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Abstract

Angiogenesis, the process of new blood vessel formation, is an important therapeutic target in cardiovascular
and malignant diseases for diverse reasons. Molecular imaging for angiogenesis has been attracted due to the use
of anti-angiogenic therapeutic drugs to treat tumours, and of therapeutic angiogenesis induction to treat vascular
diseases. We developed a novel biosensor of imaging microRNA126 (mir126) expressed during angiogenesis using
a miRNA Molecular Beacon (MB) composed of a stem loop-structured DNA complementary to mir126 and Cy5.5
(near infrared, NIR)-black hole quencher 2 (BHQ2) (mir126 NIR MB). Mir126 in cord blood-derived endothelial
precursor cells (CB-EPCs) was highly expressed and more expressed after the wound healing. The quantitative
and qualitative fluorescence intensity of the mir126 NIR MB was high in CB-EPC and significantly increased after
the wound healing, showing a great specificity of sensing endogenous mir126. From the CB-EPC-treated hind
limb ischemia, cellular morphology and immune histochemical analysis using antibodies of vVWF and CD31 showed
a successful induction of angiogenesis and vascularisation and fluorescence signals of the mir126 NIR MB was
gradually increased during 6 days of the cellular therapy and much stronger than the signals of laser Doppler
imaging. The mir126 NIR MB demonstrated that the mir126sensor will be useful for early diagnosis of cellular
therapy of ischemia and non-invasively sensitive imaging for cellular developments, diagnosis of disease and cellular

therapy related to the miRNA function.

Keywords: MicroRNA; Biosensor; Molecular imaging; Molecular
beacon; Angiogenesis; EPC

Introduction

Angiogenesis are basic processes of new blood vessels formation.
Vasculogenesis entails the differentiation of mesodermal cells into
endothelial precursor cells. When vascular damage is occurred, vessels
are able to regenerate via angiogenesis, which is formation of blood
vessel from pre-existing blood vessel by the sprouting, splitting, and
remodeling of the vascular network. Since the discovery of endothelial
precursor cells (EPCs) has been believed that vasculogenesis be able to
occur in adult, they have used for the application of cell therapy using
putative endothelial cell population for several vascular diseases [1-3].
With this cell therapy concept several kinds of cellular sources which
obtained from adult source were highlighted as stem cell reservoir,
including cord blood, peripheral blood, fat, bone marrow, liver, and
etc. Among them, cord blood is considered as valuable cellular source
for vascular lineage cell obtaining due to their convenience, such as
non-invasive acquisition procedure and enriched stem cell population
in cord blood [4-6]. MicroRNAs (miRNAs) represent a class of about
22 nucleotide long, non-coding RNAs that have been recognized in
the recent years as an important regulators of gene expression [7-9].
Predominantly, miRNAs repress protein expression by inhibiting target
mRNA translation [10,11]. It is well-known that miRNAs functions
are associated with a wide variety of cellular activities including fat
metabolism, apoptosis, cellular differentiation and proliferation as
well as clinically important diseases [9-18]. In an attempt to identify
miRNAs involved in the control of endothelial cell function, three
studies have profiled the expression of miRNAs (miR17-92 cluster,
let7f, miR222, mir126) in endothelial cells [19-22]. Expanding evidence
indicates the importance of miRNAs in blood vessel formation by the
regulation of endothelial and smooth muscle cell functions [23,24]. By
miRNA profiling of ES cell-derived endothelial cells, Fish et al. showed
that mir126 identified a group of endothelial-enriched miRNAs. These
miRNAs were also enriched in endothelial cells of developing mouse

embryos [22]. Recent investigations have revealed that the endothelial
mirl26 promotes angiogenesis. The mirl26 regulates angiogenic
activity of endothelial cell in response to angiogenic factors such as
vascular endothelial growth factor (VEGF), Sprouty-related protein-
1(Spred-1), vascular cell adhesion molecule-1(VCAM-1) and basic
fibroblast growth factor (bFGF) through targeting multiple proteins
that modulate angiogenesis and vascular integrity [25]. In mice, targeted
deletion or disruption of mirl26 caused a loss of vascular integrity,
which resulted in poor vessels development, eventually leading to
embryonic lethality. Currently, mir126 is the only miRNAs known to be
specifically expressed in the endothelial cell lineage and hematopoietic
progenitor cells [22,25-27]. This suggests that mir126 is most important
for maintaining vascular integrity during ongoing angiogenesis.

