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Background: The role of Kdr (VEGFR-2/Flk-1) in vascular formation has been well described, but the role of Flt1
(VEGFR-1) is not well studied and is generally considered as a decoy receptor for trapping VEGF.
Methods: The effects of VEGFR1/2 kinase inhibitor (VRI) and calycosin on Flt1 tyrosine kinase (TK) activity were
evaluated by molecular docking, enzymatic inhibition assay, protein co-immunoprecipitation and siRNA gene
knock-down analysis in HUVECs. Toxicities of the chemicals were examined using HUVECs viability. Their
effects on angiogenesis and vessel formation were furthered studied in HUVECs in vitro and Tg(fli-1:EGFP)
zebrafish in vivo. The gene and protein expression of VEGF and VEGF receptorswere investigated by quantitative
RT-PCR and Western blot.
Results: VRI strongly inhibited physiological functions of both VEGF receptors and suppressed endothelial cell sur-
vival. This resulted in blood vessel loss in zebrafish embryos. Interestingly, calycosin co-treatment impeded VRI-
induced blood vessel loss. Docking and kinase inhibition assay revealed that calycosin competed with VRI for the
tyrosine kinase domain of Flt1 without affecting ATP binding. On the contrary, calycosin did not affect the interac-

tion between VRI and Kdr-TK. Consistent with these results, calycosin counteracted the inhibition of Flt1-TK and
PI3K phosphorylation induced by VRI in HUVECs. Further studies in vitro and in vivo showed that the minimizing
effect of calycosin on VRI-mediated endothelial cytotoxicitywas blocked bywortmannin (a PI3K inhibitor). The im-
peding effect of calycosin on VRI-induced blood vessel loss was absent in zebrafish embryos injected with Flt1 MO.
Conclusions: Flt1-tyrosine kinase (TK) activity contributed significantly in endothelial cells survival and vascular de-
velopment during embryo angiogenesis in zebrafish by engaging PI3K/Akt pathway.
General significance: The roles of Flt1 activity in endothelial cell survival in physiological vascular formation may
have been previously under-appreciated.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The pivotal roles of vascular endothelial growth factors (VEGFs) and
the two VEGF receptors Flt1 (also known as VEGFR-1) and Kdr (also
known as VEGFR-2/Flk-1) in the regulation of blood vessel formation
during vertebrate development have been well described [1–4]. Flt1
has a higher affinity for VEGF-A than Kdr [5,6], but its tyrosine kinase
activity is weakly induced resulting in only modest mitogenic signal
for endothelial cell [3,7]. In mice, gene targeting studies showed that
Flt1−/− mouse embryos did not survive through mid-gestation with
increased endothelial cell proliferation and disorganized vascular sys-
tempossibly due to up-regulation of Kdr signaling [2,3], but the deletion
of the intracellular tyrosine kinase (TK) domain of Flt1 did not reduce
853 28841358.
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vascular development at the early stage of embryogenesis [8]. Thus,
Flt1 has generally been considered as a negative regulator in develop-
mental angiogenesis to regulate Kdr signaling [9].

Similar VEGF signaling pathways have also been observed for vascu-
lar development in zebrafish embryos. Morpholinos targeting Kdr in
zebrafish resulted in vascular defects particularly in intersegmental
vessels (ISV) [10]. Interestingly, zebrafish Kdr morphants display
much less severe vascular defects than Kdr−/− mice [10]. Besides, it
has been observed that the suppression of both Kdr and Flt1 activities
with non-specific VEGFR inhibitor PTK787/ZK222584 caused pro-
nounced defects in vascular formation and vessel function [11]. Flt1-
mediated PI3K (phosphoinositide 3-kinase)/Akt signaling pathway has
been implicated to be involved in endothelial cell differentiation,migra-
tion and vascular tube organization [12–14]. It is thus possible that Flt1
tyrosine kinase activity might have a more significant role in zebrafish
embryo vascular development. Five tyrosine autophosphorylation sites
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(Tyr-1169, Tyr-1213, Tyr-1242, Tyr-1327 and Tyr-1333) have been iden-
tified in the intracellular domain of Flt1 [15]. Tyr-1213 has been shown to
bind to a variety of Src homology 2 (SH2) domain-containing proteins in-
cluding the p85 subunit of PI3K (phosphoinositide 3-kinase), PLC-γ
(phospholipase C-γ), GRB-2 (growth factor receptor-bound protein
2), Nck (non-catalytic region of tyrosine kinase adaptor protein)
and SHP-2 (SH2-domain-containing protein tyrosine phosphatase
2) [15–17].

In the present study, we focused on the role of Flt1 in zebrafish
embryonic angiogenesis and endothelial cell function. We observed
that blockade of both Flt1 and Kdr kinase activities by VRI (VEGF
Receptor Kinase Inhibitor II) completely abolished the formation of
the segmental vessels in the trunk of zebrafish embryos, whereas
selective Kdr inhibitors produced a less severe reduction of angiogene-
sis. By employing molecular docking and enzymatic assays, we discov-
ered that calycosin, an isoflavone with proangiogenic properties [18,
19], could counteract the VRI-induced inhibition on Flt1 autophosphor-
ylation and the downstream PI3K/Akt pathway. In addition, calycosin
co-treatment reduced VRI-induced blood vessel defects in zebrafish
embryos, which was absent in zebrafish embryos injected with Flt1
morpholino (MO). These results suggested that basal Flt1/PI3K/Akt ac-
tivity is a positive regulator for endothelial cell survival, development
and blood vessel formation in zebrafish embryos, potentially playing
an essential role in developmental angiogenesis.

