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Abstract

MicroRNAs are negative regulators of gene expression that play a key role in cell-type 
specific differentiation and modulation of cell function and have been proposed to be 
involved in neovascularization. Previously, using an extensive cloning and sequencing 
approach, we identified miR-126 to be specifically and highly expressed in human 
endothelial cells. Here, we demonstrate EC-specific expression of miR-126 in capillaries 
and the larger vessels in vivo. We therefore explored the potential role of miR-126 in 
arteriogenesis and angiogenesis. Using miR-reporter constructs, we show that miR-
126 is functionally active in EC in vitro and that it could be specifically repressed using 
antagomirs specifically targeting miR-126. To study the consequences of miR-126 
silencing on vascular regeneration, mice were injected with a single dose of antagomir-126 
or a control “scramblemir” and exposed to ischemia of the left hind limb by ligation 
of the femoral artery. Although miR-126 was effectively silenced in mice treated with 
a single, high dose of antagomir-126, laser Doppler perfusion imaging did not show 
effects on blood flow recovery. In contrast, quantification of the capillary density in the 
gastrocnemius muscle revealed that mice treated with a high dose of antagomir-126 had 
a markedly reduced angiogenic response. Aortic explant cultures of the mice confirmed 
the role of miR-126 in angiogenesis. Our data demonstrate a facilitary function for miR-
126 in ischemia-induced angiogenesis and show the efficacy and specificity of antagomir-
induced silencing of EC-specific microRNAs in vivo. 
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Introduction

Endothelial cells (EC) play an essential regulatory role in the capacity of the vasculature 
to adequately respond to injury or hypoxia. In arteriogenesis, EC react to elevated shear 
stress by recruiting and activating leukocytes that mediate remodeling of small collateral 
arterioles. In tissue ischemia, novel capillaries are generated by proliferation and 
migration of EC that sprout from pre-existing capillaries. The molecular mechanisms 
underlying this directive role of EC in vascular plasticity have been extensively studied 
and involve numerous environmental cues that elicit complex, but tightly coordinated 
responses in the expression of genes controlling proliferation, migration and cell-
differentiation [1].
MicroRNAs constitute a recently recognized class of short, non-coding RNA molecules 
(~ 21 nt) that could potentially regulate the activity of 30% of all genes at the post-
transcriptional level [2]. The ability of microRNAs to regulate multiple targets provides 
a means for coordinated control of gene expression, while also making them especially 
attractive candidates for regulating both cell-type specific differentiation and modulation 
of cell function [3].
Recently, evidence supporting a role for endothelial microRNAs in the control of 
neovascularization has been provided, [4] with in vitro studies demonstrating both 
pro-angiogenic microRNAs (let 7b, [5] miR-27b, [5] miR-130a, [6] miR-210 [7]) as well 
as microRNAs with anti-angiogenic actions (miR-221/222) [8, 9]. To study the role of 
endothelial microRNAs in neovascularization, we recently generated an inventory of 
known and novel microRNAs expressed by human micro vascular EC and late outgrowth 
EC using extensive cloning and sequencing [10]. By comparing the microRNA expression 
profiles of various cultured EC with other tissues and cell types, we confirmed miR-
126 to be highly abundant and specific for EC. MiR-126 is located in an intron of the 
epidermal growth factor-like-domain 7 gene (EGFL7) of human, mouse and zebrafish 
[11]. Due to the fact that EGFL7 expression is augmented in adult angiogenesis and 
vascular injury, [12] we hypothesized that co-expression of miR-126 may also play a role 
in neovascularization. Recently, two papers have described a role for miR-126 in vascular 
development in mice [13] and zebrafish [14]. Targeted deletion of miR-126 resulted in 
vascular leakage, hemorrhaging and embryonic lethalility in a subset of the mutant 
mice and abnormal vessel morphology was observed in the zebrafish. In this study, we 
assessed the role of miR-126 in neovascularization in the adult mouse and explored the 
effects of conditional silencing of this microRNA on arteriogenesis and angiogenesis 
in vivo. Previous research has demonstrated that intravenous injection of chemically 
modified and cholesterol-conjugated RNA analogs (antagomirs), specifically silences 
complementary microRNAs in mice for up to 23 days [15, 16]. Our studies using a 
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mouse ischemic hind limb model demonstrate, for the first time, that antagomir-induced 
silencing of miR-126 impairs ischemia-induced angiogenesis in vivo. 

