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Abstract
Persistent hyperglycemia in diabetes causes endothelial cell dysfunction. Exposure to high levels of
glucose, which mimics hyperglycemia, induced expression of microRNA 221 (miR-221) but reduced
expression of c-kit, the receptor for stem cell factor in human umbilical vein endothelial cells
(HUVECs). In addition, high glucose treatment impaired endothelial cell migration. Incubation with
the antisense miR-221 oligonucleotide AMO-221 reduced expression of miR-221 and restored c-kit
protein expression in HUVECs treated with high levels of glucose. Furthermore, AMO-221 treatment
abolished the inhibitory effect of high glucose exposure on HUVECs transmigration. Thus, under
hyperglycemic conditions, miR-221 is induced in HUVECs, which consequently triggers inhibition
of c-kit and impairment of HUVECs migration. These findings suggest that manipulation of the
miR-221-c-kit pathway may offer a novel strategy for treatment of vascular dysfunction in diabetic
patients.
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Introduction
Exposure of the vascular endothelium to high levels of glucose causes endothelial dysfunction
and further complicates the pathogenesis of diabetes [1–3]. MicroRNAs (miRNAs) are small,
non-coding RNAs that regulate gene expression at the post-transcriptional level by specifying
translational repression or cleavage of mRNA [4–6]. Many miRNA species have served as
novel biomarkers, modulators, and therapeutic targets for disease, and they may regulate
intracellular metabolism [7–9]. miRNA-221 (miR-221), a specific miRNA identified in human
umbilical vein endothelial cells (HUVECs), participates in the regulation of angiogenesis
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[10]. miR-221 affects expression of c-kit, the receptor for stem cell factor (SCF), which plays
a key role in endothelial progenitor cell migration and homing [10].

Alterations in expression of miRNA help regulate cardiovascular functions [11–17]. However,
whether miR-221 plays a role in diabetes-induced endothelial dysfunction is unknown. In this
study, we tested the hypothesis that hyperglycemia induces miR-221 expression, c-kit
suppression, and consequently endothelial dysfunction.

Materials and methods
Cell culture and reagents

HUVECs were purchased from ScienCell (Carlsbad, CA) and cultured in endothelial cell
medium (ScienCell) supplemented with 5% fetal bovine serum, endothelial cell growth
supplement (ScienCell), and 100 μg/ml penicillin/streptomycin. Glucose was obtained from
Sigma (St. Louis, MO), and human SCF was obtained from R&D (Minneapolis, MN). The
anti-c-kit (C-19) antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and
anti-GAPDH antibody was obtained from Fitzgerald.

Synthesis and transfection of miRNAs antisense inhibitor
We synthesized an antisense miR-221 oligonucleotide inhibitor (AMO-221) based on 5′-
AGCUACAUUGUCUGCUGGGUUUC-3′ for mature human miR-221 (Amibon, Austin,
Texas). After 24 hours in serum-free medium, cells (1×105 per well) were transfected with
AMO-221 by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions.

Micro-RNA isolation and expression
The mirVana™ RT-PCR miRNA Isolation and Detection Kit (Ambion, Inc.) was used. The
reactions contain mirVana RT-PCR primer sets specific for miR-221 or 5S rRNA. 5S rRNA
was used as an internal control. RT-PCR was performed for 40 cycles. PCR products were
confirmed by 3% agarose gel electrophoresis.

Western blot analysis
Cells were washed with phosphate-buffered saline and lysed in lysis buffer. Lysates were
subjected to 4% to 15% SDS-PAGE and western blotting with anti-c-kit (1:100) antibodies.
Immunopositive bands were visualized by enhanced chemiluminescence (ECL, Amersham).
Blots were stripped and reprobed with GAPDH antibody (1:2000) as a control to ensure equal
loading.

Assessment of transmigration
We used a transcell system to assess the capacity of HUVECs to transmigrate across a filter
into a separate cell-culture chamber. Cells were placed at a concentration of 5×104/well in the
upper chamber (BD Biosciences, San Jose, CA), which was placed in a 24-well culture plate
(BD Biosciences) containing culture medium and 100 nM SCF to measure the migratory
capacity of HUVECs. After 16 hours of incubation at 37°C, the medium was removed, and the
insert was transferred to a second plate containing calcein-AM solution. The plates were
incubated for 90 minutes at 37°C in a 5% CO2 incubator. Then, the fluorescence of migrated
cells was read in a fluorescence plate reader with bottom-reading capabilities at excitation/
emission wavelengths of 485/530 nm.
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Statistical analysis
Quantitative data were evaluated by analysis of variance (ANOVA) or Student t test when
appropriate. Significance was established at a level of P<0.05.