2. Material and method

2.1. Ethics statement

All animal experiments were conducted according to the ethical
guidelines of Institute of Chinese Medical Sciences (ICMS), University
ofMacau and the protocol was approved by Institute of ChineseMedical
Sciences — Animal Ethics Committee (ICMS—AEC) of the University of
Macau (Permit Number: 20120601).

2.2. Chemicals and reagents

Kaighn's modification of Ham's F12 medium (F-12K), fetal bovine
serum (FBS), phosphate-buffered saline (PBS), penicillin–streptomycin
(PS) and 0.25% (w/v) trypsin/1 mM EDTA were all purchased from
Invitrogen (Carlsbad, CA, USA). Endothelial cell growth supplement
(ECGS), heparin, and gelatin were supplied by Sigma (St Louis, MO).
ERK activation inhibitor peptide II was obtained from Biocalchem
(Darmstadt, Germany). Recombinant Human VEGF165 (VEGF) was ob-
tained from R&D Systems (Minneapolis, MN). Anti-p-PI3K antibody,
anti-PI3K antibody and goat anti-rabbit IgG HRP-conjugated antibody
were all purchased from Cell Signaling Technology (Beverly, MA).
Anti-phospho-Flt-1 (Tyr1213) antibody was purchased from Millipore.
Anti-Flt-1 was purchased from Santa Cruz and Biocompare. Acetonitrile
and methanol were of HPLC grade from Merck (Darmstadt, Germany),
and formic acid was of HPLC grade (Tedia, USA); deionized water
(18.2 MΩ) was purified using a Milli-Q system (Millipore, Bedford,
MA, USA). Dimethyl sulfoxide (DMSO) was acquired from SIGMA and
the calycosin (≥98%) was purchased from Forever-biotech Company,
Shanghai, Cas No. 20575-57-9. Calycosin was dissolved in DMSO to
form a 100 mM solution. VEGFR tyrosine kinase inhibitor II (VRI) was
purchased from Calbiochem Company and was dissolved in DMSO to
form a 100 μM solution.

2.3. Zebrafish embryo preparation and drug treatment

Zebrafish embryo preparationwas done as described in our previous
paper [20]. Transgenic Tg(fli-1:EGFP) zebrafish were kept separately
with a 14 h light/10 h dark cycle under standard conditions [20].
Zebrafish embryos were generated by natural pair-wise mating (3–
12 months old) and were raised at 28.5 °C in embryo water. 24 hpf
zebrafish embryos were collected, distributed into a 12-well microplate
with 15 fish in each well and co-treated with 300 nM VRI (VEGFR
tyrosine kinase inhibitor II) and 12.5, 25, 50, 100, 200 μM calycosin for
24 and 48 h. Embryos receiving embryo water with 0.1% DMSO served
as a vehicle control and were equivalent to no treatment. All of these
experiments were repeated three times, with 15 embryos per group.

2.4. Morphological observation of zebrafish

Zebrafish embryos were removed from microplates after drug
treatment and observed for viability and gross morphological changes
under a fluorescence microscope (Olympus IX81 Motorized Inverted
Microscope, Japan) equipped with a digital camera (DP controller, Soft
Imaging System, Olympus). The sprouting vessels in intersegmental
vessel (ISV) indicate ISV generated from the dorsal aorta (DA) but
disconnected with dorsal longitudinal anastomotic vessel (DLAV). The
intact vessels in ISVs indicate that ISV is generated from the DA and
connected with DLAV. The number of sprouting vessels and intact ves-
sels in ISVwas counted in each inhibitor treatment group. SV (sprouting
vessels of ISV) IC50: half maximal sprouting ISV inhibitory concentra-
tion of inhibitors; IV (intact vessels of ISV): half maximal intact vessels
of ISV inhibitory concentration of inhibitors; images were analyzed
with Axiovision 4.2, Adobe Photoshop 7.0 and Image J.

2.5. Detection of apoptosis in zebrafish embryos

24 hpf Tg(fli-1:EGFP) was treated with 300 nM VRI and/or 100 μM
calycosin for 8 h. Embryoswere fixed in 4% paraformaldehyde overnight
at 4 °C and stored in 100% ethanol at −20 °C until further processing.
For apoptosis studies, embryos were first rehydrated with decreasing
concentrations of ethanol, washed with PBST (PBS, 0.1% Tween 20),
treated with proteinase K (10 mg/ml) at 37 °C for 30 to 60 min, refixed
with 4% paraformaldehyde, and washed in PBST. TUNEL staining was
performed with the ApopTag® Red In Situ Apoptosis Detection Kit
(Chemicon). Embryos were visualized by fluorescence microscope
(Olympus IX81 Motorized Inverted Microscope, Japan), and pictures
were taken under green fluorescence Tg(Fli:eGFP) and red fluorescence
(apoptotic cells) with a digital camera (DP controller, Soft Imaging
System, Olympus).

2.6. Total RNA extraction, reverse transcription, and real-time PCR

Zebrafish embryos (wild type) at 24 hpf were treated with 30, 100,
and 300 nM VRI (VEGFR tyrosine kinase inhibitor II) and/or 100 μM
calycosin or embryo medium (with 0.1% DMSO as blank control) for
24 h. Total RNA was extracted from 30 zebrafish embryos of each
treatment group using the RNeasyMini Kit (Qiagen, USA) in accordance
with the manufacturer's instructions. RNA was reverse transcribed to
single-strand cDNA using SuperScript™ III First-Strand Synthesis
System for RT-PCR (Invitrogen™, USA), followed by real-time PCR
using the TaqMan® Universal PCR Master Mix and 250 nM TaqMan
primers for zebrafish bactin1, flt1, Kdr, Kdrl, vwf, cdh5 and vegfa (Applied
Biosystems, USA) in the ABI 7500 Real-Time PCR System (Applied
Biosystems). The expression of flt1, Kdr, Kdrl, vwf, cdh5 and vegfa
mRNA was normalized to the amount of bactin1, using the relative
quantification method described by the manufacturer.