Material and Methods

Cells and Cell Culture
Human embryonic kidney cells (HEK-293T), HeLa cells and immortalized mouse 
endothelial cells (EC), originally derived from brain capillaries (bEnd3 cells), were 
cultured in DMEM (Gibco/Invitrogen, Breda, The Netherlands) supplemented with 
pen/strep and 10% fetal calf serum (FCS; Bio Whittaker/Cambrex, Verviers, Belgium). 
Immortalized human umbilical vein EC (EC-RF24) were cultured in M199 medium 
(Gibco/Invitrogen) supplemented with pen/strep, 20% FCS, 10 IU/mL heparin (Leo 
Pharma, Breda, The Netherlands), 2.5% HEPES buffer (Gibco/Invitrogen) and 12.5 µg/
mL EC growth supplement (Sigma, St. Louis, MO). For the generation of monocyte-
derived human dendritic cells (DC), human peripheral blood mononuclear cells (PBMC) 
were isolated from buffy coats obtained from healthy donors by Ficoll (Amersham, 
‘s-Hertogenbosch, The Netherlands) density gradient centrifugation. Monocytes were 
positively selected by CD14-MACS microbeads (Miltenyi Biotech, Bergish Gladbach, 
Germany) and cultured for 7 days in RPMI medium (Gibco/Invitrogen) containing 10% 
FCS, 2% pen/strep, human GM-CSF (5 ng/mL, Leucomax, Lelystad, The Netherlands) 
and human IL-4 (10 ng/mL, Peprotech, Rocky Hill, NJ) at a density of 1.5 x 106 cells/ 
well in a 6 wells plate (Costar, Cambridge, Ma). For the generation of monocyte-derived 
human macrophages, PBMC were cultured with RPMI medium containing 10% FCS, 
2% pen/strep and human GM-CSF (5 ng/mL). Human foreskin-derived microvascular 
endothelial cells (hMVEC) and human umbilical vein endothelial cells (HUVEC) were 
isolated, cultured and characterized as described previously. 

Quantification of MicroRNA Levels
Total RNA from different cell types and tissues was isolated using Trizol reagent 
(Invitrogen, Breda, The Netherlands). Expression levels of selected microRNAs were 
validated in triplicate by quantitative RT-PCR (qRT-PCR). Reverse transcription was 
performed using a 5 minute 65ºC incubation of 250 ng total RNA with dNTPs (Invitrogen) 
and oligo(dT) (U6, Invitrogen) or using specific Taqman® microRNA probes (miR-126 
and miR-423, Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). cDNA was 
synthesized using a M-MLV First-Strand Synthesis system (Invitrogen). Validation of 
miR-126 and miR-423 levels was performed using Taqman® miR assays and qRT-PCR. For 
normalization, a qRT-PCR on RNU6B was performed on cDNA obtained from the same 
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RNA. The following primers were used for PCR: U6 (sense) CTCGCTTCGGCAGCACA 
and U6 (antisense) AACGCTTCACGAATTTGCGT. qRT-PCR conditions were the 
same as used for miR quantifications. Results were normalized using Gene Expression 
Analysis for iCycler IQ® RT-PCR Detection System (Bio-Rad Laboratories, Veenendaal, 
The Netherlands). 

In situ Hybridizations
In situ hybridizations were performed as essentially described. In brief, serial paraffin-
embedded sections of the human kidney were used for in situ hybridization of miR-
126. The sections were rehydrated, digested with proteinase K (5 µg/mL, 10 min, 37ºC) 
and post-fixated with 4% formaldehyde. The sections were hybridized overnight in 
hybridization mix (50% formamide, 5x SSC, 0.1% Tween-20, 500 µg/mL tRNA, 0.5% 
citric acid (92 mM) and 50 µg/mL heparin) at 53ºC with a digoxigenin (DIG)-labeled 
locked nucleic acid (LNA) miR-126 probe (25 µM, Exiqon, Vedbaek, Denmark). The DIG-
labels were visualized with sheep anti-DIG (Roche, Mannheim, Germany). MiR-126 
stained blue after overnight incubation at 50ºC in the dark with the substrate NCT/BCIP 
(Roche). After staining, the sections were dehydrated in a series of ethanol and xylene. 
Control sections were incubated with a LNA-probe that does not bind to any known 
microRNAs. 