Recent technological development in molecular imaging, which has
played an critical role in preclinical research to monitor noninvasively
cellular therapy of cancer and a variety of biological processes including
carcinogenesis, myogenesis, neurogenesis and angiogenesis, have
provided fundamentalimprovementsin understanding in vivomolecular
mechanisms by various imaging modalities [28]. Most of molecular
imaging reporter probes for diseases and cellular developments have
been focused on targeting cellular membrane proteins or receptors,
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which ligands are solely dependent on the binding affinity of the ligands
with their targets at the exterior boundary of the cells. These current
methods are not applicable for imaging intracellular targets including
miRNAs due to the placement of the probes in cells with or without
interaction with their targets. Besides, most of the current methods to
detect the expression of intracellularly expressed miRNAs are northern
blot analysis, microarray and quantitative real-time polymerase chain
reaction (QRT-PCR) which are invasive and only investigate a predefined
two-dimensional plane [29,30]. Our recent developments of optical
miRNA bio-sensors for imaging intracellularly expressed miRNAs
using the bioluminescent reporter gene and fluorescent molecular
beacon have successfully demonstrated in vivo imaging of miRNA-
involved cellular developments including myogenesis, carcinogenesis
and neurogenesis [29,31-35]. However, the bioluminescent miRNAs
reporter gene represents signal-off system in the presence of miRNAs
due to the miRNAs function that destabilizes transcriptional activity
of its target mRNA. The decreased bioluminescent signals from this
signal-off miRNAs imaging system are frequently challengeable
to differentiate that from cellular loss. In addition, although the
fluorescence miRNAs molecular beacon have successfully represented
signal-on system in response to miRNAs expression, fluorescence dyes
in the miRNA MB that have been used have short emission wavelength
of the dye molecules which cause a limitation to acquire high quality in
vivo image due to the high autofluorescence and low depth penetration.
So the application of near-infrared (NIR) fluorescence dyes (670-900
nm wavelengths) into the miRNAs molecular beacon will be used an
alternative for in vivo signal-on miRNAs imaging system, which can
provide high imaging sensitivity from target tissues.

In this study, we developed a novel miRNAs biosensor to detect
mirl26 intracelluarly expressed during the angiogenesis of EPC-
treated ischemia using NIR-based miRNA MB (miR NIR MB). The
mir126 NIR MB contained a synthetic stem loop-structured (hairpin)
DNA oligonucleotide that bound to the mir126 and that had a Cy5.5
(excitation/emission, 675/694 nm) reporter fluorophore at one end and
anonfluorescent black hole quencher 2 (BHQ2) at the other end (Figure
1). In the absence of mirl26, fluorescence signals of the mir126 NIR
MB were quenched by the BHQ2 as a result of fluorescence resonance
energy transfer (FRET). However, in the presence of mir126, the mir126
NIR MB underwent a spontaneous fluorogenic conformational change
upon hybridization of mir126 to the complementary nucleic acid target
within the loop of the mir126 NIR MB, resulting in the separation of
Cy5.5 from the BHQ2 and recover fluorescence signals.

Material and Methods
Isolation of mononuclear cell population from cord blood

To derive cord blood-derived EPC (CB-EPCs), human umbilical
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»
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miR126 of miR126

miR126 NIR MB

Figure 1: A schematic illustration of the miR126 NIR MB for imaging miR126.
The miR126 biosensor formed a stem loop-structure DNA oligonucleotide and
had Cy5.5 (absorbance/emission wavelength: 675/694 nm) at one end and
BHQ2 at the other end. In the absence of miR126, fluorescence emitted by the
Cy5.5 was absorbed by BHQ2. The presence of miR126 induced the binding to
the loop and caused the hairpin to open, resulting in the recovery of fluorescence
signal.

cord blood (45 ml) was collected-tubes from healthy volunteers from
the CHA general hospital. After dilution of cord blood with D-PBS
(Invitrogen, Carlsbad, CA) into 1:3 ratio, Ficoll-Paque (Amersham,
Piscataway, NJ) was overloaded onto diluted cord blood, then
centrifugation was performed at 2500 rpm for 30 minutes. Buffy coat
mononuclear cells (MNCs) were collected and washed three times
using D-PBS. MNCs were re-suspended in EGM-2-MV medium
(Lonza, GA) supplemented with hEGE hydrocortisone, GA-100, FBS
(5%), VEGE, hFGF-B, R3-IGF-1 and ascorbic acid. Cells were seeded
on Fibronectin-coated culture dishes. After five days of culture, non-
adherent cells and debris were aspirated, and fresh EGM-2-MV culture
medium was added. The research was approved by the Korea Ministry
of Health and Welfare (National Approval Number 86) by the Act of
Bioethics Law. According to this national approval, we were approved
for the use of cord blood by the IRB of CHA University. HUVECs
(human umbilical vascular endothelial cells) were purchase form
Cambrex and cultured in EGM-2 medium (Lonza, GA).