The zebrafish bactin1 primers were 5′-CAAGATTCCATACCCAGG
AAGGA-3′ (F) and 5′-CAAGATTCCATACCCAGGAAGGA-3′(R) (Applied
Biosystems, USA).

The zebrafish Kdrl primers were 5′-GACCATAAAACAAGTGAG
GCAGAAG-3′ (F) and 5′-CTCCTGGTTTGACAGAGCGATA-3′(R) (Applied
Biosystems, USA).

The zebrafish Kdr primers were 5′-CAAGTAACTCGTTTTCTCAACC
TAAGC-3′ (F) and 5′-GGTCTGCTACACAACGCATTATAAC-3′(R) (Applied
Biosystems, USA).
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The zebrafish cdh5 primers were 5′-CCAAACAGAGTACACGTTTA
GCGT-3′ (F) and 5′-ACTATCTGGGTCTTTTGCTGAAACA-3′(R) (Applied
Biosystems, USA).

The zebrafish flt1 primers were 5′-AACTCACAGACCAGTGAACA
AGATC-3′ (F) and 5′-GCCCTGTAACGTGTGCACTAAA-3′(R) (Applied
Biosystems, USA).

The zebrafish vonWillebrand factor (vwf) primerswere 5′-CTCCGTTT
GACCGCAAAA-3′ (F) and 5′-ACAGCAGGTGTCTCCGATCT-3′ (R) (Roche,
USA).

The zebrafish VEGFA2 (vegfa) primers were 5′-GATGTGATTCCCTT
CATGGATGTGT-3′ (F) and 5′-GGATACTCCTGGATGATGTCTACCA-3′
(R) (Applied Biosystems, USA).

2.7. Apparatus and chromatographic conditions

Chromatographic analysis was performed on an Agilent 1200 series
LC system (Agilent, Germany) equipped with a quaternary pump and
a thermostatically controlled column apartment. Chromatographic
separation was carried out at 25 °C on a ZORBAX C-18 column
Fig. 1. The anti-angiogenesis effects of VEGF receptor inhibitors. Zebrafish embryos (24 hpf) we
(D) 1 μM VR2i, (E) 1 μM SU5416, (F) 1 μM Sunitinib, (G) 1 μM PTK767/ZK 222584 and (H) 1 μ
longitudinal anastomotic vessel (DLAV) region. (I) Semi-quantitative results of anti-angiogeni
ISV inhibitory concentration of inhibitors; IV (intact vessels of ISVs): half maximal intact v
***, N90% inhibition as compared with control.
(250 mm × 4.6 mm, 5 μm) and a ZORBAXC-18 guard column
(12.5 mm × 4.6 mm, 5 μm). The mobile phase consisted of 1% formic
acidwater (A) and acetonitrile (B) using a gradient elution. The gradient
condition is: 0–33 min, 5–39% B; 33–40 min, 39–100% B; the flow
rate was 1 ml/min and the injection volume was 10 μl. The detection
wavelength was set at 254 nm.
2.8. Molecular docking study

Molecular docking analysis was performed to investigate the
binding modes of ATP, VRI and calycosin to human VEGF receptor 1
(PDB code 3HNG) and VEGF receptor 2 (PDB code 2OH4) which were
obtained from the Protein Data Bank. The software AutoDock Vina
v.1.0.2 was used for all dockings with the default values [21]. The size
of the grid box was set as 20 Å × 20 Å × 20 Å, encompassing the ATP
binding site of human VEGFR 1 and VEGFR 2 [22]. The binding modes
with lowest binding free energy were chosen as the optimum docking
conformation. The binding results were simulated by PyMOLMolecular
re treated for 24 h with (A) 0.1% DMSO (control), (B) 1 μMOxindole I, (C) 1 μM SU11652,
M VRI. White asterisks indicated loss of vessels in intersegmental vessel (ISV) and dorsal
c effects of various inhibitors. SV (sprouting vessels of ISVs) IC50: half maximal sprouting
essels of ISV inhibitory concentration of inhibitors; −, inactive; *, b50%; **, 50 − 90%;
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Graphics System Version 1.3 (Schrödinger, OR, USA) and Discovery
Studio Visualizer (Accelrys, Inc., CA, USA), respectively.

2.9. VEGF receptor kinase inhibition assay

Flt1 and Kdr tyrosine kinase inhibition assay was performed using
the Phosphotyrosine HTRF® Assay kit (Cat No. 17-10015) and active
Flt1 (Millipore, Cat No. 14-562) and KDR (Millipore, Cat No. 14-630)
peptide. In brief, all of the reactions were performed in a 96-well black
assay plate at 37 °C, and the incubation time was set to 60 min for VRI
and calycosin. In this case, detection reagent incubates for 60 min
at room temperature. At the end of incubation, TR-FRET ratio of
fluorescence at 660–50 nm and 620–35 nm (excitation at 330 nm)
was measured on a fluorescence plate reader (Roche).