MiR-126 Reporter Assays
Cloning of one (pMIR-126M) or four (pMIR-126Q) target binding sites was performed into 
a pMIR-reportTM Expression Reporter Vector System (pMIR, Applied Biosystems), which 
contains an experimental firefly luciferase reporter gene. After cloning, the plasmids were 
sequenced to evaluate their fidelity. A renilla luciferase expressing plasmid (pRL-SV40, 
Promega, Leiden, The Netherlands) served as control for the efficiency of electroporation. 
Primer constructs used for correct cloning into pMIR-report vector were: pmiR-126M 
(sense) CTAGTCAGTGGCAGCAGCATTATTACT CACGGTACGATCAGTGGCAGCA; 
pmiR-126M (antisense) AGCTTGCTGCCACTGATCGTACCGTGAGTAATAATG 
CTGCTGCCACTGA; pmiR-126Q (sense) CTAGTAGGCGCGCCATATA GCATTA 
T TA C T C A C G G TA C G ATATA G C AT TAT TA C T C A C G G TA C G ATATA G C AT 
T A T T A C T C A C G G T A C G A T A T A G C A T T A T T A 
CTCACGGTACGATATATAGCGCGCTACA; and pmiR-126Q (antisense) 
AGCTTGTAGCGCGCTATATATCGTACCGTGAGTAATAATGCTATATCGTA 
C C G T G A G T A A T A A T G C T A T A T C G T A C C G T G A G T A A 
TAATGCTATATCGTACCGTGAGTAATAATGCTATATGGCGCGCCTA.
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Design of Antagomirs
Cholesterol-conjugated RNA analogs (antagomirs, Dharmacon RNA technologies, 
Lafayette, CO) were synthesized as previously described. For antagomir-126 the following 
sequence was used: 5’-gscsauuauuacucacgguascsgsas-Chol-3’. As a control a ‘scramblemir’ 
was used, this RNA analog is constructed from a randomized nucleotide sequence 
which does not bind to any known microRNAs: 5’-asusgacuaucgcuauucgcsasusgs-Chol-3’. 
The lower case letters represent 2’-OMe-modified nucleotides; subscript ‘s’ represents 
phosphorothiate linkage; ‘Chol’ represents a cholesterol-group linked through a 
hydroxyprolinol linkage (Manoharan, M., Kesavan, V., & Rajeev, K. G. SiRNA’s containing 
ribose substitutes to which lipophilic moieties may be attached. U.S. Pat. Appl. Publ. 
(2005), US 2005107325).

Electroporation of EC-RF24cells
Fibronectin-adherent EC-RF24 cells (500.000) were detached by trypsin treatment and 
resuspended in 500 µL serum free medium (Optimem; Gibco/Invitrogen) and 1 µg 
specific pMIR-report and 100 ng pRL-SV40 was added. The cell suspension was chilled 
for 10 minutes at 4ºC and electroporated in a Gene Pulser® cuvette (Bio-Rad Laboratories) 
using Gene Pulser II (Bio-Rad Laboratories). After 10 minutes recovery time at room 
temperature, a triplicate of 150.000 cells was plated in a 24-wells plate coated with 
fibronectin. After 24 hours the firefly-luciferase and renilla-luciferase signals were 
measured using a Dual-Luciferase® Assay Reporter System (Promega) in a Lumat LB9507 
(EG&G Berthold, Bundoora, Australia) and the ratio of the firefly-luciferase expression 
divided by renilla luciferase expression was calculated. Cells transfected with pMIR 
were taken as 100%. For inhibition studies, 5 µg/mL antagomir-126 or scramblemir was 
added on a near confluent cell layer, 16 hours prior to transfection. 

