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Background: Angiogenesis is thought to be important in tumorigenesis and tumor progress. Vascular endothelial
growth factor (VEGF) is a pluripotent cytokine and angiogenic growth factor that plays crucial roles in embryonic
development and tumor progression. Inmany types of cancer, VEGF is overexpressed and is generally associated
with tumor progression and survival rate. The polypurine/polypyrimidine sequence located upstream of the pro-
moter region in the human VEGF gene can form specific parallel G-quadruplex structures, raising the possibility
for transcriptional control of VEGF through G-quadruplex ligands.
Methods: PCR stop assay, circular dichroism (CD) spectra, RNA extraction and RT-PCR, enzyme-linked immuno-
sorbent assay (ELISA), luciferase Assays, cell scrape test, xCELLigence real-time cell analysis (RTCA), and chick
embryo chorioallantoic membrane (CAM) assay.
Results and conclusions:We found that quindoline derivatives can interact with the G-rich DNA sequences of the
VEGF promoter to stabilize this G-quadruplex and suppress the transcription and expression of the VEGF protein.

We also demonstrated that these derivatives exhibit potential anti-angiogenic activity in chick embryos and
antitumor activity, including the inhibition of cell proliferation and migration.
General significance: Our new findings have significances not only for understanding the mechanism of the
G-quadruplex ligandsmediating the VEGF transcription inhibition, but also for exploring a new anti-tumor strategy
to blocking the transcription of VEGF to inhibit the angiogenesis in cancer cells.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Angiogenesis is fundamental to successful wound healing and blood
flow restoration in the impaired tissues of embryos and healthy adults.
Starving tumor cells must form new blood vessels to supply the re-
quired oxygen and nutrients, and these newly formed blood vessels
serve as escape routes for disseminating tumor cells. This procedure is
regulated by many angiogenic factors, such as vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGF) and nitric
oxide synthase (NOS). Among these angiogenic regulators, VEGF ap-
pears to play a key role as a potent mediator of tumor angiogenesis by
stimulating the proliferation, migration, survival and permeability of
endothelial cells [1,2]. Several anti-VEGF medicines with various
mechanisms have found clinical use in cancer treatment including
bevacizumab [3–5], sorafenib [6] and sunitinib [7,8]. As a monoclo-
nal antibody against VEGF, bevacizumab binds directly to VEGF and
is clinically beneficial against a variety of tumor types [1].
.

Guanine-rich (G-rich) DNA segments have a high propensity for
self-association into planar guanine quartets (G-quartets) to form un-
usual structures called G-quadruplexes. Guanine-rich sequences exist
in important regions of the eukaryote genome such as the telomere
and promoter regions of many genes; thus, such structures may play
important roles in regulating biological events. Therefore, for the past
few decades, G-quadruplexes have been targets for new anti-cancer
drugs [9]. The polypurine/polypyrimidine sequence, consisting of five
runs of at least three contiguous guanines, is located upstream (−85
to −50) of the promoter region in human VEGF gene and serves as
a multiple binding site for transcription factors such as Sp1 and
Egr-1. This tract can form specific G-quadruplex structures and poten-
tially allows transcriptional control of the VEGF promoter through
G-quadruplex ligands [10–12]. Because human VEGF expression is
primarily regulated at the transcriptional level [13,14], designing
drugs that targets VEGF by stabilizing the G-quadruplex formation
in its promoter region should prove to be an effective strategy.

Quindoline derivatives are valid G-quadruplex ligands that can in-
teract with human telomeres andwith the oncogene c-myc. These com-
pounds have demonstrated effects on the biological functions of these
two genes, including the extension of telomeres; the proliferation,
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senescence and apoptosis of cells; and the down-regulation of c-myc
transcription [15–18]. Previous studies have indicated that the 11-
alkylamino group of SYUIQ-05 can protonate the 5-N atom in situ. How-
ever, the positive charge on 5-N was unstable under various buffering
conditions. Thus,N-methylation at the 5-positionwas used to introduce
a stable positive charge to participate in an electrostatic interaction and
to increase π-stacking interactions due to the reduced electron density
of the aromatic core of the ligand [19]. In addition, one fluorine substit-
uent was introduced at the 7-position to enhance stacking onto the G-
quadruplex.

We found that quindoline derivatives can interact with the G-rich
DNA of the VEGF promoter to stabilize G-quadruplex formation, thus
down-regulating the transcription and expression of the VEGF protein.
In addition, further studies have indicated that these derivatives exhibit
strong anti-angiogenic activity in chick embryos and antitumor activity,
including the inhibition of proliferation, migration and induction of ap-
optosis. Taken together, the aforementioned results indicate that the
new G-quadruplex ligands may inhibit angiogenesis by interacting di-
rectly with the specific VEGF promoter sequence.
2. Results

2.1. Quindoline derivatives bind and stabilize the G-quadruplex in the VEGF
promoter region in vitro

The G-rich region located upstream (−85 to−50) of the promoter
region in human VEGF gene can form specific G-quadruplex structures
and contains multiple binding sites for transcription factors such as
Sp1 and Egr-1 (Fig. 1). A PCR stop assay was utilized to quantitatively
evaluate the interaction between the G-rich sequence in the VEGF pro-
moter and the quindoline derivatives by measuring the ability of these
derivatives to block DNA amplification [20]. These results indicate that
the derivatives can bind to the DNA and are able to stabilize the G-
quadruplex. SYUIQ-05, SYUIQ-F05 and four quindoline derivatives
(Fig. 2) were used in this assay. As indicated in Fig. 3 (A to E), the quan-
tity of double-stranded PCR products decreased as the concentration of
all derivatives increased, indicating that these ligands can block the for-
mation of PCR products under certain concentrations. The sequences of
the DNA oligomers used were listed in Table 1. To further demonstrate
the inhibitory effects of the derivatives on the G-quadruplex stabiliza-
tion of PuT, a control oligomer, PuTmu, which cannot form the G-
quadruplex structure, was included in the assay. Under the same condi-
tions, the control oligomer demonstrated no inhibition, even at 50 μM,
which was the highest concentration used (Fig. 3F).