RT-PCR analysis

Total RNA from HUVEC and CB-EPC cells was isolated using the
Trizol reagent (Invitrogen, CA). Reverse transcription was performed
at 45°C for 60 minutes to synthesize the first-strand cDNA according to
the manufacturer’s instructions (maxime RT premix, Intron). Standard
PCR conditions using a pair of primer for each gene (Supplementary
Table 1) included 2 minutes at 95°C, followed by 20~28 cycles of 30
seconds of denaturing at 95°C, then 30 seconds of annealing at 55°C
and 1 minute of extension at 72°C.

Quantification of mir126 expression

Expression of mir126 from HeLa (human cervical cancer cell line,
ATCC), human mesenchymal stem cells (MSC, kindly provided by Dr.
Dongyeon Hwang in CHA University) and CB-EPCs were quantified
by real-time reverse transcription (QRT-PCR) using total RNA. Real-
time PCR of mature mir126 was conducted using the mirVana™ qRT-
PCR primer Set and the mirVanaTM qRT-PCR miRNA kit (both from
Ambion). PCRs were performed in triplicate using an iCycer (Bio-Rad)
and SYBR Premix Ex Taq (Takara, Japan) at 95°C for 3 min and 40 cycles
of 95°C for 15 s and 60°C for 30 s.The relative amounts of each mature
miRNA were normalized versus the U6 snRNA primer set (Ambion)
using the equation 2-AACT, where ACT=(CTmiRNA-CTU6RNA),
AACT=(ACT-ACTmiRNA of HT-ori3). Data were expressed as mean
and standard deviation of relative values obtained from three different
samples. T-test was performed with significant p-value of 0.05 for
comparison.

Cell surface marker analysis

The expression of cellular surface biomarkers for endothelial cells,
CB-EPCs and HUVEC, was determined by flow cytometry. Cells were
dissociated with 0.25% Trypsin-EDTA (GIBCO, Grand Island, NY) and
then washed with FACS buffer (PBS containing 2% FBS). They were
incubated with either unstained control or antigen-specific antibodies
for 20 min, including CD34-PE (BD Pharmigen), CD133 (Santa Cruz
Biotechnology), KDR-PE (R&D Systems, MN), CD 31-PE (R&D
Systems) and Tie-2-PE (R&D Systems, MN). Cells were washed twice in
PBS containing 2% fetal bovine serum and resuspended in FACS buffer.
FACS analysis was performed using a FACS Caliber Flow Cytometer
(BD Bioscience, CA).

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 30 minutes and
permeabilized with 0.1% Triton X-100 in PBS for 5 minutes. After
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blocking with 3% bovine serum albumin for 1 hour, then were incubated
overnight with primary antibodies at 4°C. Commercial antibodies used
for Immunocytochemistry included vWF (1:700; Millipore, MA) and
CD 31 (1:500; Millipore, MA). After being washed with PBS, the cells
were incubated with secondary antibodies conjugated with Alexa 488
and Alexa 594 (Molecular Probes, NY) and visualized via confocal
microscopy (LSM510; Zeiss) after counter-staining with 2 g/ml DAPI
(Sigma, MO).

Matrigel assays of tubule formation

To induce tubule formation, CB-EPCs and HUVECs were seeded
onto six-well tissue culture plates coated with Matrigel (BD Biosciences,
CA) at a cell density of 2x105 cells per well. Cells were observed after 24
hours by an inverted microscope at 40X magnification in order to view
capillary-like formations.

Design of the mir126 NIR MB

Of several miRNAs highly expressed in angiogenic differentiation
of CB-EPCs, mirl26 was tested in the study. The mature mirl26,
mirl26 antagomir and the mir126 NIR MB were purchased from
Bionics (BIONICS, Seoul, Korea). The sequences of miRNAs are as
follows: mirl26 (5'-UUCAAGUAAUCCAGGAUA GGCU-3'. The
sequences and the structure of the mir126 NIR MB were 5'-Cy5.5-
TCGTACGCATTATTACTCACGGTACGA-BHQ2-3".