Hind Limb Ischemia Model
All animal experimental protocols were approved by the animal welfare committee of 
the Netherlands Organization for Applied Scientific Research (TNO). One day prior to 
surgery, C57BL/6 WT mice (n=6 per group, age=10 weeks, Charles River, Maastricht, 
The Netherlands) were injected intravenously (200 µL) with antagomir-126 at 1.0 mg/ 
animal (high dose, HD), 0.1 mg/ animal (low dose, LD), scramblemir at 1.0 mg/ animal 
(HD) or 0.1 mg/ animal (LD). Before surgery, mice were anesthetized intraperitoneally 
with a combination of Midazolam (5 mg/kg, Roche), Medetomidine (0.5 mg/kg, Orion 
Corporation, Turku, Finland) and Fentanyl (0.05 mg/kg, Janssen Pharmaceutica, Tilburg, 
The Netherlands). Ischemia of the left hind limb was induced by electrocoagulation 
of the left common femoral artery, proximal to the bifurcation of superficial and deep 
femoral artery, as described. The blood flow in the ligated and non-ligated hind limb 
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was measured using laser Doppler perfusion imaging (Moor Instruments, Milwey, UK), 
as previously reported. Measurements were performed immediately after surgery and 
serially up to 10 days. To control for temperature variability, animals were kept in a 
double-glassed vessel filled with water at constant temperature of 37°C for 5 minutes and 
during subsequent measurements. Perfusion was expressed as the ratio of left (ischemic) 
to right (non-ischemic) limb.
Upon sacrifice of the mice, the gastrocnemius muscle of both hind limbs was dissected 
and fixated overnight in 4% formaldehyde. After paraffin embedding, 4 mm thick serial 
cross sections were made for immunohistochemical analysis. Lungs were harvested and 
stored at -80ºC for RNA analysis.

Immunohistochemistry (IHC)
Four µm-thick sections of human kidney or murine gastrocnemius muscle were re-
hydrated and endogenous peroxidase activity was blocked. Antigen-retrieval in the 
human kidney was performed by heat-treatment, the mouse gastrocnemius muscle was 
incubated with 10 mM TRIS/1 mM EDTA. EC were visualized with diaminobenzidine 
(DAB substrate KIT, Pierce, Rockford, IL) after incubation with monoclonal antibodies 
(moab) directed against CD31 (clone M0823 (DakoCytomation, Eindhoven, The 
Netherlands) for human kidney and moab (Santa Cruz Biotechnology, Santa Cruz, 
CA) for the murine gastrocnemius muscle), followed by peroxidase-labeled rabbit 
anti-mouse-IgG (Mouse Envision Labeled Polymer horseradish peroxidase system, 
DakoCytomation). As negative control, primary antibodies were omitted. Sections of the 
human kidney were counterstained with hematoxylin. 

Quantification of Angiogenic Response
Two slides (200 µm apart) were taken of each murine gastrocnemius muscle. Several 
pictures were taken randomly and the percentage coverage was measured and expressed 
as the total area of CD31-positive cells per image using the Scion Imaging software (Scion 
Corporation, Fredrick, MD). Scramblemir (LD) was taken as 100%. 

Aortic Explants Cultures
Eleven days after antagomir treatment, the thoracic to abdominal aorta was removed 
and transferred to a petri dish containing M199-medium (Gibco) supplemented with 
pen/strep, 20%FSC, 10 IU/mL heparin (Leo Pharma) and 25 mg bovine pituitary extract 
(Gibco). The surrounding tissue was carefully removed and the aorta was flushed several 
times with the same medium. The aorta was cut into small pieces and transferred to a 
fibronectin-coated 24 wells plate (Costar). After firm attachment of the explants (after 24 
hours) extra medium was added. After 5 and 10 days in culture, pictures were taken from 
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the explants (Leica DMI6000, Nieuw Vennep, The Netherlands) and the total surface area 
covered with outgrowing cells was measured in a representative area (1.5 x 105 mm2).

In Vitro Capillary Formation
The role of miR-126 in the capacity of EC to form capillary-like structures was assessed 
using an in vitro angiogenesis assay kit (Chemicon, Temecula, Ca) and HUVEC. HUVEC 
were incubated overnight with 5 µg/mL antagomir-126 or scramblemir and added to the 
matrigel. After 8h, tube formation was measured by staining the viable cells with calcein-
AM (5 µg/mL, Molecular Probes, Leiden, The Netherlands). Total tube area and length 
were determined using images obtained with an inverted fluorescence microscope and 
the Scion Imaging software. 

Scratch-Wound Assay
HUVEC were cultured in a 12-wells plate (Costar) and incubated with antagomir-126 or 
scramblemir (5 mg/mL, 4 wells per condition, 16 hours). Next, the medium was removed 
and stored on ice and a scratch was made of approximately 800 mm in the EC-monolayer 
using a pipette-tip. Cells were washed to remove cell-debris and the medium containing 
antagomir-126 or scramblemir was transferred back to the appropriate wells. Several 
images (LeicaDMI6000) were taken within 24 hours and the distance of the scratch was 
measured (expressed in mm).

Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). Statistical analysis 
was performed using the Mann-Whitney T-test. P<0.05 were considered statistically 
significant. 

Results

MiR-126 is Specifically Expressed in Endothelial Cells in Vitro and in Vivo
To validate the expression of miR-126 in EC, we first quantified the presence of the mature 
form of miR-126 in endothelial and non-endothelial cell types using a TaqMan real-time 
PCR assay (Figure 1A). After normalization of the signals to U6 small nuclear RNA, 
we observed that human CD14-derived dendritic cells (DC), human macrophages (Mf), 
HeLa cells and embryonic kidney cells (HEK-293T) expressed only background levels 
of miR-126. As expected, both human (EC-RF24, MVEC, HUVEC) and murine (bEnd3) 
EC displayed over two orders of magnitude more miR-126, confirming that miR-126 is 
highly expressed in microvascular and macrovascular EC in vitro. 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

micro-RNA-126 facilitates ischemia induced angiogenesis

147

In contrast to the expression of miR-126 in cultured EC,[5, 10, 17] little is known about 
the tissue specific expression of miR-126 in vivo. Therefore, we performed in situ 
hybridization analysis on human renal sections using digoxigenin-labeled locked nucleic 
acid (LNA) probes [18]. To localize the endothelium in these sections, we co-stained for 
the endothelial marker CD31 (Figure 1B). In situ hybridization of consecutive human 
renal sections with the LNA probe for miR-126 demonstrated expression of miR-126 in 
the CD31-positive endothelium of the glomerular and peritubular capillaries as well as 
the endothelium of the larger vessels. These findings confirm the EC-specificity of miR-
126 expression in vivo.

Figure 1. MiR-126 is specifically expressed in EC. A, Total RNA was harvested from different cell 
types and analyzed by qRT-PCR on miR-126. Obtained values were normalized by qRT-PCR on U6 
snRNA. B, Representative microscopic images of immunohistochemistry of CD31 on human renal 
sections and in situ hybridization of miR-126 with LNA-probe or a control LNA-probe. Upper two 
pictures represent consecutive sections. See color figure on page 234.
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MiR-126 is Functionally Active in EC
Next, we sought to investigate whether miR-126 is functionally active in EC. For this, we 
constructed reporter plasmids containing the firefly luciferase gene under the control of 
the constitutive CMV promoter and no (pMIR), one (pMIR-126M) or four (pMIR-126Q) 
perfect miR-126 target sites in the 3’ untranslated region of the luciferase reporter gene. 
Twenty four hours after electroporation of the reporter plasmids into the target cells, 
firefly luciferase activity was measured and normalized for electroporation efficiency 
using renilla luciferase activity derived from a co-electroporated expression plasmid. In 
HEK-293T cells, which lack miR-126 expression, luciferase expression was identical for 
all three reporters, indicating that the incorporation of the miR-126 target sites did not 
impact the luciferase transcript translation efficiency (Figure 2A). In contrast, EC-RF24 
cells displayed markedly reduced luciferase activity, with the presence of one or four 
miR-126 target sites reducing luciferase expression to 13% (p<0.01) and less than 1% 
(p<0.01), respectively. These data clearly demonstrate a potent negative regulatory role 
of miR-126 in cultured EC. 