For comparison, the ligand concentrations capable of decreasing the
PCR product by 50% (the IC50 values) were calculated using the optical
densities from the gel images. All derivatives demonstrated higher in-
hibitory effects on the amplification of the PuT oligomer, with IC50
Fig. 1. The G-rich sequences in the VEGF promo
values of 4.9 ± 1.2 μM (SYUIQ-FM04), 1.0 ± 0.4 μM (SYUIQ-FM05),
6.3 ± 1.0 μM (SYUIQ-FM06) and 7.2 ± 0.6 μM (SYUIQ-FM07). The
IC50 value for SYUIQ-05 was 16.6 ± 0.7 μM, which implies that the
introduction of 5-N-methyl and 7-fluoro groups onto quindoline can en-
hance its interactionwith theVEGFG-quadruplexDNA. Of the derivatives,
SYUIQ-FM05, which contains an N,N-dimethylpropane-1,3-diamine side
chain, demonstrated the strongest interaction with PuT; thus, it was
chosen as the lead derivative for subsequent studies.

To further investigate the effects of the derivatives on the G-
quadruplex in the VEGF promoter region, circular dichroism (CD) spec-
tra were obtained to identify the conformation of the G-quadruplex
DNA PuT. No significant change was observed in the conformation of
the G-quadruplex at room temperature, while its thermal stability was
dramatically enhanced by SYUIQ-FM05: its melting temperature in-
creased from 40 to 55 °C (Fig. 4).

2.2. SYUIQ-FM05 can bind and stabilize the G-quadruplex in the VEGF
promoter region and down-regulate the VEGF transcription and expression
levels in vivo

To directly evaluate the association between the observed regulation
effect and in vivo G-quadruplex stabilization, a luciferase assaywas con-
ducted.We transfected the dual-luciferase reporter plasmidswithwild-
type (PuT) and mutant (PuTmu) G-quadruplex-forming sequences of
the VEGF promoter (Fig. 5A) to the MCF-7 cells. As indicated in Fig. 5B,
adding various concentrations of SYUIQ-FM05 to the MCF-7 cells de-
creased the luciferase activity up to ~30% (with 0.5 μM ligand) in cells
with the wild-type VEGF promoter, whereas little difference was ob-
served with the mutant (b10%). This result indicates that the down-
regulation effect of the luciferase was likely due to the interaction
between the ligand and G-quadruplex structure in the VEGF promoter.

The transcription of the VEGF genemay be regulated by forming the
G-quadruplex structures in the G-rich sequence of its promoter region,
thus blocking the interaction of the transcription factors with their cog-
nate sites, such as Sp1 and Egr-1 [11,12]. The effects of SYUIQ-FM05 on
the VEGF transcription and expression were evaluated via RT-PCR and
ELISA assays. Meanwhile we utilized SYUIQ-F05 as a control quindoline
derivative due to its higher bioavailability than SYUIQ-05. The VEGF ex-
pression decreased dramatically in both the mRNA and protein levels
after treating the MCF-7 cells with SYUIQ-FM05 for 48 h (Fig. 6).

2.3. Inhibition of tumor cell proliferation, migration and angiogenesis in
chick embryo chorioallantoic membranes by SYUIQ-FM05

VEGF acts as a potent mediator for tumor angiogenesis by stimulat-
ing the proliferation,migration, survival and permeability of endothelial
cells [1,2]. It has been demonstrated that cell proliferation could be
inhibited by quindoline derivative SYUIQ-05 through its preferential
ter and its proposed role in transcription.



Fig. 2. Structures of the 11-amino-7-fluoro-quindoline derivative (SYUIQ-F05) and 11-amino-5-N-methyl-7-fluoro-quindoline derivatives (SYUIQ-FM04, SYUIQ-FM05, SYUIQ-FM06 and
SYUIQ-FM07).
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interaction with G-quadruplex within c-myc promoter [21]. Here we
proved SYUIQ-FM05 could also show significant inhibitory effect on
the proliferation of MCF-7 cells, either in the short-term proliferation
(with an IC50 of 0.96 μM) and in the long-term proliferation assay
(Fig. 7).

In addition, the inhibitory effect of SYUIQ-FM05 on cell migration
was evaluated using a cell scrape test and real time cellular analysis
(RTCA). To increase the VEGF-A expression, the cells were treated
with 100 μMCoCl2 for creating a cellular chemical hypoxia environment
[22–24]. As indicated in Fig. 8A–B, the inhibitory effect of SYUIQ-FM05
on cell migration was enhanced at high concentrations, which was in
correspondence with the decreased expression of VEGF-A protein. The
cell migration rate of 1 μM SYUIQ-FM05 treated group (56%) was
lower than 1 μM control quindoline derivative SYUIQ-F05 treated
group (65%). Furthermore, RTCA was employed to real time monitor
the migration rate of MDA-MB-231 cells without or with various con-
centrations of SYUIQ-F05 or SYUIQ-F05 over 24 h. The cell index indi-
cates the migrated cells in different medium conditions (OptiMEM
represented serum-free medium, DMEM + 10%FBS contained 10%
fatal bovine serum). The fitted curves in Fig. 8C showed that the cell
index dropped from 3.5 (DMEM+ 10%FBS control without compound)
to less than 1.5when the cells were treatedwith 1 μMSYUIQ-FM05, and
decreased from 3.5 to 2.5 when 1 μMSYUIQ-F05 treated as it showed in
Fig. 3. Effects of the 11-amino-5-N-methyl-7-fluoro-quindoline derivatives on DNA amplificatio
the control oligomer PuTmu (F) with all derivatives. The derivatives were added to the G-quad
tated PuTmu oligomer at 50 μM. The 40-bp double-stranded PCR products were separated on
Fig. 8C. This result indicated that the inhibitory effect of SYUIQ-F05 was
better than SYUIQ-F05 on MDA-MB-231 cell migration.

VEGF is a well-known vascular permeability factor, and VEGF-
related antibodies have demonstrated the ability to block angiogenesis
in CAM [25,26]. The anti-angiogenic potential of the quindoline deriva-
tives on CAMwas studied by adding SYUIQ-FM05 directly into the cho-
rioallantoic membrane to determine their inhibitory effects on blood
vessel growth. Fig. 9 showed the microscopy images of the new blood
vessels in the chorioallantoic membrane and the inhibitory effects of
the drugs. Compared with the blank sample (0.9% NaCl), SYUIQ-FM05
showed significant reduction of the blood vessels, with an inhibitory
response of 62.7%, which is stronger than that of the control drug Thalid-
omide (53.3%) and the control quindoline derivative SYUIQ-F05 (54.6%).