Fluorescence intensity

HeLa, MSC and CB-EPC cells were seeded onto a 24 well plate
to the amount of 2x10* cells in each well. After 24 hr, for imaging
specificity of mir126 in MSC and HeLa cells, 50 pmol of the mir126NIR
MB with either various concentrations (0, 5, 10 and 20 pmol) of
exogenous mirl126 or mirl26 antagomir were transfected to HeLa and
MSC cells. For imaging endogenous mir126, various concentrations (0,
1, 5,20, 50 pmol) of the mir126 NIR MB were transfected into CB-EPC.
Transfection was performed with Lipofectamine reagent (Invitrogen,
CA). For each well, 2 ul of Plus reagent and 8 pl of Lipofectamine were
used. After transfection for 3.5 h at 37°C, fluorescence intensity was
measured using BioTek fluorescent microplate Fluorometer (Synergy
MX, Biotek Ltd, VT), with 683 nm of excitation and 705 nm of emission.

Wound healing migration assay

A culture plate where CB-EPCs were grown to confluence was
scraped in a straight line to create a wound with a pipette tip. Both
wound edges were marked with dotted white lines in (Figure 4b).
Thereafter, the cells were washed with PBS to remove any debris and to
smooth the edges of the wound prior to incubation for a period of 12 h
at 37°C in endothelial differentiation media. The mir126 NIR MB was
transfected into the wound-healed CB-EPCs using Lipofectamine 24 hr
before the wound healing. The fluorescence images were acquired 28 hr
after the wound healing.

In vivo imaging of CB-EPCs treated cellular therapy of
ischemia

All mice were housed in specific pathogen-free conditions and were
carried out in accordance with the institutional animal care and use
committee in CHA University. After 7-week-old male ICR mice (Japan
SLC, Shizuoka, Japan) were anesthetized with pentobarbital (80 mg/
kg, i.p.), hindlimb ischemia was induced by the ligation of the right
femoral artery including the superficial and the deep branch with 7-0
silk suture and the wound was closed using surgical staples. To treat the
hindlimb ischemia, 2x10° of HeLa (as a negative control) and CB-EPC
cells were mixed in 150 pl of PBS and resuspended within 150 pl of

Matrigel (BD Bioscience, CA) on ice. Before closing the wound, these
cells were transplanted on the top of the surgical operation site where
the right femoral artery was ligated. The measurement of hind limb
blood flow was performed with a LDPI analyzer (Moor Instruments,
Devon, United Kingdom) and AV. In vivo imaging of the mir126 NIR
MB from the cells-treated ischemia was acquired using the IVIS®
spectrum imaging system (Caliper Life Sciences, MA) for 6 days.

Immunohistochemistry and hematocylin and eosin (H&E)
staining

HeLa cells- or CB-EPC-incorporated matrigel in the hind limb
ischemia was isolated, embedded in paraffin, sectioned, and analyzed
by immunohistochemistry (IHC) 6 days after from transplantation.
Paraffin sections were blocked with mouse-on mouse reagent (Vector
Laboratories). A mouse anti-human CD31 antibody (1:200 dilution)
and a rabbit anti-human vWF polyclonal antibody (1:200 dilution)
were stained with its corresponding secondary antibody conjugated
with Alexa 488 and Alexa 594 (Molecular Probes, NY) and visualized
by a confocal microscopy (LSM510; Zeiss) after counter-staining with
2 g/ml DAPI (Sigma Aldrich, MO). For the H&E staining, 7 pm-thick
sections were deparaffinized in xylene and hydrated through sequential
ethanol gradient. H&E images were captured with Nikon fluorescence
microscope (Nikon, Japan).

Statistical analysis

All data are presented as the means + SD calculated from quadruple
wells and significant differences between samples were assessed using a
Student’s t-test (*P<0.05).