2.10. Transfection of short interfering RNA (siRNA)

Transfection was performed with a culture cellular density reaching
50–70% confluencewith SignalSilence®Akt siRNA I, II or SignalSilence®
Control siRNA (CST, Beverly, MA) according to the manufacturer's
instructions. Briefly, Opti-MEM® Reduced Serum Medium (Life Tech-
nologies, Cat No. 31985062) was mixed with Akt siRNA or Control
Fig. 2. Three-dimensional structural models of compounds (A) ATP and VRI, (B) ATP and calyc
teractions frommolecular docking between (D) Flt1 ATP-binding site and VRI, (E) Flt1 ATP-bind
calycosin. Van der Waals (green); polar (magenta); and pi–pi interaction (yellow). Green and
(H) Logarithm of free binding energies (kcal/mol) of ligands to the ATP-binding site of Flt1 (PD
siRNA (CST) for 5min incubation in room temperature. Then themixture
and Lipofectamine® LTX with Plus™ Reagent (Life Technologies, Cat No.
15338100) were mixed and incubated for 20 min at room temperature
and diluted with complete culture medium. The culture medium of the
cells was aspirated and replaced with the diluted transfection complex
mixture. The cells transfected were used in the indicated assays.

2.11. Western blotting analysis

Cellswere treatedwith 0.1, 0.3, 1 μMVRI and/or 100 μMcalycosin for
1 h, then stimulated with 40 ng/ml VEGF for 15 min. Cells receiving
DMSO (0.1%) served as vehicle control and were equivalent to no treat-
ment. Cells were thenwashedwith PBS and lysed for 30min on icewith
lysis buffer (0.5 MNaCl, 50mMTris, 1 mMEDTA, 0.05% SDS, 0.5% Triton
X-100, 1 mM PMSF, pH 7.4). Cell lysates were centrifuged at 12500 ×g
for 20 min at 4 °C. Protein concentrations in the supernatants were
measured using the bicinchoninic acid assay (Pierce, Rockford, IL).
Supernatants were electrophoresed on 8% SDS-PAGE, and transferred
to polyvinylidene difluoride (PVDF) membranes, which were then
blocked with 5% non-fat milk. Immunoblot analysis was undertaken
by incubation with anti-p-Flt1 Tyr1213, anti-Flt1, anti-p-PI3K, anti-
PI3K and anti-β-actin antibody at 4 °C overnight. After washing,
osin, and (C) VRI and calycosin, into Flt1 kinase derived from the docking simulations. In-
ing site and calycosin, (F) Kdr ATP-binding site and VRI, and (G) Kdr ATP-binding site and

blue arrows represent H-bonding with amino acid main chain and side chain respectively.
B code 3HNG) and Kdr (PDB code 2OH4).

image of Fig.�2


Fig. 3. Calycosin (100 μM) co-treatment attenuated VRI-induced inhibition of Flt1 tyrosine
kinase activity but not Kdr. In vitro enzymatic assays of ATP-stimulated Flt1-tyrosine
kinase (TK) and Kdr-TK activation. VRI induced inhibition in both Flt1-Tk (A) and Kdr-
TK (B). *P b 0.05, **P b 0.01, ***P b 0.001 vs VRI only treatment.
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membraneswere incubated for 1 h at room temperaturewith horserad-
ish peroxidase-conjugated goat anti-rabbit IgG. Proteins were detected
using an advanced enhanced ECL system (GEHealthcare, Little Chalfont,
Buckinghamshire, UK). Semi-quantifications were performed with
densitometric analysis by Quantity One software.

2.12. Protein extraction with deyolk for Western blot

Cholate extraction buffer was preparedwith 10mMTris pH ~ 8.0, 2%
Sodium Deoxycholate, and protease inhibitor cocktail. Treated embryos
were washedwith ice-cold 1× PBS. Manually deyolk using a P200 pipet
tip bypipetting three tofive times in ice-cold 1×PBS. Then the deyolked
embryos were washed with ice-cold 1× PBS and spin down embryos
and discard suspensions in small microcentrifuges. Zebrafish embryos
were homogenized in cholate extraction buffer on ice. Samples were
stored at−80 °C and thaw for Western blot analysis.

2.13. Morpholino injections

Morpholino antisense oligonucleotides were purchased from Gene-
Tools, LLC (Philomath, OR). A 1 nl volume of 2 mM morpholino or
control morpholino (Gene-Tools, Philomath, OR) was injected into the
yolk of transgenic Tg (fli-1:EGFP)y1 embryos (approximately 3 ng Flt1
MO) at the one-cell stage. The sequence of the injected translation-
blocking target morpholino was referred with the previous study
[23]: flt1: ATG blocking MO, 5‵-ATATCGAACATTCTCTTGGTCTTGC-3‵
(Flt1MO, 3 ng); standard control MO, 5‵-CTCTTACCTCAGTTACAATTTA
TA-3‵ (control MO, 3 ng). All injected embryos were photographed
live under a fluorescence microscope (Olympus IX81 Motorized
Inverted Microscope, Japan) using an Olympus DP controller, and the
Soft Imaging System software package.

2.14. Protein co-immunoprecipitation

Cells were grown in 6-well plates as above, lysed with lysis buffer
(0.5 M NaCl, 50 mM Tris, 1 mM EDTA, 0.05% SDS, 0.5% Triton X-100,
1 mM PMSF, pH 7.4). Cell lysates were centrifuged at 12500 ×g for
20 min at 4 °C. 20 μg lysate protein was saved as total protein control.
The rest of the lysate protein (30 μg) from each well was immuno-
precipitated with Protein G Dynabeads (Invitrogen) charged with
anti-p-Try antibody (sc-7020, Santa Cruz Biotechnology). Precipitates
were washed with lysis buffer and eluted with Laemmli sample buffer
and handled as above for Western blotting for Flt1 and PI3K.

2.15. Statistical analysis

Each experiment was done in triplicate. The mean and standard de-
viationswere compared using Student's t-test with the following statis-
tical criteria: p b 0.05, significant; p b 0.01, highly significant; P b 0.001
extremely significant. All relevant data are presented as mean ± SD.