3. Discussion

VEGF is a pluripotent cytokine and angiogenic growth factor [27].
When VEGF binds with its cognate receptor, the complex can stimulate
the proliferation, migration, survival and permeability of endothelial
cells, thus forming new blood vessels [28]. The formation of new
blood vessels provides oxygen and nutrients to the adjacent primary tu-
mors and promotes the growth of tumor cells. VEGF can initiate angio-
genesis to aid in tumor cell survival, and its expression is typically
n of the G-quadruplex-forming oligomer PuT in the PCR stop assay. This assay also utilized
ruplex to form the PuT oligomer over a range of concentrations (0–20.0 μM), or to themu-
15% non-denaturing polyacrylamide gels in 1× TBE and were EtBr stained.

image of Fig.�2
image of Fig.�3


Table 1
Sequences of oligomers or primers used in this study.

Oligomer Sequence (from 5′ to 3′)

PuT TTTTTGGGCGGGCCGGGGGCGGGTTTTT
PuTmu TTTTTGGGCGAACCGGGGG CGGGTTTTT
PuTrev ATCGCTTCTCGTAAAAACCC

Primer Sequence (from 5′ to 3′)

VEGF-Mut A AACATATGGCACCCATGGCAGAAGGAGG
VEGF-Mut S AAGGATCCGCGGCCGCTATCACCGCCTCGGCTTGTC
VEGF165 A ACCGGTGGTTTCGGAGGCCCGAC
VEGF165 S CCCAAGCTTGGGGCTAGCTCGGGCCGGG
β-actin A GTTGCTATCCAGGCTGTGC
β-actin S GCATCCTGTCGCCAATGC

Fig. 5. Effects of SYUIQ-FM05 on VEGF promoter activity obtained via a dual-luciferase re-
porter assay. (A) Schematic diagram of dual-luciferase bicistronic constructs with wild-
type (PuT) andmutant (PuTmu) G-quadruplex-forming sequences of the VEGF promoter.
(B) Histogram presenting the percent activity of the wild-type and mutant constructs in
the presence of various ligand concentrations normalized to the group with no ligand.
All experiments were performed in triplicate to obtain standard deviations.
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elevated inmany cancers [13]. VEGF-dependent actions include increased
vascular permeability and paracrine/autocrine growth factor release,
resulting in enhanced cell motility and inhibition of apoptosis [29].
These phenomena occurred not only in endothelial cells but also in hema-
topoietic cells, stromal cells andmalignant cells in certain human cancers
[30–33], such as the MCF-7 cells used in the present work.

G-quadruplexes, which involve a stacked tetrameric arrangement of
guanines, have been considered to be targets for antitumor drugs in re-
cent years [34]. This special DNA secondary structure exists in certain
gene promoter regions [11,12,35,36] and acts as a transcription regula-
tor [12,36]. The transition from duplex to quadruplex in the VEGF pro-
moter region can be driven by G-quadruplex ligands, such as TMPyP4,
Se2SAP and telomestatin, thus modulating enzyme binding to this
region [11] and suppressing transcription [12]. The stronger G-
quadruplex ligands, such as TMPyP4 and Se2SAP, demonstrated a
more significant effect on the transcriptional inhibition of VEGF than
the weak G-quadruplex ligand TMPyP2 [12]. Thus, the formation of G-
quadruplexes may play a role in regulating VEGF expression. Moreover,
G-quadruplex ligands, such as TMPyP4, BMVC and polycyclic acridines,
inhibit the growth of tumor cells [37–39] decreasing the cells observed
in the G1 phase, increasing those observed in the S and G2/M phases
[38] and down-regulating related oncogenes.

Quindoline derivatives demonstrated strong interactions with G-
rich DNA in the VEGF promoter. The interactions primarily stabilized
the G-quadruplex structure of the VEGF promoter DNA (according to
the CD melting data) and blocked the amplification of the G-rich DNA
catalyzed by Taq polymerase (per the PCR stop assay data). Subsequent-
ly, the down-regulation of transcription and expression by SYUIQ-FM05
was evaluated via RT-PCR and ELISA assays. SYUIQ-FM05 exhibited sig-
nificant inhibitory activity against both the transcription and expression
Fig. 4. CD melting profiles of PuT without the ligand or in the presence of 15 μM SYUIQ-
FM05.
of VEGF, indicating that this G-quadruplex ligand may down-regulate
gene transcription by stabilizing G-quadruplex formation.

The quindoline derivatives demonstrated significant effects on relat-
ed VEGF biological functions, including embryonic angiogenesis, tumor
cell proliferation and cell migration. The CAM assay data indicated that
Fig. 6. The transcription/expression of VEGF in MCF-7 cells incubated with SYUIQ-FM05.
SYUIQ-F05 was selected as a control quindoline derivative. The transcription of the VEGF
gene was determined using RNA extracted from the treated MCF-7 cells via RT-PCR in
the presence of various concentrations of SYUIQ-F05 (A) or SYUIQ-FM05 (B). The expres-
sion of the VEGF gene was determined by obtaining the secreted proteins from the medi-
um of the MCF-7 cells (for VEGF) in the presence of various concentrations of SYUIQ-F05
or SYUIQ-FM05 with ELISA assays (C).

image of Fig.�4
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Fig. 7. Long-term exposure of MCF-7 cells with 0.1% DMSO (VE), 0.05 μM and 0.1 μM
SYUIQ-FM05 for 24 days. Every 4 days, the cells in control and drug-exposed flasks
were counted and flasks reseeded with cells. Results showed a representative of three
experiments.
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SYUIQ-FM05 strongly inhibits blood vessel growth, an effect that may
arise from the down-regulation of VEGF expression by SYUIQ-FM05.
These results support the hypothesis that quindoline derivatives can
stabilize the G-quadruplex structures formed in vitro in the promoter
region of the VEGF gene and thus inhibit embryonic angiogenesis in
tumor cells through the VEGF pathway. In addition, previous data has
already proved that quindoline derivatives, such as SYUIQ-F05 and
SYUIQ-FM05 could induce apoptosis of tumor cells by targeting G-
quadruplex structure in bcl-2 promoter [40,41] or c-kit promoter [40,
41], respectively. Moreover, angiogenesis and apoptosis are complicated
intracellular processes controlled bymany intrinsic and extrinsic factors.
Thus, ascertaining whether the VEGF G-quadruplex is the only factor in-
volved in inhibiting blood vessel growth remains difficult, but could
prove important.