Results
Specificity of the mir126 NIR MB for sensing of mir126

To sense mirl26 expression using the mirl26 NIR MB, we
first investigated the expression of miRNA, . in various cell lines
mesenchymal stem cells (MSCs), CB-EPCs and HeLa cells (cervical
cancer cells) by real-time PCR for mature miRNA , . Similar to other
reports [36], CB-EPCs cells showed relatively high expression of
miRNA , while MSC and HeLa cells showed little expression of mir126
(Figure 2A). To study the biosensing specificity of imaging mir126, the
mirl26 NIR MB was first tested in solution with various concentrations
(0, 5, 10, 20, 50 and 100 pmol) of exogenous mirl126 in microtube
(Figure 2B). The fluorescence intensity of the mirl126 NIR MB was
gradually increased in a dose dependent manner, while it remained at
the original quenched status after the treatment (100 pmol) of a mir126
antagomir that is a synthetic oligonucleotide that fully complements
the nucleotide sequences of mir126. To further determine the signal-
on specificity of sensing mir126 in cells, the mir126 NIR MB was co-
transfected with the exogenous mir126 into HeLa cells and MSCs where
the endogenous expression of mir126 was little. The mir126 NIR MB was
quenched in both cells with the treatment of 0 pmol of the exogenous
miRNA 126 or 20 pmol of the mir126 antagomir while the quantitative
fluorescence intensities of the mir126 NIR MB were significantly and
gradually increased with the addition of various concentrations (5, 10
and 20 pmol) of the exogenous mir126 (Figure 2C). Similarly, confocal
microscopy imaging with treatment of exogenous mirl126 showed a
gradual fluorescence brightness in the cytoplasm of both HeLa cells and
MSCs transfected with the mir126 NIR MB (Figure 2D). However, no
clear fluorescence signal was visualized with the treatment of mir126
antagomir from both cells containing the mir126 NIR MB. These results
suggested that the complementary oligonucleotide sequences in the
stem loop of the mir126 NIR MB was specifically bound by mir126 and
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resulted in fluorescence recovery from the mir126 NIR MB, implying a

great specificity of sensing mir126 expression.

Characterization and comparison of CB-EPCs and HUVECs

To image cellular therapy of EPC-treated ischemia, isolation of CB-
EPCs and HUVECs were derived from mononuclear cell fraction of

a

cord blood by ficoll density gradient method and human umbilical cord
by enzyme treatment. The morphological analysis of both CB-EPCs
and HUVECs showed representative endothelial cell cobblestone-like
morphology in culture (Supplementary Figure 1A). RT-PCR analysis
demonstrated that the transcriptional expression of endothelial cell
specific genes, including KDR (Kinase domain receptor, known as
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Figure 2: Specificity of sensing miR126 by the miR126 NIR MB.
a) Real time PCR for mature miR126 in HeLa, MSC and CB-EPCs. b) Quantitative fluorescence analysis of the miR126 NIR MB in microtube. Various concentrations
(0, 5, 10, 20, 50 and 100 pmol) of miR126 or 100 pmol of miR126 antagomir were incubated with 50 pmol of the miR126 NIR MB. Fluorescence intensity of the
miR126 NIR MB showed a positive correlation with the dose of miR126. c) Fluorescence analysis of the miR126 NIR MB in HelLa (left panel) and MSC (right panel)
cells. Various concentrations (0, 5, 10 and 20) of miR126 or 100 pmol of miR126 antagomir were co-transfected into HeLa and MSCs with 50 pmol of the miR126
NIR MB. (a-c) All data were displayed as mean * standard error (*P<0.05). d) Confocal microscopy analysis (X400) of the miR126 NIR MB in HeLa and MSC cells.
Various concentrations (0, 5 and 10 pmol) of miR126 or 100 pmol of miR126 antagomir were co-transfected into HeLa and MSCs with 50 pmol of the miR126 NIR
MB. Fluorescence image was acquired at excitation of 675 nm and emission of 694 nm. All figures are merged with the 4', 6-diamidino-2-phenylindole (DAPI) image
(nucleus staining, 460 nm) and cellular morphology. 10 pmol of miR126 NIR MB was transfected into HelLa cells.
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VEGF receptor-2), vVWF (Von Willebrand factor), FLT 1 (known as
VEGR receptor-1), CD 31 (known as PECAM) and Tie-2 (known as
angiopoietin receptor), was similarly and highly expressed in both CB-
EPCs (P3) and HUVECs (P3) (Supplementary Figure 1B). Besides,
the translational expression patterns of KDR, VE-cad, FLT 1, CD 31
and Tie-2 from both CB-EPCs and HUVECs were similarly found by
FACs analysis (Supplementary Figure 1C). The Immunocytochemistry
staining using antibodies showed that strong fluorescence brightness