Antagomir Silencing of MiR-126 in EC
Antagomirs have been used to specifically silence microRNAs [15], which prompted us to 
determine whether antagomirs can also be used to silence miR-126 in EC. Therefore, we 
designed both a cholesterol-conjugated modified 21 nucleotide RNA, complementary to 
mature miR-126 (antagomir-126) as well as a control RNA analog of identical composition 
and length, but with a random sequence (scramblemir). Using a bioinformatic approach, 
this sequence was chosen due to the fact that it did not match any known miR or mRNA. 
Addition of 5 µg/mL scramblemir to the culture medium of EC-RF24 cells, 16 hours 
before electroporation with the miR-126 reporter plasmids (Figure 2B), had little effect 
on the miR-126-repressed luciferase levels of pmiR-126M (35%) and pmiR-126Q (2%). 
In contrast, pre-culturing the cells with 5 µg/mL antagomir-126 restored luciferase 
levels to 86% (p<0.01) and 20% (p<0.05) for pmiR-126M and pmiR-126Q, respectively. 
This supports the notion that antagomirs can be efficiently taken up by EC and that 
antagomir-126 can be used to specifically counteract the negative regulation of target 
gene expression by miR-126. 
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Figure 2. MiR-126 is functionally active in vitro and can be specifically repressed by antagomir-126 
in vitro and in vivo. A, Relative firefly luciferase expression of HEK-293T and EC-RF24 transfected 
with a luciferase reporter plasmid harbouring 0 (pMIR), 1 (pMIR-126M) or 4 (pMIR-126Q) perfect 
match target sites for miR-126 in the 3’UTR of the luciferase transcript (** = p<0.01). B, Relative firefly 
luciferase expression of transfected EC-RF24 incubated for 16 hours with 5 µg/mL scramblemir or 
antagomir-126 (*=p<0.05 and **=p<0.01). 

Antagomir Silencing of MiR-126 has no Effect on in Vitro Angiogenesis and Migration 
and Proliferation.
To assess whether miR-126 plays a role in the capacity of EC to form capillary-like 
stuctures on matrigel, HUVEC were incubated overnight with 5 mg/mL antagomir-126 or 
scramblemir. Eight hours after cell seeding, tube formation was not affected by silencing 
of miR-126 (Figure 3A-B). Next, similarly-treated HUVEC were cultured to confluence 
and their capacity to migrate and proliferate was assessed by measuring the degree to 
which a 800 mm scratch was repopulated by the cells in 24h. Again, we observed no 
effects of miR-126 silencing on proliferation and migration of the cells (Figure 3C-D).
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Figure 3. Repression of miR-126 in vitro does not influence the formation of capillary structures, 
or EC proliferation and migration. A, Quantification of area and length of capillary structures 
after 8h of culture on matrigel (data expressed in arbitrary units). B, Representative microscopic 
images of the formation of capillary-like structures by HUVEC. C, Quantification of the degree of 
EC regrowth in a scratch-wound assay (expressed in mm from scratch border). D, Representative 
microscopic images of HUVEC incubated with antagomir-126 or scramblemir before and 24h after 
the scratch-wound assay. 

Antagomir Silencing of MiR-126 Does Not Affect Arteriogenesis
The murine ischemic hindlimb model makes it possible to assess the consequences of 
interventions on collateral formation around the ligated femoral artery as well as on 
the hypoxia induced angiogenic response in the distal calf muscle [19]. To investigate 
the role of miR-126 in neovascularization and the use of antagomirs to silence 
endothelial microRNAs in vivo, we injected four groups (n=6) of male C57Bl/6 WT 
mice in the tail vein with either a low dose (0.1 mg, LD) or a high dose (1.0 mg, HD) of 
antagomir-126 or scramblemir. After 24 hours, unilateral hindlimb ischemia was induced 
by electrocoagulation of the left common femoral artery and blood flow recovery was 



R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39

micro-RNA-126 facilitates ischemia induced angiogenesis

151

measured over 10 days using laser Doppler perfusion imaging. As shown in figure 
4C, the progression of blood flow recovery was similar for all treated groups, reaching 
normal levels between day 7-10. 
To verify that the injected antagomir-126 had indeed silenced miR-126 in the endothelium 
of the mice at the end of the experiment, the lungs of the mice were harvested and 
the expression levels of miR-126 and a control EC-enriched microRNA miR-423, were 
quantified by real-time PCR (Figure 4A-B). Whereas the mice treated with antagomir-126 
(LD) show only a marginal reduction in miR-126 expression (1.9 fold, p<0.05 versus 
scramblemir (LD), mice treated with antagomir-126 (HD) displayed an over 1000-fold 
reduction in miR-126 expression compared to the scramblemir-treated mice (p<0.001). 
In contrast, no significant differences were observed for the miR-423 levels in all groups. 
Our data demonstrate that in vivo silencing of the endothelial miR-126 remains readily 
detectable ten days after administration of a single dose of 1.0 mg of antagomir-126. 
Moreover, we conclude that miR-126 is not directly involved in arteriogenesis. 