As most of the G-quadruplex ligands on one hand quindoline deriv-
atives has the ability to bind to and stabilize G-quadruplex structures
within telomeric DNA [19], c-myc promoter [21], bcl-2 promoter [40]
and c-kit 1 promoter [41] on the other hand these quindoline deriva-
tives or any other small molecular ligands are all difficult in targeting
specific G-quadruplex within certain promoter region or telomere re-
gion. From recent data about SYUIQ-FM05, the ligand is able to target
different kinds of G-quadruplex and the inhibitory effects are similar
either from cell toxicity or stabilization ability, but each gene with G-
quadruplex target has its own bio-function in different tumor cells.
Thus quindoline derivative stabilizing G-quadruplexes provides us a
valid background to find its potential target in genome, and play differ-
ent roles by interacting with different genes.

In conclusion, VEGF is a critical gene in angiogenesis and tumorigen-
esis. The formation or stabilization of the G-quadruplex structure in the
promoter region of VEGF may play a role in regulating this gene.
Quindoline derivatives, especially SYUIQ-FM05, demonstrated strong
interactions with the G-quadruplex DNA of VEGF, resulting in the
down-regulated transcription and expression of this gene and potential-
ly reducing VEGF-simulated angiogenesis. It has been given evidences by
Qi-Biao Su et al. that SYUIQ-5 (one of a series of novel quindoline de-
rivatives possessing anti-tumor activity due to inducing the G-rich
telomeric DNA sequence to fold into quadruplex and stabilize the
G-quadruplex [15–17]) exhibited a nonlinear, dose-dependent phar-
macokinetics in rats and it was mainly metabolized by Cyp3A1/2.
Cyp3A is the primary enzyme involved in SYUIQ-5 metabolism in
rat liver microsomes. SYUIQ-5 induces the mRNA and protein of rat
Cyp1A1 and 1A2 in a dose-dependent manner, while SYUIQ-5 does
not affect the expression and activity of Cyp2B1/2 and 2E1 [42].
SYUIQ-5 has also demonstrated substantial antitumor activity in
nude mouse studies (unpublished data, Huang et al.). Therefore,
anti-angiogenic effects of quindoline derivatives could be exploited
therapeutically and further studies were in progress.

4. Materials and methods

4.1. Materials

The oligomers/primers used in this study were purchased from
Invitrogen (China). Anti-VEGF, anti-caspase-3, anti-PARP and anti-β-
actin primary antibodies and horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies were purchased from
Chemicon International, Inc., USA.

To prevent themixing of intra- and intermolecular structures caused
by large DNA fragments, a truncated sequence (named PuT) from the
VEGF promoter region containing only those guanine regions involved
in forming the intramolecular G-quadruplexes was used in the assays
[12]. The sequence is provided in Table 1.

Plasmid construction: The wild-type pMetLuc-VEGF promoter (wt)
luciferase plasmid was generated by inserting the VEGF promoter se-
quence into the pMetLuc reporter vector (Clontech) using the HindIII
and EcoRI restriction sites. The corresponding G-rich mutant (mut) lu-
ciferase plasmid was introduced via PCR using the following primers:
VEGF-Mut A and VEGF-Mut S (Table 1).

4.2. Preparation of compounds

The synthesis and structural characterization of the derivatives was
performed as reported [19]. All derivatives were prepared as 10 mM
stock solutions in DMSO. The positive control drug thalidomide was
purchased as a standard substance from the National Institute for the
Control of Pharmaceutical and Biological Products and used as a 10 mM
stock solution in DMSO. Further dilutions to working concentrations
were performed using double-distilled water.

4.3. Cell culture

The MCF-7 cells were maintained in DMEMmedium supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml
streptomycin in 25-cm2 culture flasks in a 37 °C humidified atmosphere
with 5% CO2. The cells from passages 3–6 were used.

4.4. PCR stop assay

The reactionswere performed in 1× PCR buffer containing 2 μmol of
a pair of oligomers, PuT or PuTmu (Table 1), and the corresponding
complementary sequence PuTrev (Table 1), 0.16 mM dNTP, 2.5 U Taq
polymerase and varying derivative concentrations. The reaction mix-
tures were incubated in a Mastercycler Personal® (Eppendorf) with
the following cycling conditions: 94 °C for 3 min, followed by 10 cycles
of 94 °C for 30 s, 58 °C for 30 s and 72 °C for 30 s. The amplified products
were resolved on 15% non-denaturing polyacrylamide gels in 1× TBE
and were EtBr stained and the gel images were obtained by a Gel Doc
2000 Imager System (Alpha Innotech, CA, USA).

4.5. Circular dichroism (CD) spectra

The PuT oligomer at a final concentration of 5 μM was resuspended
in Tris–HCl buffer (10mM, pH7.4) containing the derivatives to be test-
ed. The samples were heated to 95 °C, then gradually cooled to room
temperature and incubated at 4 °C for at least 6 h. The CD spectra
were recorded on a Chirascan spectrometer (Applied Photophysics),

image of Fig.�7


Fig. 8. SYUIQ-FM05 inhibited cell migration. The cells were cultured to confluence in normal growth medium. Then, a cross-shaped scrape was made through the confluent monolayer
using a plastic pipette tip. The cells were treated with 0.1% DMSO or 0.1% DMSO with 100 μM CoCl2, or in the presence of SYUIQ-F05 or SYUIQ-FM05 for 1 h. Several wounded areas
were observed and photographed via phase-contact microscopy at 24 h after the scratch. The photos above are representative of six experiments (A). Then the cell migration rate of
each well was quantified by using ImageJ software and the corresponding VEGF protein expression rate was measured by ELISA assay (B). Real-time cell analysis (RTCA) was employed
to monitor the migration rate of MDA-MB-231 cells without or with various concentrations of SYUIQ-F05 or SYUIQ-F05. The cell index indicates the migrated cells in different medium
conditions (OptiMEM represented serum-free medium, DMEM + 10%FBS contained 10% fatal bovine serum) (C).
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at a rate of 0.5 s per point from 200 to 400 nmwith a 1-nm bandwidth.
In the melting studies, the sample temperature wasmaintained using a
Pelter temperature controller. The melting curves of the G-quadruplex
were measured at 280 nm. Prior to measuring the CD spectra, all sam-
ples were thermally treated as previously described.