of vWF (green) and PECAM (red) was observed on the membrane
and in the cytoplasm of both CB-EPCs and HUVECs, respectively
(Supplementary Figure 1D). The functional analysis of CB-EPCs was
further compared with HUVEC by tubule formation which is very
critical for angiogenesis process and is considered as specific functional
characteristics of endothelial and endothelial progenitor cells. When
both CB-EPCs and HUVECs were cultured on matrigel, tubule-
like structures were imitated within 6 hr after plating on matrigel,
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DIC
Figure 3: a) Fluorescence analysis of the miR126 NIR MB in CB-EPCs. The miR126 NIR MB (50 pmol) was transfected alone or with 100 pmol of miR126 antagomir

into CB-EPCs. Cells only indicated the fluorescence intensity of CB-EPCs without the transfection of the miR126 NIR MB. Data were displayed as meanz standard
error (*P<0.05). b) Confocal microscopy imaging (X800) of CB-EPCs transfected with the miR126 NIR MB. The miR126 NIR MB (0, 1, 20, and 50 pmol) was

were merged with the 4, 6-diamidino-2-phenylindole (DAPI) image (nucleus
wound healing. Intact CB-EPCs was used as a control. Data were displayed
miR126 NIR MB in CB-EPCs of the wound healing model. Dotted white lines
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CD31

DIC vWF

Figure 4: In vivo imaging of the miR126 NIR MB from the CB-EPCs-treated ischemia.

a) In vivo fluorescence imaging of the miR126 NIR MB (1! column), laser Doppler imaging (2™ column) and video image (3™ column) from the CB-EPCs-treated hind
limb ischemia mouse for 6 days. The miR126 NIR MB transfected into 2x10° of CB-EPCs was seeded into a matrigel then implanted into the unilateral hind limb
ischemia mouse (indicated by a white (2" column) or black (3™ column) arrow). b) ROI analysis of the in vivo fluorescence activity of the miR126 NIR MB from the
15t column of Figure 5A and Figure S1A. Data were displayed as mean + standard error (*P<0.05). c) Anatomy analysis of the CB-EPCs-treated hind limb ischemia
6 days after the implantation. The implanted region of the CB-EPCs-incorporated matrigel was magnified by a white circle. CB-EPCs in the matrigel formed vascular
tubes that were connected to the host circulation. CB-EPCs were able to produce a dense network of blood vessels that were distributed uniformly throughout the
matrigel. d) Double Immunohistochemistry staining of CD31 and VWF in the CB-EPC-treated hind limb ischemia. Confocal microscopy images (X400) of the slice
sectioned from the CB-EPC-incorporated matrigels isolated from the CB-EPC-treated hind limb ischemia were conducted using CD31 (yellow) and VWF (green)
antibodies. Blue fluorescence represented DAPI which stained the nucleus. Red fluorescence represented the miR126 NIR MB.

18000 * *
| L 1
15000
E 12000
<
Z 9000
g #HeLa
6000 ®CB-EPC
3000
0
0 3 6
Day

Cy5.s5 DAPI

structurally well organized with more branches within 24 hr after
plating, and were sustained 48 hr after plating (Supplementary 1E).
These findings demonstrated, compared with HUVECs, that the isolated
CB-EPCs possessed clear phenotypic and genotypic characteristics as
endothelial progenitor cells, implying the potential that will be used for
the neovasuclarization of EPC-treated cellular therapy of ischemia [37].

In vitro imaging of mir126 expression in CB-EPCs using the
mirl26 biosensor

To image endogenous expression of mirl26 by the mirl26
biosensor, the mir126 NIR MB was transfected into CB-EPCs. The
quantitative fluorescence signals of the mir126 NIR MB in CB-EPCs
was significantly increased due to the high expression of endogenous

