs as demonstrated in this study, i.e.,
down-regulation of miR-126 and up-regulation of miR-221, miR-
222 and miR-92a might contribute to the dysfunction and reduced
regenerative capacity of EPCs observed in CAD patients.

Minami et al. reported that after 12 months of atorvastatin
therapy in CAD patients, miR-221 and miR-222 levels in EPCs
were reduced [25]. However, we found that atorvastatin treat-
ment did not affect miR-126 and miR-130a and enhanced the
production of miR-221, miR-222 and miR-92a in cultured EPCs
from patients with CAD. The difference between the two obser-
vations might be explained by the method of atorvastatin
administration. The oral administration of atorvastatin results
in multiple metabolic effects, which may indirectly influence
EPC biology. In addition, metabolic products after oral adminis-
tration of atorvastatin might also impact intracellular miRNA
levels [26]. In our study, the application of atorvastatin directly
to cultured cells provides information on the receptor dependent
and independent effects of the parent compound, without con-
founding environmental influences.

In conclusion, we reported here that EPC expressed EC miRNAs
which are involved in angiogenesis. Furthermore, we found that
miRNA expression in EPCs from patients with CAD was altered
and that atorvastatin affected miRNA expression in EPCs. These
data suggest that miRNAs may play an important role in regulating
EPC function. Modulation of miRNA activities, thereby restoring
the regenerative potential of EPCs, may provide a therapeutic tar-
get for the prevention or treatment of cardiovascular disorders.
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