4.6. RNA extraction and RT-PCR

The MCF-7 cells were cultured in 10-cm Petri dishes. After reaching
subconfluence, the cells were treated with various concentrations of
SYUIQ-FM05 and incubated in a humidified incubator at 37 °C for
48 h. After incubation, the cells were washed with PBS (pH 7.4), and
the cell pellets were lysed in a TRIzol solution. The total RNAwas extract-
ed according to the protocol supplied by the Takara Company and eluted
in distilled, deionized water with 0.1% diethyl pyrocarbonate (DEPC) to a
final volume of 50 μl. RNA was quantified spectrophotometrically.

The total RNA was used as a template for reverse transcription ac-
cording to the following protocol: each 20-μl reaction contained 1×
M-MLV buffer, 500 μM dNTP, 100 pmol oligo dT18 primer, 100 unit of
M-MLV reverse transcriptase, DEPC-H2O, and 1 μg total RNA. The mix-
tures were incubated at 42 °C for 60 min for reverse transcription,
then at 92 °C for 10min. PCR was performed according to the following
protocol: each 20-μl reaction contained 1× PCR buffer, 500 μM dNTPs,
1.5 μM primer pairs, 1 unit Taq polymerase, 0.1% DEPC-H2O and 3 μl
cDNA template. The reactions were incubated in a Mastercycler Personal
(Eppendorf) according to the following protocol: 95 °C for 5min, 36 cy-
cles of 95 °C for 1 min, 57 °C for 1 min and 72 °C for 1 min. The ampli-
fied products were separated on a 1.5% agarose gel, and the gel was
photographed using a Gel Doc 2000 Imager System. The primers used
for PCR were presented in Table 1.

4.7. Protein extraction

The MCF-7 cells were cultured in 10-cm Petri dishes. After reaching
subconfluence, the cells were treated with various concentrations of
SYUIQ-F05 or SYUIQ-FM05 and incubated in a humidified incubator at
37 °C for 48 h. After incubation, the cells were washed with PBS
(pH 7.4), incubated with extraction buffer (50 mM glucose, 25 mM

image of Fig.�8


Fig. 9. Results of the CAM assay. SYUIQ-FM05 (750 ng/10 μl) was added directly into the chorioallantoic membrane and incubated for 3 days. The blood vessels were counted under a
microscope (4×) (A), and the corresponding inhibitory response was quantified by counting the number of blood vessel branches using ImageJ software (B). The negative control was
0.9% NaCl, thalidomide (at 1500 ng/10 μl) served as a positive control and SYUIQ-F05 (750 ng/10 μl) served as a quindoline derivative control. Each assay was repeated in 8–10 samples.
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Tris–HCl, pH 8, 10mM EDTA, 1 mMPMSF) on ice for 30min and centri-
fuged at 12,000 g. The protein concentration was quantitated according
to the BCA quantitation protocol.

The secreted proteinwas extracted by collecting the cell cultureme-
dium and, after centrifugation and freeze-drying, dissolving the protein
in PBS (pH 7.4). The protein concentration was measured according to
the BCA quantitation protocol.

4.8. Enzyme-linked immunosorbent assay (ELISA)

MCF-7 cells were seeded at a density of 5 × 105 cells in 10-cm Petri
dishes in Opti-MEM Reduced Serum Medium (Gibco) and cultured for
12 h. Then the medium was changed for new Opti-MEM medium and
the cells were treated without or with various concentrations of com-
pound SYUIQ-F05 or SYUIQ-FM05. After 48 h, the supernatants were col-
lected. VEGF-A levels in supernatants were determined with the Human
VEGF-A ELISA kit (IBL) according to the manufacturer's protocol. The
absorbance at 450 nm was measured by a micro-plate reader (BioTek).

4.9. Transfection and luciferase assays

Plasmid transfectionwas performedwithMCF-7 cells in the log phase.
First, 200 ng pMetLuc plasmid containingwild-type VEGF promoter (Wt)
or Mutant VEGF promoter (mut) and 200 ng pRL-TK (Promega) were
co-transfected into MCF-7 cells using Lipofectamine 2000 (Invitrogen).
After another 48 h, the transfected cells were washed with ice-cold PBS
to reduce the background signal from themedium, and luciferase assays
were performed according to manufacturer's instructions using a
Ready-To-Glow Secreted Luciferase Reporter System (Clontech) and
Renilla Luciferase Assay System (Promega). After a 3-s delay, the secret-
ed luciferase signals were collected for 10 s using a luminometer in a
microplate reader (Molecular Devices, Flex Station 3, USA). The Renilla
signals were collected for 10 s as an internal control.

4.10. Cell scrape test

The cells were grown to confluence in 24-well plates for 24 h, and a
cross-shaped scrapewasmade through the confluentmonolayers using
a plastic pipette tip. The cells were treated with SYUIQ-FM05 for 1 h.
Several wounded areas were noted for orientation, observed and
photographed using phase-contrast microscopy 24 h after scratching.
4.11. xCELLigence real-time cell analysis (RTCA)

Cell migration experiments were performed by using modified
16-well plates (CIM-16, Roche Diagnostics GmbH, Mannheim,
Germany) with each well consisting of a top chamber and a bottom
chamber separated by a microporous membrane containing randomly
distributed8 μm-pores. This setup corresponds to conventional Transwell
plates with microelectrodes attached to the underside of the membrane
for impedance-based detection of migrated cells. Prior to each experi-
ment, the cells were deprived of FBS during 24 h. Initially, 165 μl (various
concentrations of compound SYUIQ-F05 or SYUIQ-FM05 containing me-
dium) and 30 μl of media were added to the lower and upper chambers
respectively and the CIM-16 plate was locked in the RTCA DP device at
37 °C and 5% CO2 during 60 min to obtain equilibrium according to the
manufacturer's guidelines. Lower chambers contained media (DMEM
basic 1×, Gibco) with or without FBS (Biological Industries, BI) in order
to assess cell migration when exposed to FBS and background migration
to serum-free (OptiMEMmedium, Gibco) medium as a negative control
accordingly. After this incubation period, a measurement step was per-
formed as a background signal, generated by cell-free media. To initiate
an experiment, the cells were detached using 0.25% Trypsin & 0.02%
EDTA (Genom) and resuspended in OptiMEM medium, counted and
seeded in the upper chamber applying 5 × 104 cells in 100 μl without or
with various concentrations of compound SYUIQ-F05 or SYUIQ-FM05
that is in accordancewith corresponding lower chambers. After cell addi-
tion, CIM-16plateswere incubatedduring 30min at room temperature in
the laminar flow hood to allow the cells to settle onto the membrane ac-
cording to the manufacturer's guidelines. Each condition was performed
in quadruplicate with a programmed signal detection schedule of each
15 min for 24 h.