Results
We analyzed miR-221 expression in HUVECs exposed to high levels of glucose and found
that conditions of hyperglycemia increased miR-221 expression (Fig. 1A). The glucose-
induced expression of miR-221 was inhibited by the antisense inhibitory miRNA
oligonucleotide (AMO-221), as determined by the mirVana RT-PCR miRNA detection assay
(Fig. 1A). Relative expression of miR-221 was quantified by densitometry (Fig. 1B). Using
prediction algorithms, we identified a 3′-untranslated region (3′UTR) of c-kit mRNA as a
potential target of miR-221 (Fig. 2A), targeted by the antisense oligonucleotide AMO-221
(Fig. 2B). To determine expression of c-kit protein expression, Western blot was performed
with antibodies against c-kit in HUVECs treated with or without high glucose. At baseline,
HUVECs expressed the c-kit protein (Fig. 3A). However, under hyperglycemic conditions, c-
kit protein expression was markedly reduced, and the treatment with the AMO-221 antisense
oligonucleotide against miR-221 reversed the inhibitory effect of high glucose levels on
expression of c-kit in HUVECs (Fig. 3A). AMO-221 appeared to selectively target c-kit as it
did not alter expression of the house-keeping protein GAPDH in HUVECs (Fig. 3A). Western
blot of c-kit was quantified by densitometry (Fig. 3B).

To define the role of miR-221 on c-kit/SCF–regulated endothelial cell function, we used a
transcell system to analyze migration of HUVECs treated with the miR-221 inhibitor
AMO-221 after exposure to high levels of glucose. Exposure to high glucose levels reduced
the transmigration capacity of HUVECs by nearly 40% (Fig. 4). Although treatment with
AMO-221 per se had little effect on HUVECs transmigration, AMO-221 treatment of HUVECs
almost completely restored the transmigration capacity impaired by exposure to high levels of
glucose (Fig. 4).

Discussion
During the development of diabetes, hyperglycemia may cause malfunction of the vasculature.
Exposure to high levels of glucose may alter miRNA expression in cardiovascular cells under
many pathological conditions. The present study has identified a novel pathway by which
hyperglycemic conditions impair c-kit expression and migration of HUVECs, perhaps through
induction of miR-221. Migration and homing mediated by c-kit is a key step in angiogenesis
and vascular tissue repair and regeneration. Impaired migration of vascular cells may contribute
to diabetes-associated pathologic alterations in the vascular wall as reported in studies of
animals and patients with diabetes [18,19] Our finding that downregulation of miR-221 can
attenuate high glucose-induced suppression of c-kit and migration in HUVECs confirms recent
findings by Poliseno et al.[10] and extends them to a specific disease such as diabetes. Our
findings suggest that manipulation of the miR-221-c-kit pathway may offer a novel strategy
for treatment of vascular dysfunction in diabetic patients.
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Fig. 1.
Effects of high levels of glucose on miR-221 expression.
(A) RT-PCR analysis shows that high levels of glucose (25 mM) increase miR-221 expression
in HUVECs and that the increase in miR-221 expression induced by high glucose levels is
attenuated by transfection of the antisense inhibitory miRNA oligonucleotide AMO-221. The
miRNA was isolated by using the mirVana miRNA Isolation Kit, and RT-PCR was performed
by using the mirVana™ RT-PCR miRNA detection assay containing the primers specific for
miR-221 or 5S rRNA. 5S rRNA was used as an internal control. The PCR products were
confirmed by 3% agarose gel electrophoresis.
(B) Relative expression of miR-221 was quantified by densitometry. N = 4 for each group.
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Fig. 2.
(A) The position of miR-221 target sites along 3′UTR of c-kit is predicted by TargetScan. (B)
Sequences of antisense inhibitory miRNA oligonucleotide AMO-221 designed based on the
mature human miR-221.
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Fig. 3.
Expression of c-kit in HUVECs treated with glucose and the miR-221 antisense inhibitory
oligonucleotide AMO-221. (A) HUVECs were exposed to 25 mM glucose with or without
AMO-221. After 48 hours, cell lysates were subjected to 4% to 15% SDS-PDGE, transferred
to membranes, and blotted with anti-c-kit or anti-GAPDH antibodies (control). (B) Western
blot of c-kit was quantified by densitometry. N = 4 for each group.
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Fig. 4.
Migration of glucose-treated HUVECs in response to stem cell factor (SCF) in the presence
or absence of AMO-221. The pretreated HUVECs were placed in the upper chamber, which
was placed in a 24-well culture dish containing culture medium and 100 ng SCF. After 16
hours of incubation at 37°C, the medium was removed, and the insert was transferred to a
second plate containing calcein-AM solution. After a 90-minute incubation at 37°C incubator,
the fluorescence of migrated cells was read in a fluorescence plate reader with bottom reading
capabilities at excitation/emission wavelengths for 485/530 nm. P<0.05, vs. untreated controls.
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