mir126 in CB-EPCs which resulted in fluorescence recovery from the
quenched the mir126 NIR MB (Figure 3A). The additional treatment
of the mir126 antagomir into CB-EPCs significantly resulted in the
decrease in fluorescence recovery of the mir126 NIR MB due to the
hybridization of the mir126 antagomir with endogenous mir126 that
blocked the hybridization of mature mirl26 to the mir126 NIR MB
and maintained the quenched status of the mir126 biosensor. Similarly,
confocal microscopy imaging demonstrated, from the cytoplasm of
CB-EPCs where mature miRNAs are generally expressed, that the
NIR fluorescence recovery and brightness of the mir126 NIR MB were
gradually increased in response to 0, 1, 20 and 50 pmol of the mir126
NIR MB due to the high expression of endogenous mir126, while the
cytoplasmic fluorescence activity of the mir126 NIR MB from CB-EPCs
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almost remained quiescent in the presence (100 pmol) of the mir126
antagomir (Figure 3B). To sense mir126 expression during angiogenesis,
a wound healing migration assay was established by stripping away
a region where CB-EPCs were grown to confluence. Real-time PCR
showed that activity and expression of mir126 from CB-EPCs of the
wound healing migration assay was significantly increased about 2.5-
fold higher than intact CB-EPCs (Figure 3C). Confocal microscopy
image demonstrated that cellular migration of CB-EPCs beyond the
stripped area was monitored to heal the wound 24 hours after the
excision (indicated by dotted lines) in the culture plate (Figure 3D).
The transfection of the mir126 NIR MB into the wound healing model
showed that NIR fluorescence brightness in the cytoplasm of CB-EPCs
migrated into the stripped area was clearly visualized and relatively
higher than that of CB-EPCs located behind the stripped region and
intact CB-EPCs, due to the active angiogenesis of intact CB-EPCs near
the stripped region which resulted in the more activated and increased
expression of endogenous mir126 than gene expression of endogenous
mirl26 from intact CB-EPCs. These results showed a great sensitivity
of the mir126 NIR MB to sense change of mirl26 expression during
angiogenesis of CB-EPCs.

In vivo imaging of CB-EPC-treated cellular therapy of
ischemia using the mir126 NIR MB

For in vivo biosensing of mir126 using the mir126 biosensor during
EPC-treated cellular therapy of ischemia, the femoral artery only from
the right hind limb of a mouse was first ligated. The mir126 NIR MB
was transfected into 2x10¢ of CB-EPCs or HeLa cells (used as a control).
Since EPCs are well known to produce angiogenesis and vascularization
in a matrigel in vivo (reference), CB-EPCs were further seeded into a
matrigel. The cells-incorporated matrigels were then transplanted in
the unilateral hind limb ischemia. From the CB-EPCs transplanted
into the right hind limb, the NIR fluorescence signals of the mirl26
NIR MB and limb perfusion by laser Doppler imaging were gradually
increased for 6 days after hind limb surgery (Figure 4A). Interestingly,
the NIR fluorescence signals by the IVIS system were much stronger
than that by the laser Doppler imaging, implying that the mir126 NIR
MB will be useful for early detection of CB-EPC-treated vascularization
of ischemia. The in vivo fluorescence activities of the mir126 NIR MB
from the CB-EPCs transplanted into the right hind limb, as determined
by region of interest (ROI), was about 3-fold higher on day 6 than that
on day 0 (Figure 4B). Although we could not evaluate the change in
blood flow by the mean perfusion unit, blood vessel expansion from the
CB-EPCs-incorporated scaffold was clearly observed at day 6 (Figure
4C). However, the control group implanted with HeLa cells into the
right ischemic hind limb showed no significant fluorescence activity
of the mir126 NIR MB (Figure 4B and Supplementary Figure 2A), no
limb perfusion and no blood vessel expansion (Supplementary Figure
2B). To evaluate in vivo fluorescence imaging of mirl26-involved
angiogenesis from CB-EPC treated hind limb ischemia, the CB-EPC-
and HeLa cells-incorporated matrigels were isolated from the right
hind limb of the ischemia mouse at 6-day-postinjection. From the tissue
section of the CB-EPC-incorporated matrigels, cellular morphology
showed well connection of a mesh-like network between cells to
form vascular tubes while this observation was not found in the HeLa
cells-incorporated matrigels (Figure 4D) (Supplementary Figure 2C).
Besides, immunohistochemical analysis using antibodies of vWF and
CD31 confirmed angiogenesis progression in the CB-EPC-treated hind
limb ischemia mouse. It is noted that high expression of CD31 which
is important for tube formation may provide the evidence of blood
circulation (reference). Additionally, H&E staining showed rbc-filled
lumens from the tissue section of the EPC-incorporated matrigel but

not from HeLa cell-incorporated matrigel (Supplementary Figure 3).
Rbc-filled lumen is one of critical signs for the presence of functional
microvascular vessels (reference). The fluorescence brightness of the
mirl126 NIR MB was clearly visualized from the CB-EPC-treated hind
limb ischemia mouse. However, no clear evidence of angiogenesis
and no fluorescence activity of the mir126 NIR MB were found in
the isolated HeLa cells-incorporated matrigels. The co localization of
fluorescence signals among vWE, CD31 and the mir126 NIR MB from
the isolated CB-EPC-incorporated matrigels provided the evidence that
in vivo imaging signals of the mir126 NIR MB were acquired due to the
cellular therapy of the ischemia by the mir126 regulating angiogenesis
of the implanted CB-EPCs.