4.12. The chick embryo chorioallantoic membrane (CAM) assay

CAM construction and blood vessel counting were performed accord-
ing to published protocols [43]. The fertilized chicken eggswere placed in
an incubator upon embryogenesis and were maintained under constant
humidity at 37 °C. On day 8, a square window was opened in the shell
after removing 2–3 ml albumen to detach the CAM from the shell. Sub-
stances containing the test compounds or protein extracts from the cells
treated with the testing compounds were added to the detached CAM.
The windowwas sealed with parafilm and incubated for 3 days. The em-
bryo and its extraembryonic membranes were transferred to a Petri dish
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and fixed with formalin. The fixed sections were photographed under
a microscope, the vessel number and density were determined by two
independent observers, and the data were statistically analyzed.

Acknowledgements

We thank the National Natural Science Foundation of China (Grants
21372263, 91213302 and 81330077), the Fundamental Research Funds
for the Central Universities (Grant 11ykzd04), Zhujiang Nova Program
(Grant 2011J2200075), and the Foundation for Distinguished Young
Talents in Higher Education of Guangdong (Grant Yq2013002) for
financial support of this study.

References

[1] M. Aita, G. Fasola, C. Defferrari, A. Brianti, M.G. Bello, A. Follador, G. Sinaccio, P.
Pronzato, F. Grossi, Targeting the VEGF pathway: antiangiogenic strategies in the
treatment of non-small cell lung cancer, Crit. Rev. Oncol. Hematol. 68 (2008)
183–196.

[2] D.G.Duda, T.T. Batchelor, C.G.Willett, R.K. Jain, VEGF-targeted cancer therapy strategies:
current progress, hurdles and future prospects, Trends Mol. Med. 13 (2007) 223–230.

[3] H. Hurwitz, L. Fehrenbacher, W. Novotny, T. Cartwright, J. Hainsworth, W. Heim, J.
Berlin, A. Baron, S. Griffing, E. Holmgren, N. Ferrara, G. Fyfe, B. Rogers, R. Ross, F.
Kabbinavar, Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic
colorectal cancer, N. Engl. J. Med. 350 (2004) 2335–2342.

[4] M.H. Kramer, J. Hermans, E. Wijburg, K. Philippo, E. Geelen, J.H. van Krieken, D. de
Jong, E. Maartense, E. Schuuring, P.M. Kluin, Clinical relevance of BCL2, BCL6, and
MYC rearrangements in diffuse large B-cell lymphoma, Blood 92 (1998) 3152–3162.

[5] A. Sandler, R. Gray, M.C. Perry, J. Brahmer, J.H. Schiller, A. Dowlati, R. Lilenbaum, D.H.
Johnson, Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell lung
cancer, N. Engl. J. Med. 355 (2006) 2542–2550.

[6] B. Escudier, T. Eisen, W.M. Stadler, C. Szczylik, S. Oudard, M. Siebels, S. Negrier, C.
Chevreau, E. Solska, A.A. Desai, F. Rolland, T. Demkow, T.E. Hutson, M. Gore, S.
Freeman, B. Schwartz, M. Shan, R. Simantov, R.M. Bukowski, Sorafenib in advanced
clear-cell renal-cell carcinoma, N. Engl. J. Med. 356 (2007) 125–134.

[7] R.J. Motzer, T.E. Hutson, P. Tomczak, M.D. Michaelson, R.M. Bukowski, O. Rixe, S.
Oudard, S. Negrier, C. Szczylik, S.T. Kim, I. Chen, P.W. Bycott, C.M. Baum, R.A.
Figlin, Sunitinib versus interferon alfa in metastatic renal-cell carcinoma, N. Engl. J.
Med. 356 (2007) 115–124.

[8] G.D. Demetri, A.T. van Oosterom, C.R. Garrett, M.E. Blackstein, M.H. Shah, J. Verweij,
G. McArthur, I.R. Judson, M.C. Heinrich, J.A. Morgan, J. Desai, C.D. Fletcher, S. George,
C.L. Bello, X. Huang, C.M. Baum, P.G. Casali, Efficacy and safety of sunitinib in patients
with advanced gastrointestinal stromal tumour after failure of imatinib: a randomised
controlled trial, Lancet 368 (2006) 1329–1338.

[9] T.M. Ou, Y.J. Lu, J.H. Tan, Z.S. Huang, K.Y. Wong, L.Q. Gu, G-quadruplexes: targets in
anticancer drug design, ChemMedChem 3 (2008) 690–713.

[10] K. Guo, V. Gokhale, L.H. Hurley, D. Sun, Intramolecularly folded G-quadruplex and i-
motif structures in the proximal promoter of the vascular endothelial growth factor
gene, Nucleic Acids Res. 36 (2008) 4598–4608.

[11] D. Sun, K. Guo, J.J. Rusche, L.H. Hurley, Facilitation of a structural transition in the
polypurine/polypyrimidine tract within the proximal promoter region of the
human VEGF gene by the presence of potassium and G-quadruplex-interactive
agents, Nucleic Acids Res. 33 (2005) 6070–6080.

[12] D. Sun, W.J. Liu, K. Guo, J.J. Rusche, S. Ebbinghaus, V. Gokhale, L.H. Hurley, The prox-
imal promoter region of the human vascular endothelial growth factor gene has a G-
quadruplex structure that can be targeted by G-quadruplex-interactive agents, Mol.
Cancer Ther. 7 (2008) 880–889.

[13] A. Bikfalvi, R. Bicknell, Recent advances in angiogenesis, anti-angiogenesis and vas-
cular targeting, Trends Pharmacol. Sci. 23 (2002) 576–582.