Antagomir Silencing of MiR-126 Impairs Ischemia-Induced Angiogenesis
To assess the effect of miR-126 silencing on the ischemia-induced angiogenic response, 
we performed a detailed quantitative analysis of CD31 stained capillaries in sections of 
gastrocnemius muscle of all treated mice (Figure 4D-E). Mice treated with a single dose 
antagomir-126 (HD) showed a markedly lower density of capillary vessels compared to 
antagomir-126 (LD) or both control groups (35% versus 118% (n=6, p<0.05), 109% (n=6, 
p<0.001) and 100% (n=6, p<0.01)). These studies demonstrate that silencing of miR-126 
impairs the angiogenic response to ischemia.
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Figure 4. MiR-126 silencing has no effect on collateral formation, but miR-126 facilitates ischemia-
induced angiogenesis. A and B, Total RNA was harvested from lungs of mice after 11 day treatment 
with high and low doses of antagomir-126 or scramblemir (LD or HD). Samples were analyzed by 
qRT-PCR for A, miR-126 and B, miR-423 expression. Obtained values were normalized by qRT-PCR 
on U6 snRNA (* = p<0.05 and *** = p<0.001). C, Quantitative evaluation of blood flow recovery 
measured before and after induction of ischemia by laser Doppler perfusion imaging and expressed 
as a ratio of the left (ischemic) and right (non-ischemic) limb. D, Representative microscopic images 
of CD31 staining in ischemic murine gastrocnemius muscles. E, Quantification of the total area of 
capillaries in sections of the gastrocnemius muscle 10 days after induction of ischemia (* = p<0.05, 
** = p<0.01 and *** = p<0.001). See color figure on page 235.
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Antagomir Silencing of MiR-126 Impairs EC Outgrowth in Aortic Explant Cultures. 
The degree of EC outgrowth from freshly dissected pieces of abdominal aorta has 
been used as an assay for the potency of compounds to induce angiogenic sprouting 
of the aortic EC. Therefore, we cultured aortic explants on fibronectin-coated plates in 
angiogenic medium and assessed the endothelial outgrowth after 11 days from mice 
of all four treatment groups. As shown in figure 5, endothelial outgrowth was strongly 
impaired only in aortic explant cultures derived from mice treated with antagomir-126 
(HD). These data support our finding of the endothelial miR-126 is required for an 
appropriate angiogenic response.

Figure 5. Repression of miR-126 impairs endothelial outgrowth or aortic explants. A, Quantification 
of total surface (in µm2) covered by endothelial outgrowth of aortic explants. B, Representative 
microscopic images of endothelial outgrowth from aortic explants. 