3. Results

3.1. Blockade of both Flt1 and Kdr activities causedmore severe reduction in
angiogenesis than selective blockade of Kdr in zebrafish embryos

The anti-angiogenic effects of various VEGF receptor inhibitors
[24–29] were evaluated in 48 hpf (hour post-fertilization) transgenic
Tg(fli1:EGFP)y1 zebrafish embryos. Fig. 1(A to H) showed that the for-
mation of intersegmental vessels (ISVs) was inhibited to different
degrees after the treatments of various VEGF receptor inhibitors
for 24 h. Fig. 1(I) represented semi-quantitative results of the anti-
angiogenic effects of various inhibitors. It was observed that non-
specific inhibitors, which block the activities of both Flt1 and Kdr,
were more potent in mediating blood vessel loss in zebrafish embryo
(VRI N PTK767/ZK222584 N Sunitinib N SU5416) than Kdr specific
inhibitors (SU11652 N Oxindole I N VR2i). Among the inhibitors VRI
displayed the best potency inmediating the anti-angiogenic effects (in-
hibition of sprouting vessel formation and intersegmental vessel forma-
tion), and was thus chosen for further study.

3.2. Identification of calycosin as a ligand at Flt1 by molecular docking
analysis and enzymatic assay

Previous studies showed that calycosin possesses proangiogenic
properties via VEGF signaling pathway [18]. Therefore, we further
studied its interaction at Flt1 and Kdr with molecular docking analysis.
We revealed that calycosin behaved as a competitive ligand at Flt1
against VRI without interfering the binding of ATP. VRI interfered with
ATP-binding at Flt1 via pi–pi interaction with Lys 861 at a distance of
4.5 Å and to a lesser extent with polar and van der Waals interactions
(Figs. 2A and D). VRI displayed similar binding conformation as ATP at
Flt1 and exhibited higher binding free energy (−8.6 kcal/mol) than
ATP (−8.2 kcal/mol), thus VRI behaves as a competitive inhibitor of
ATP at Flt1. More interestingly, calycosin-binding site at Flt1 was
predicted to partly overlapwith theVRI-binding sitewithout interfering
ATP-binding (Figs. 2B and C). Moreover, calycosin exhibited the highest
binding free energy at Flt1 (−8.9 kcal/mol), mainly via pi–pi
interaction with Tyr 911 and to a lesser extent via polar and van der
Waals interactions (Fig. 2E). This data suggests that calycosin is a com-
petitor of VRI and could stop VRI from binding Flt1 without affecting
Flt1-TK (tyrosine kinase) activity. On the other hand, at Kdr VRI was
predicted to compete at the ATP-binding site with higher affinity
(−8.3 kcal/mol) than ATP (−8.1 kcal/mol), providing further evidence
for VRI as an inhibitor of Kdr-TK activity [30,31]. Calycosin exhibited low
affinity (−7.3 kcal/mol) at a site in the activation segment of Kdr away
from ATP–VRI interaction via sigma–pi interaction with Lys 866 in a
distance of 4.9 Å (Figs. 2F and G).

The underlying mechanisms of VRI and calycosin at Flt1 and Kdr
were further evaluated by in vitro enzymatic assays (Fig. 3). VRI

image of Fig.�3
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significantly inhibited ATP-stimulated tyrosine kinase (TK) activities
of both Flt1 and Kdr. In agreement with molecular docking data, the
co-treatment of calycosin significantly attenuated the VRI-induced
Flk1-TK inhibition (Fig. 3). This effect was not observed for Kdr. It also
was observed that the inhibition of VRI at Kdr was enhanced by the
co-treatment of calycosin. One possible explanation is that calycosin
binding to Kdr did not affect its kinase activity but might induce
conformational changes at the receptor at a site different from VRI,
thus influencing the effect of VRI. Based on this analysis; we employed
calycosin as competitive ligand to abolish the VRI-induced inhibition
on ATP-dependent Flt1-TK activation.

3.3. Flt1-PI3K autophosphorylation enables endothelial cell survival in
HUVECs

VEGF did not induce Flt1 tyrosine phosphorylation (Suppl. Fig. 1)
whereas five tyrosine residues (1169, 1213, 1242, 1327 and 1333) of
Flt1 were reported previously as autophosphorylation sites [15]. In the
present study, we observed that quiescent HUVECs (human umbilical
Fig. 4. Calycosin co-treatment abrogated VRI-induced inhibition on Flt1-dependent PI3K p
VRI for 1 h and subjected to immunoprecipitation (IP) with an anti-Tyr antibody. Untreated c
(B–D) Quiescent HUVECs were treated with VRI (1 h) with or without the presence of calycosin
of Flt1 tyrosine residue autophosphorylation site (Tyr1213) and its downstream effector PI3K. T
*P b 0.05 vs control. (D) Calycosin showed no effect on VRI-induced Kdr-TK inhibition.
endothelial cells) treated with VRI (1 h) resulted in the inhibition of
tyrosine kinase activity (Fig. 4A), autophosphorylation 1213 site of
Flt1 tyrosine residues and PI3 kinase activity (Fig. 4B–C). The co-
treatment of calycosin abrogated the inhibitory effects of VRI on Flt1
and PI3K phosphorylation. In contrast, VEGF significantly stimulated
Kdr tyrosine phosphorylation, which was potently inhibited by VRI
but not affected by calycosin co-treatment (Fig. 4E). VEGF receptors
and PI3K signaling pathways have been well described in the involve-
ment of endothelial cell survival. In line with this, Fig. 5 showed that
VRI treatment (24 h) dose-dependently induced cytotoxicity and cell
death in HUVECs as evaluated byXTT and LDH assays.More interesting-
ly, we observed that calycosin co-treatment with VRI was able to stop
the release of lactate dehydrogenase (LDH) and prevented cell death
in HUVEC induced by VRI (Fig. 5A and C). In contrast, treatment
with VEGF was unable to affect VRI-mediated cytotoxicity in HUVECs
(Fig. 5B and D). Furthermore, as shown in Fig. 6, these effects of
calycosin were significantly inhibited by wortmannin (a specific PI3K
inhibitor; Stein et al., 2000) (100 nM) or AKT siRNA. These results
suggested that calycosin mediated its effect mainly by competing
athway. (A) Blot detecting Flt1 and PI3K in HUVECs treated with 0.1, 0.3 and 1 μM of
ells served as controls. Total lysates were probed for total Flt1 and PI3K (loading control).
. Western blot analysis showed that calycosin was able to restore for the phosphorylation
he bar graph represented quantitative analysis of 3 independent experiments, mean± SD,