[14] G. Martiny-Baron, D. Marme, VEGF-mediated tumour angiogenesis: a new target for
cancer therapy, Curr. Opin. Biotechnol. 6 (1995) 675–680.

[15] J.L. Zhou, Y.J. Lu, T.M. Ou, J.M. Zhou, Z.S. Huang, X.F. Zhu, C.J. Du, X.Z. Bu, L. Ma, L.Q.
Gu, Y.M. Li, A.S. Chan, Synthesis and evaluation of quindoline derivatives as G-
quadruplex inducing and stabilizing ligands and potential inhibitors of telomerase,
J. Med. Chem. 48 (2005) 7315–7321.

[16] J.M. Zhou, X.F. Zhu, Y.J. Lu, R. Deng, Z.S. Huang, Y.P. Mei, Y. Wang, W.L. Huang, Z.C.
Liu, L.Q. Gu, Y.X. Zeng, Senescence and telomere shortening induced by novel potent
G-quadruplex interactive agents, quindoline derivatives, in human cancer cell lines,
Oncogene 25 (2006) 503–511.

[17] T.M.Ou, Y.J. Lu, C. Zhang, Z.S. Huang, X.D.Wang, J.H. Tan, Y. Chen,D.L.Ma, K.Y.Wong, J.C.
Tang, A.S. Chan, L.Q. Gu, Stabilization of G-quadruplexDNA and down-regulation of on-
cogene c-myc by quindoline derivatives, J. Med. Chem. 50 (2007) 1465–1474.

[18] J.N. Liu, R. Deng, J.F. Guo, J.M. Zhou, G.K. Feng, Z.S. Huang, L.Q. Gu, Y.X. Zeng, X.F. Zhu,
Inhibition of myc promoter and telomerase activity and induction of delayed apo-
ptosis by SYUIQ-5, a novel G-quadruplex interactive agent in leukemia cells, Leuke-
mia 21 (2007) 1300–1302.

[19] Y.J. Lu, T.M. Ou, J.H. Tan, J.Q. Hou, W.Y. Shao, D. Peng, N. Sun, X.D.Wang, W.B. Wu, X.
Z. Bu, Z.S. Huang, D.L. Ma, K.Y. Wong, L.Q. Gu, 5-N-methylated quindoline
derivatives as telomeric g-quadruplex stabilizing ligands: effects of 5-N positive
charge on quadruplex binding affinity and cell proliferation, J. Med. Chem. 51
(2008) 6381–6392.

[20] T. Lemarteleur, D. Gomez, R. Paterski, E. Mandine, P. Mailliet, J.F. Riou, Stabilization
of the c-myc gene promoter quadruplex by specific ligands' inhibitors of telomerase,
Biochem. Biophys. Res. Commun. 323 (2004) 802–808.

[21] T.M. Ou, J. Lin, Y.J. Lu, J.Q. Hou, J.H. Tan, S.H. Chen, Z. Li, Y.P. Li, D. Li, L.Q. Gu, Z.S.
Huang, Inhibition of cell proliferation by quindoline derivative (SYUIQ-05) through
its preferential interaction with c-myc promoter G-quadruplex, J. Med. Chem. 54
(2011) 5671–5679.

[22] M.A. Goldberg, T.J. Schneider, Similarities between the oxygen-sensing mechanisms
regulating the expression of vascular endothelial growth factor and erythropoietin,
J. Biol. Chem. 269 (1994) 4355–4359.

[23] I. Pham, T. Uchida, C. Planes, L.B. Ware, R. Kaner, M.A. Matthay, C. Clerici, Hypoxia
upregulates VEGF expression in alveolar epithelial cells in vitro and in vivo, Am. J.
Physiol. Lung Cell. Mol. Physiol. 283 (2002) L1133–L1142.

[24] M. Dai, P. Cui, M. Yu, J. Han, H. Li, R. Xiu, Melatonin modulates the expression of
VEGF and HIF-1 alpha induced by CoCl2 in cultured cancer cells, J. Pineal Res. 44
(2008) 121–126.

[25] N. Arora, R. Masood, T. Zheng, J. Cai, D.L. Smith, P.S. Gill, Vascular endothelial growth
factor chimeric toxin is highly active against endothelial cells, Cancer Res. 59 (1999)
183–188.

[26] S. Ramakrishnan, T.A. Olson, V.L. Bautch, D. Mohanraj, Vascular endothelial growth
factor-toxin conjugate specifically inhibits KDR/flk-1-positive endothelial cell prolif-
eration in vitro and angiogenesis in vivo, Cancer Res. 56 (1996) 1324–1330.

[27] D.S. Goodsell, The molecular perspective: VEGF and angiogenesis, Stem Cells 21
(2003) 118–119.

[28] J. Rak, J.L. Yu, Oncogenes and tumor angiogenesis: the question of vascular “supply”
and vascular “demand”, Semin. Cancer Biol. 14 (2004) 93–104.

[29] R.J. Epstein, VEGF signaling inhibitors: more pro-apoptotic than anti-angiogenic,
Cancer Metastasis Rev. 26 (2007) 443–452.

[30] L.M. Ellis, Mechanisms of action of bevacizumab as a component of therapy for met-
astatic colorectal cancer, Semin. Oncol. 33 (2006) S1–S7.

[31] F. Fan, J.S. Wey, M.F. McCarty, A. Belcheva, W. Liu, T.W. Bauer, R.J. Somcio, Y. Wu, A.
Hooper, D.J. Hicklin, L.M. Ellis, Expression and function of vascular endothelial
growth factor receptor-1 on human colorectal cancer cells, Oncogene 24 (2005)
2647–2653.

[32] S.B. Wedam, J.A. Low, S.X. Yang, C.K. Chow, P. Choyke, D. Danforth, S.M. Hewitt, A.
Berman, S.M. Steinberg, D.J. Liewehr, J. Plehn, A. Doshi, D. Thomasson, N.
McCarthy, H. Koeppen, M. Sherman, J. Zujewski, K. Camphausen, H. Chen, S.M.
Swain, Antiangiogenic and antitumor effects of bevacizumab in patients with in-
flammatory and locally advanced breast cancer, J. Clin. Oncol. 24 (2006) 769–777.