Discussion 

Previously, miR-126 was found to be expressed in the heart and blood vessels of 
zebrafish embryos, [18]. We demonstrate here that miR-126 is specifically expressed in 
EC of capillaries and arterioles in vivo. To gain insight into a possible regulatory role for 
this microRNA in neovascularization, we aimed to obtain a specific miR-126 inhibitor for 
conditional silencing of miR-126 in the vascular endothelium. Recent work has resulted in 
the development of two potent approaches for the in vivo silencing of microRNAs, notably: 
1) Locked nucleic acid (LNA)-modified oligonucleotides for the efficient and long lasting 
silencing of miR-122 function in the liver of mice and non human primates [20, 21], 2). 
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chemically modified and cholesterol-conjugated RNAs termed antagomirs for the rapid 
and specific degradation of microRNAs in multiple tissues after tail vein injection [15]. 
As cholesterol uptake is a salient feature shared by virtually all cells, including EC, we 
designed an antagomir directed to miR-126. We provide evidence that a dose of 5 mg/mL 
of antagomir-126 specifically silenced miR-126 function in the reporter assay in cultured 
EC whereas the scramblemir had little effect. Higher doses of scramblemir (> 50 mg/mL) 
resulted in non-specific silencing of miR-126 (data not shown). This effect is likely the 
result of excessive cellular uptake of small single-stranded RNA analogs leading to non-
specific interference with microRNA repression. These results emphasize the need for 
equally dosed scramblemir controls, for studies assessing microRNA silencing. This may 
be particularly relevant for in vivo studies where there is less control over the distribution 
of antagomirs over the different tissues. 
In mice treated with antagomir-126, we validated the specificity of miR-126 silencing by 
quantifying the level of mature miR-126 in total lung tissue. This was based on previous 
observations that, of all organs profiled for microRNA-expression by extensive cloning 
and sequencing, the lung displays the highest levels of miR-126 expression [22, 13] 
(e.g. 3 fold higher than skin, 8 fold higher than in heart and 130 fold higher than in 
total brain tissue) [10]. We observed that 10 days after administration of a single, 1.0 
mg injection of antagomir-126 per mouse, was sufficient to almost completely abrogate 
miR-126 expression in lung tissue, whereas miR-126 remained readily detectable in 
the low dose group as well as the control scramblemir groups. As a single injection of 
1.0 mg is low compared to the reported dose needed for silencing of the liver specific 
miR-122 (3 consecutive injections of 2 mg per mouse), we conclude that EC readily take 
up antagomirs from the circulation and may therefore be highly useful for studying 
endothelial microRNA function in vivo. 
Leukocyte recruitment by the endothelium also plays a critical role in arteriogenesis [1]. 
Recently, it has been reported that vascular cell adhesion molecule 1 (VCAM-1) is a target 
for miR-126 in HUVEC and that decreasing miR-126 levels increased the adherence of 
leukocytes in vitro [23]. However, we did not observe any differences in blood flow 
recovery after femoral artery ligation in either of the treated groups. Therefore, we 
conclude that miR-126 regulation of VCAM-1 expression probably is likely not a rate-
limiting factor for in vivo arteriogenesis.
Our data do support, however, a role for miR-126 in the angiogenic response. The 
reduction of tissue miR-126 expression in the high dose treated mice is associated with 
a reduction in capillary density in gastrocnemius muscle compared to the scramblemir-
treated mice. Likewise, we observed impaired outgrowth of EC from aortic sections of 
miR-126-silenced mice.
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Surprisingly, in vitro experiments designed to assess the relatively short term effects 
of antagomir-126 silencing in HUVEC revealed no differences in the formation of 
capillary-like structures, or cellular migration and proliferation (scratch/wound 
assay). This observation is compatible with the notion that different mechanisms are 
required for 3-dimensional sprouting of EC into a matrix compared to 2-dimensional 
cell movement in a culture dish [24]. The effects of miR-126 on angiogenesis most likely 
involve mechanisms operational in EC in the in vivo context that involves the interaction 
with pericytes, EC matrix and the basement membrane. For instance, physical contact 
between EC and pericytes is thought to induce a quiescent, non-sprouting phenotype 
[25]. Initiation of angiogenic sprouting is preceded by the formation of so-called tip-cells 
that lead the sprouting, while the trailing EC must maintain their connection to the patent 
vasculature [26]. Tip-cell formation in both mice and zebrafish is regulated by Notch 
signaling pathways and vascular endothelial cell growth factor receptor-3 (VEGFR-3) is 
involved in the generation of tip-cells. In mice, it has been established that the Sprouty-
related Ena/VASP homology 1 domain containing protein (Spred-1) can function as 
a potent repressor of VEGFR-3 [26]. Spred-1 and phosphoinositol-3 kinase regulatory 
subunit 2 (PIK3R2, p85-β), another protein actively involved in the negative regulation 
of VEGF signaling [27], are both predicted targets of miR-126 (http://www.targetscan.
org). Consequently, upregulation of miR-126 would thus facilitate angiogenesis by 
reducing the expression of both repressors of VEGF signaling whereas low levels of miR-
126 would be associated with elevation of Spred-1 or PIK3R2and repress angiogenic 
signaling. Indeed, two recent studies reported that targeted deletion of miR-126 in mice 
and zebrafish impairs angiogenesis likely through dysregulation of Spred-1 and PIK3R2 
expression suggesting a critical role for this microRNA in angiogenic signaling events 
during embryogenesis [13, 14]. Here we demonstrate that miR-126 also plays a key role 
in the regulation of ischemia-induced angiogenesis in adult mice. Using qRT-PCR we 
observed that antagomir-mediated silencing of miR-126 in murine endothelial cells 
(bEnd3) led to a concomitant four fold upregulation of Spred-1 mRNA (data not shown). 
Therefore, it is tempting to speculate that upregulation of Spred-1 and PIK3R2 levels also 
underlies the anti-angiogenic effects observed in our study.
Taken together, we have demonstrated that functional activity of miR-126 is required 
for the ischemia-induced angiogenic response in vivo. In addition, our study supports 
the potential therapeutic use of antagomir-based approaches for conditional silencing of 
microRNAs in the endothelium in vivo. 
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