Discussion

Molecular imaging, which integrates molecular biology with
in vivo imaging, can conduct the non-invasive monitoring of the
cellular function and the follow-up molecular function in living
organisms without sacrificing the animals. Most of current in vivo
imaging methods including X-ray, CT and MRI for angiogenesis and
vascularization have displayed cellular morphology including blood
vessels instead of providing imaging information about gene expression
related to angiogenesis and vascularization, which is frequently difficult
for the accurate and early diagnosis for malignancy or new growth
of blood vessels. The limitation of the tissue or cellular morphology-
based imaging methods can be overcome by molecular probes known
as biomarkers which help image dynamic change of molecular targets
of interest that strongly and specifically express and precede change of
cellular phenotype.

Mir126 known tobeinduced by VEGF isa good candidate biomarker
for imaging blood vessel formation which is expressed specifically
and highly during the process of angiogenesis and vascularization of
endothelial cells. In this study, the mir126 NIR MB was successfully
developed to sense endogenous mir126 expression and visualized EPC-
treated cellular therapy of the hind limb ischemia. The high expression
of mir126 from CB-EPCs was specifically bound to the complementary
oligonucleotide sequences in the stem loop of the mirl126 NIR MB
and resulted in the separation of the Cy5.5 and BHQ2, producing
fluorescence recovery. This great sensitivity of sensing mir126 by the
mirl26 NIR MB clearly visualized the difference in mir126 expression
CB-EPCs before and after the activation of angiogenesis induced
by the wound healing model. Moreover, from the in vivo imaging of
EPC-treated cellular therapy of the hind limb ischemia, fluorescence
signals of the mir126 NIR MB from CB-EPCs was much stronger than
the signals of laser Doppler imaging, demonstrating that the mirl126
sensor will provide a useful imaging probe for early diagnosis of cellular
therapy of ischemia. Moreover, the fluorescence characteristics of NIR
from the mir126 NIR MB showed a significantly low background of
in vivo imaging from CB-EPCs-treated cellular therapy of ischemia
for 6 days due to the high signal-to-background ratio of Cy5.5.
Besides, similar with other reports (reference), our CB-EPCs which
were incorporated into the matrigel demonstrated high expression
of CD31 and lumen formation in vivo. These results indicate that the
matrigel may help cell elongation, migration and invasion and cell-
cell association to eventually form tube network structure for blood
circulation at the ligation site of the femoral artery. Although we did
not compare therapeutic effect of CB-EPC-treated hind limb ischemia
with or without the matrigel, the matrigel as a carrier of CB-EPC will be
useful for future clinical application.

Our previously developed miRNA imaging systems using a
bioluminescent reporter gene and a fluorescence molecular beacon
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are a signal-off system and a signal-on system with high background
in response of miRNA expression, respectively [29,35]. The signal-oft
system had the limitation of differentiating decreased signals from
cellular loss or miRNA expression. The signal-on miRNA imaging
system had a high fluorescent background of in vivo imaging with
rhodamine, 6-FAM and Texas Red fluorescence dyes. Therefore, the
mir126 NIR MB overcomes both limitations by providing a signal-on
imaging intensity in response to mir126 expression and low fluorescence
background of in vivo imaging. Since miRNA have been linked to
various cellular processes including proliferation, differentiation and
apoptosis and diseases including cancer, diabetes, and neurological
[15,38-39], the miRNA NIR MB will provide non-invasively sensitive
imaging information about cellular developments, diagnosis of disease
and cellular therapy related to the miRNA function.

Conclusion

We have successfully developed a NIR-based mir126 MB biosensor
of imaging mir126-related angiogenesis during EPC-treated cellular
therapy of ischemia. The miRNA NIR MB can be used for in vitro
and in vivo imaging of various miRNA, which can sensitively monitor
real-time visualization of miRNA-involved cellular developments and
disease treatments using stem cells through repetitive imaging of the
same animals.
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