image of Fig.�4


Fig. 5. Calycosin co-treatment abrogated VRI-induced HUVEC cytotoxicity. Quiescent HUVECs were treated with VRI (1 h) with or without the presence of calycosin (100 μM) or VEGF
(40 ng/ml) for 24 h. (A–B) Comparison of VRI-induced LDH release in HUVEC in the presence of either calycosin or VEGF. (C–D) Comparison of VRI-induced cell cytotoxicity evaluated
by XTT assay in HUVEC in the presence of either calycosin or VEGF. Quantitative analysis of 3 independent experiments, mean ± SD. *P b 0.05; **P b 0.01 vs control.

Fig. 6.Wortmannin (PI3K inhibitor) and AKT siRNA attenuated the abrogative effects of calycosin on VRI-induced cytotoxicity in HUVECs. HUVECs were treated with VRI (24 h) in the
presence of calycosin (100 μM) and/or wortmannin (100 nM). HUVECs were transfected with AKT siRNA for 48 h and treated with VRI (24 h) in the presence of calycosin (100 μM).
HUVEC viability and cytotoxicity were detected by (A) XTT assay and (B) LDH assay respectively. (C) AKT siRNA inhibited calycosin co-treatment abrogated VRI-induced HUVEC cytotox-
icity. The efficiency of AKT siRNA transfection has been confirmed byWestern blotting (D). Quantitative analysis of 3 independent experiments,mean±SD, *P b 0.05, **P b 0.01 vs control.
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against VRI for binding at Flt1 and thus modulated downstream cell
survival signaling pathway including PI3K/AKT activity.

3.4. Flt1-dependent PI3K/AKT activity, but not Kdr-dependent, was involved
in the abrogation of VRI-induced endothelial cell apoptosis and blood vessel
loss by calycosin co-treatment in zebrafish embryos

TUNEL staining of normal Tg(fli-1:EGFP) zebrafish embryos at 32 hpf
(Fig. 7A, a, Aa) showed that there was minimal evidence of endothelial
cell apoptosis. VRI treatment (300 nM for 8 h in 24 hpf zebrafish embry-
os) induced significant endothelial cell apoptosis in intersegmental ves-
sels (ISVs) and dorsal longitudinal anastomotic vessels (DLAVs) (Fig. 7B,
b, Bb). This observation was consistent with previous study [11] that
PTK787/ZK222584 (a VEGF receptor inhibitor similar to VRI) induced
apoptosis of endothelial cell at dorsal aorta and posterior cardinal
vein. Calycosin co-treatment (100 μM) was able to attenuate the VRI-
induced endothelial cell apoptosis (Fig. 7C, c, Cc). Furthermore, this ef-
fect of calycosin was blocked by wortmannin (1 μM) (a PI3-kinase in-
hibitor) (Fig. 7D, d, Dd), while wortmannin alone did not induce any
endothelial cell apoptosis (Fig. 7E, e, Ee).

Consistent with the results above, calycosin co-treatment was able
to abolish VRI-induced blood vessel loss in zebrafish embryos in a
dose-dependentmanner (Fig. 8C to F). VRI (300 nM for 24 h) caused sig-
nificant impairments of blood vessel development in intersegmental
vessels (ISVs), dorsal longitudinal anastomotic vessels (DLAVs) and
subintestinal vessels (SIVs) in 48 hpf zebrafish embryos (Fig. 8B). In
addition, we observed that calycosin was much more effective in
abolishing blood vessel impairments induced by non-selective (Flt1
and Kdr) inhibitors rather than selective Kdr inhibitors (Suppl. Fig. 2).
Also, calycosin co-treatment was much more effective than calycosin
post-treatment (after washout following VRI incubation) in abrogation
of VRI-induced blood vessel loss (Suppl. Fig. 3).

3.5. Calycosin impeded VRI-induced blood vessel loss via Flt1 in zebrafish
embryos

Flt1 expression was knocked down by injecting an ATG-targeting
into morpholino (MO) Tg(fli-1a:EGFP)y1 zebrafish embryos (Fig. 9)
and reduced Flt1 protein level (Fig. 9F). This resulted in excessive
branching of segmental vessels (Fig. 9A‵, D‵, yellow arrows).
Consistent with the results above, calycosin co-treatment was able to
Fig. 7. TUNEL staining of Tg(fli-1:EGFP) zebrafish embryo endothelial cell apoptosis (red) in rel
observed in 32 hpf zebrafish embryos with no drug treatment. (B, b, Bb, Bb‵) VRI treatment (3
in ISVs (intersegmental vessels) and DLAVs (dorsal longitudinal anastomotic vessels). (C, c, C
(D, d, Dd, Dd‵) Wortmannin (1 μM) abolished the effect of calycosin co-treatment. (E, e, Ee, Ee‵)
arrows indicated apoptotic endothelial cells.
impede VRI-induced blood vessel loss in zebrafish embryos in standard
control MO injected embryos (Fig. 9C). However, knockdown of Flt1
abolished theminimizing effects of calycosin on VRI-induced blood ves-
sel loss in zebrafish embryos (Fig. 9C‵).