[33] J.S. Wey, F. Fan, M.J. Gray, T.W. Bauer, M.F. McCarty, R. Somcio, W. Liu, D.B. Evans, Y.
Wu, D.J. Hicklin, L.M. Ellis, Vascular endothelial growth factor receptor-1 promotes
migration and invasion in pancreatic carcinoma cell lines, Cancer 104 (2005)
427–438.

[34] L.H. Hurley, Secondary DNA structures as molecular targets for cancer therapeutics,
Biochem. Soc. Trans. 29 (2001) 692–696.

[35] J. Dai, T.S. Dexheimer, D. Chen, M. Carver, A. Ambrus, R.A. Jones, D. Yang, An intra-
molecular G-quadruplex structure with mixed parallel/antiparallel G-strands
formed in the human BCL-2 promoter region in solution, J. Am. Chem. Soc. 128
(2006) 1096–1098.

[36] A. Siddiqui-Jain, C.L. Grand, D.J. Bearss, L.H. Hurley, Direct evidence for a G-
quadruplex in a promoter region and its targeting with a small molecule to repress
c-MYC transcription, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 11593–11598.

[37] M.K. Cheng, C. Modi, J.C. Cookson, I. Hutchinson, R.A. Heald, A.J. McCarroll, S.
Missailidis, F. Tanious, W.D. Wilson, J.L. Mergny, C.A. Laughton, M.F. Stevens, Antitu-
mor polycyclic acridines. 20. Search for DNA quadruplex binding selectivity in a se-
ries of 8,13-dimethylquino[4,3,2-kl]acridinium salts: telomere-targeted agents, J.
Med. Chem. 51 (2008) 963–975.

[38] Y. Mikami-Terao, M. Akiyama, Y. Yuza, T. Yanagisawa, O. Yamada, H. Yamada, Anti-
tumor activity of G-quadruplex-interactive agent TMPyP4 in K562 leukemic cells,
Cancer Lett. 261 (2008) 226–234.

[39] F.C. Huang, C.C. Chang, P.J. Lou, I.C. Kuo, C.W. Chien, C.T. Chen, F.Y. Shieh, T.C. Chang,
J.J. Lin, G-quadruplex stabilizer 3,6-bis(1-methyl-4-vinylpyridinium)carbazole
diiodide induces accelerated senescence and inhibits tumorigenic properties in can-
cer cells, Mol. Cancer Res. 6 (2008) 955–964.

[40] X.D.Wang, T.M. Ou, Y.J. Lu, Z. Li, Z. Xu, C. Xi, J.H. Tan, S.L. Huang, L.K. An, D. Li, L.Q. Gu,
Z.S. Huang, Turning off transcription of the bcl-2 gene by stabilizing the bcl-2 pro-
moter quadruplexwith quindoline derivatives, J. Med. Chem. 53 (2010) 4390–4398.

[41] F.H. Shen, J. Jin, J. Li, Y. Wang, S.H. Zhu, Y.J. Lu, T.M. Ou, Z.S. Huang, M. Huang, Z.Y.
Huang, The G-quadruplex ligand, SYUIQ-FM05, targets proto-oncogene c-kit tran-
scription and induces apoptosis in K562 cells, Pharm. Biol. 51 (2013) 447–454.

[42] Q.B. Su, F. He, X.D. Wang, S. Guan, Z.Y. Xie, L.Y. Wang, Y.J. Lu, L.Q. Gu, Z.S. Huang, X.
Chen, M. Huang, S.F. Zhou, Biotransformation and pharmacokinetics of the novel an-
ticancer drug, SYUIQ-5, in the rat, Invest. New Drugs 26 (2008) 119–137.

[43] D. Ribatti, A. Vacca, L. Roncali, F. Dammacco, The chick embryo chorioallantoicmem-
brane as amodel for in vivo research on anti-angiogenesis, Curr. Pharm. -Biotechnol.
1 (2000) 73–82.

http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0005
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0005
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0005
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0005
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0010
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0010
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0015
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0015
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0015
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0015
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0020
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0020
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0020
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0025
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0025
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0025
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0030
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0030
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0030
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0030
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0035
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0035
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0035
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0035
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0040
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0040
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0040
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0040
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0040
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0045
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0045
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0050
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0050
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0050
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0055
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0055
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0055
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0055
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0060
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0060
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0060
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0060
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0065
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0065
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0070
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0070
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0075
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0075
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0075
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0075
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0080
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0080
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0080
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0080
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0085
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0085
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0085
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0090
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0090
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0090
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0090
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0095
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0095
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0095
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0095
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0095
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0100
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0100
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0100
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0105
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0105
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0105
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0105
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0110
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0110
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0110
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0115
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0115
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0115
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0120
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0120
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0120
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0125
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0125
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0125
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0130
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0130
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0130
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0135
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0135
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0140
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0140
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0145
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0145
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0150
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0150
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0155
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0155
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0155
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0155
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0160
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0160
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0160
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0160
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0160
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0165
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0165
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0165
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0165
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0170
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0170
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0175
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0175
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0175
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0175
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0180
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0180
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0180
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0185
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0185
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0185
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0185
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0185
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0190
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0190
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0190
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0195
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0195
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0195
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0195
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0200
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0200
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0200
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0205
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0205
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0205
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0210
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0210
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0210
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0215
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0215
http://refhub.elsevier.com/S0304-4165(14)00222-0/rf0215

	Stabilization of VEGF G-�quadruplex and inhibition of angiogenesis by quindoline derivatives
	1. Introduction
	2. Results
	2.1. Quindoline derivatives bind and stabilize the G-quadruplex in the VEGF promoter region in vitro
	2.2. SYUIQ-FM05 can bind and stabilize the G-quadruplex in the VEGF promoter region and down-regulate the VEGF transcriptio...
	2.3. Inhibition of tumor cell proliferation, migration and angiogenesis in chick embryo chorioallantoic membranes by SYUIQ-FM05

	3. Discussion
	4. Materials and methods
	4.1. Materials
	4.2. Preparation of compounds
	4.3. Cell culture
	4.4. PCR stop assay
	4.5. Circular dichroism (CD) spectra
	4.6. RNA extraction and RT-PCR
	4.7. Protein extraction
	4.8. Enzyme-linked immunosorbent assay (ELISA)
	4.9. Transfection and luciferase assays
	4.10. Cell scrape test
	4.11. xCELLigence real-time cell analysis (RTCA)
	4.12. The chick embryo chorioallantoic membrane (CAM) assay

	Acknowledgements
	References