3.6. VRI down-regulated the expressions of endothelial markers and
calycosin co-treatment reversed it possibly via the restoration of basal
Flt1-TK activity

Fig. 10 represented the gene expression levels of six key endothelial
cells and angiogenesis markers in 48 hpf zebrafish embryos with real-
time PCR analysis after the incubation (24 h) with VRI (30, 100,
300 μM) in the absence or presence of calycosin (100 μM). It was
observed that VRI only dose-dependently down-regulated the gene
expressions of flt1, kdr, kdr1, vwf and cdh5 but up-regulated vegfa.
Calycosin on its own induced a moderate increase of the endothelial
markers. When calycosin was co-administered with VRI, it abrogated
VRI-induced down-regulations of flt1, kdr, kdr1, vwf and cdh5
significantly.

4. Discussion

In this study we attempted to dissect the role(s) of Flt1 (VEGFR-1)
tyrosine kinase (TK) activity from that of Kdr (VEGFR-2/Flk1) in the reg-
ulation of blood vessel development in zebrafish embryos. We showed
that under the circumstance when Kdr-TK activity was suppressed,
basal level of Flt1-TK activity was unmasked and contributed signifi-
cantly in endothelial cell (EC) survival and blood vessel formation. It is
commonly believed that the major role(s) of Flt1 is to act as “VEGF-
traps” by sFlt1 (secretory form of Flt1 that does not possess tyrosine
kinase activity). However, results from this study provided novel
evidences of Flt1-TK activation as a significant positive regulator in
angiogenesis in zebrafish embryo angiogenesis.

Since Kdr is identified as the predominate regulator in angiogenesis,
it was rather unexpected that Kdr-selective inhibitors caused signifi-
cantly less severe blood vessel loss in zebrafish embryos than non-
selective VEGF receptor inhibitors (which inhibit both Flt1 and Kdr).
Based on this observation, we hypothesized that Flt1 possesses a more
important role in blood vessel development in zebrafish than previously
thought. The non-selective VEGF receptor inhibitor VRI caused themost
severe blood vessel loss, treatment of 300 nM VRI for 24 h abolished all
ation to blood vessels (green). (A, a, Aa, Aa‵) Minimal endothelial cell (EC) apoptosis was
00 nM for 8 h) in 24 hpf zebrafish embryos caused a significant increase of EC apoptosis
c, Cc‵) Calycosin co-treatment (100 μM) attenuated VRI-induced endothelial apoptosis.
Wortmannin (1 μM) alone showed no significant effect on vascular development. Yellow

image of Fig.�7


Fig. 8.Co-treatment of calycosin dose-dependently abolished VRI-induced blood vessel loss in zebrafish embryos. Effects of co-treatment of calycosin (25 to 200 μM)onVRI-induced blood
vessel loss were evaluated in 48hpf Tg(fli-1a:EGFP)y1 zebrafish. Zebrafish embryos (24 hpf) were treated with (A-a) 0.1% DMSO (control), (B-b) VRI (300 nM), (C to F) various
concentrations of calycosin (25, 50, 100, 200 μM) co-treated with VRI (300 nM) for 24 h. Live fluorescence microscopy highlighted EGFP expressing intersegmental blood vessels
(ISVs), subintestinal vessels (SIVs) and dorsal longitudinal anastomotic vessels (DLAVs). White asterisks indicated blood vessel loss in ISV, SIV and DLAV regions. Scale bar = 500 μm.
Quantitative analysis of 3 independent experiments, mean ± SD, *P b 0.05, **P b 0.01 vs control.
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the blood vessel formation in zebrafish; thus it was chosen for further
study. With molecular docking analysis and enzymatic assays we iden-
tified that calycosin behaved as a competitive ligand with high affinity
for Flt1 and competed against VRI at a site without interfering its ATP-
binding site and thus its kinase activation. On the contrary, molecular
docking showed that calycosin could bind at Kdr activation segment
but only very weakly. Nevertheless, in the present study, calycosin
would not be able to interfere with Kdr-VRI binding since Kdr has a
much higher affinity for VRI. Enzymatic assays and in vitro studies in
HUVECs further confirmed the ability of calycosin to restore Flt1-TK
autophosphorylation and activation by competing with VRI. This action
of calycosin was specific for Flt1 and was not observed for Kdr. Data
from others and our own have shown that the autophosphorylation of
Flt1 was not affected by the binding of VEGF-A [15], and it has been
debated that Flt1 autophosphorylation has other roles in vascular devel-
opment. In particular, little was known about the role of Flt1 in the reg-
ulation of angiogenesis in early embryogenesis. It has been observed
that although the deletion of tyrosine kinase (TK) domain in flt1TK−/−
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Fig. 9. The minimizing effect of calycosin on VRI-induced blood vessel loss was absent in zebrafish embryos injected with Flt1 MO. Tg(fli-1a:EGFP)y1 (24 hpf) zebrafish embryos were
injectedwith (A–D) control MO and (A‵–D‵) Flt1 MO. (B, B‵) VRI (300 nM, 24 h) induced blood vessel loss in the ISV and DLAV. (C, C‵) Co-treatment of calycosin (100 μM) did not reverse
the effect of VRI in Flt1 deficient background. (A, D) Calycosin treatment alone did not cause significant difference in vessel morphology in embryos injected with control MO. (A‵, D‵)
Excessive segmental vessel branching was observed in zebrafish Flt1 morphants. (E) Statistical analysis showing that the effects of calycosin was absent in Flt1 morphants without any
significant difference between the effects of VRI alone and VRI + calycosin. (F) Western blot showing the reduction of Flt1 protein level in Flt1 morphants. The yellow arrows in A‵
and D‵ indicate the aberrant connection between adjacent segmental vessels. Scale bar = 200 μm. Quantitative analysis of 3 independent experiments, mean ± SD, *P b 0.05,
**P b 0.01 vs control MO.
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mice did not affect normal development and angiogenesis, further
deletion of the transmembrane (TM) domain in flt1TM-TK−/− resulted
in 50% lethality due to impaired vascular development [32]. More re-
cently, it has been shown that the down-regulation of Flt1 in HRMVECs
(human retinal microvascular endothelial cells) modestly suppressed
theVEGF-A-induced Src-PLD1-PKCy-cPLA2 activation inKdr and caused
a reduction in DNA synthesis, migration and tube formation [33].
Indeed, our previous studies have shown that calycosin has modest
Fig. 10.VRI down-regulated the geneexpressions of endothelialmarkers flt1, kdr, kdr1, vwf
and cdh5 in zebrafish embryos. 1 dpf zebrafish embryos treated with VRI (30, 100
and 300 nM) and/or calycosin (100 μM) for 24 h. VRI significantly down-regulated flt1,
kdr, kdr1, vwf and cdh5 expressions that were abrogated by calycosin co-treatment.
Quantitative analysis of 3 independent experiments, mean ± SD, *P b 0.05, **P b 0.01
and ***P b 0.001 vs control.
proangiogenic effects by interaction with estrogen receptors [18,19].
In order to discard the possibility of calycosin acting via estrogen recep-
tors, we used estrogen receptor antagonist (ICI 182,780) co-treated
with calycosin and VRI. Results indicate that ICI 182,780 was unable to
attenuate any calycosin effects in VRI-induced blood vessel loss (data
not shown), indicating estrogen receptor independence.

Data from in vitro studies in HUVECs and in vivo studies in zebrafish
embryos both demonstrated that restoration of basal Flt1-TK/PI3K
activity prevented endothelial cell (EC) apoptosis induced by VRI and
further reversed the loss of blood vessel formation caused by VRI action,
even though Kdr activity was still completely suppressed by VRI. Some
studies suggested that Flt1 appears to be involved in the regulation
VEGF-induced endothelial cell migration, invasion and cell growth via
recruitment of the PI3K/Akt signaling pathway [14,13]. However, here
in the present study we observed that the autophosphorylation and
activation of Flt1 as well as the effects of calycosin in rescuing EC
apoptosis and blood vessel loss were all VEGF-A-independent.

Quantitative analysis of using image analysis and q-PCR further
demonstrated the minimizing effects of calycosin on VRI-induced
vascular defects in a dose-dependent manner. Interestingly, this effect
of calycosin was blocked by wortmannin, suggesting the involvement
of PI3K pathway. Furthermore, knockdown of Flt1 by morpholino in
zebrafish showed that in a Flt1 deficient background, the minimizing
effect of calycosin on VRI-induced vascular defects is absent. It is now
well accepted that von Willebrand factor (vWF) and vascular endothe-
lial cadherin (cdh5) are endothelail cell-specific markers. [34]. Thus, in
the present study, the gene expressions of flt1, kdr, kdrl, vWF and
cdh5 were evaluated as a quantitative measurement for blood vessel
changes. The results showed that calycosin reversed VRI decreased
flt1, kdr, kdrl, vWF and cdh5 gene expression indicating that calycosin
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Fig. 11. Schematic diagram of Flt1 and Kdr tyrosine kinase activities and their relation with VRI and calycosin.
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rescued VRI-induced endothelial cell loss in zebrafish embryos. Vegfa is
a fundamental mediator of physiological and pathophysiological
angiogenesis [35]. Interestingly, our results showed that Vegfa is upreg-
ulated in VRI treatment in a concentration dependent manner. More-
over, calycosin enhanced Vegfa upregulated in VRI treatment. It has
been shown that VEGF is produced not only by endothelial cells but
also by smooth muscle cells [36]. In our previous studies we found
that some anti-angiogenic compounds hat are anti-angiogeneic in
zebrafish also dose-dependently induced Vegfa mRNA expression
[37,38]. It is possible that the increase in Vegfa expression could be be-
cause of a feedback regulation resulting from the blood vessel loss in-
duced by VRI.

In conclusion, VRI strongly inhibited physiological functions of VEGF
receptors and suppressed endothelial cell survival in vitro and in vivo.
This resulted in blood vessel loss in zebrafish embryos and induced
endothelial cell cytotoxicity in HUVECs. Interestingly, calycosin co-
treatment abrogated VRI-induced blood vessel loss in zebrafish embry-
os and cytotoxicity in HUVECs. Docking and kinase inhibition assay
revealed that calycosin competed with VRI for the TK domain of Flt1
without affecting ATP binding. Meanwhile, calycosin did not affect the
interaction between VRI and Kdr-TK. Consistent with these results,
calycosin counteracted the inhibition of Flt1-TK and PI3K phosphoryla-
tion induced by VRI in HUVECs. Further studies in vitro and in vivo
showed that wortmannin, a PI3K inhibitor and AKT siRNA blocked the
abrogation of VRI-mediated endothelial cytotoxicity by calycosin. The
quantitative analysis of calycosin rescues effects by using image analysis
and q-PCR with endothelial cell-specific marker gene expression
((Fig. 11). Taken together, we postulate that there might be a basal
level of Flt1-TK/PI3K/Akt activity for maintaining physiological angio-
genesis in zebrafish embryos.
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