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Targeted chemotherapy using small-molecule inhibitors of angiogenesis and proliferation is a promising strategy for cancer

therapy.
EXPERIMENTAL APPROACH

YL529 was developed via computer-aided drug design, de novo synthesis and high-throughput screening. The biochemical,
pharmacodynamic and toxicological profiles of YL529 were investigated using kinase and cell viability assays, a mouse tumour
cell-containing alginate bead model, a zebrafish angiogenesis model and several human tumour xenograft models in athymic

mice.

KEY RESULTS

In vitro, YL529 selectively inhibited the activities of VEGFR2/VEGFR3 and serine/threonine kinase RAF kinase. YL529 inhibited
VEGFss-induced phosphorylation of VEGFR2, as well as the proliferation, migration, invasion and tube formation of human
umbilical vascular endothelial cells. It also significantly blocked vascular formation and angiogenesis in the zebrafish model.
Moreover, YL529 strongly attenuated the proliferation of A549 cells by disrupting the RAF/mitogen-activated protein (MAP) or
extracellular signal-regulated kinase (Erk) kinase (MEK) kinase kinase/MAPK pathway. Oral administration of YL529

(37.5-150 mg"-kg~'-day™") to nude mice bearing established tumour xenografts significantly prevented the growth (60-80%)
of A549, SPC-A1, A375, OS-RC-2 and HCT116 tumours without detectable toxicity. YL529 markedly reduced microvessel
density and increased tumour cell apoptosis in the tumours formed in mice inoculated with the lung cancer cells, SPC-A1 and

A549, and the colon carcinoma cells, HCT116.
CONCLUSIONS AND IMPLICATIONS

YL529, an orally active multikinase inhibitor, shows therapeutic potential for solid tumours, and warrants further investigation

as a possible anticancer agent.

Abbreviations

bFGF, human basic fibroblast growth factor; CADD, computer-aided drug design; CCK-8, cell count kit-8; CMC-Na,
sodium carboxymethylcellulose; EDU, 5-ethynyl-2'-deoxyridine; EGM-2, endothelial growth medium-2; hpf, hour
post-fertilization; HUVECs, human umbilical vascular endothelial cells; p-histone H3, phospho-histone H3; RTK,
receptor tyrosine kinase; TUNEL, the terminal deoxyribonucleotidyl transferase (TDT)-mediated dUTP-digoxigenin nick
end labelling; YL529, N-methyl-4-(4-(3-(trifluoromethyl)benzamido)phenoxy)picolinamide4- methylbenzenesulfonate
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Introduction

Angiogenesis plays an important role in the growth of solid
tumours; and inhibition of angiogenesis prevents tumour
growth and/or progression in experimental models of cancer
(Folkman and Beckner, 2000; Ferrara and Kerbel, 2005;
Olsson etal., 2006). Angiogenesis is regulated by many
factors, such as VEGF and its receptors, which play important
roles in regulating neovascularization and tumour angiogen-
esis (Ferrara et al., 2003; Hicklin and Ellis, 2005). VEGF binds
to transmembrane receptors expressed on vascular endothe-
lial cells (ECs) and lymphatic vessels, and regulates numerous
functions including EC migration, proliferation, protease
expression, microvascular integrin expression, as well as cap-
illary tube formation (Di Stasi et al., 2008; Douglas et al.,
2009). The VEGFR family has five members, of which the
main subtypes are VEGFR1, VEGFR2 and VEGFR3 (Zachary
and Gliki, 2001; Ferrara et al., 2003; Di Stasi et al., 2008;
Douglas et al., 2009). VEGFR1-3 are exclusively located on the
surface of ECs in normal tissues and are up-regulated only
during embryonic and tumour angiogenesis (Cleaver and
Melton, 2003; Gaengel et al., 2009). Moreover, VEGFR2 is the
major effector of angiogenesis and regulates blood vessel
growth by activating intracellular signalling pathways that
enhance the proliferation of vascular ECs (Cleaver and
Melton, 2003; McCarty et al., 2004; Gaengel et al., 2009).

Current clinical trials have suggested that therapeutic
strategies targeting tumour angiogenesis via the VEGF/VEGFR
kinase axis are promising approaches for the treatment of
cancer (Cristofanilli etal.,, 2002). The RAF/MEK/MAPK
pathway is one of the most important VEGF/VEGFR-activated
signalling pathways (Takahashi et al., 1999). In this pathway,
the serine/threonine protein kinase RAF is a downstream
effector of small GTPase RAS, which stimulates the prolifera-
tion, invasion and secretion of angiogenic factors. Stimula-
tion of VEGFRs thus initiates a mitogenic kinase cascade that
culminates in the phosphorylation of transcription factors
that, in turn, exert profound effects on the expression of
genes related to cellular proliferation and tumourigenesis
(Sridhar et al., 2005; Johannessen et al., 2010). The functions
of the RAF/MEK/MAPK pathway in many tumours depend on
extracellular signals from receptor TK (RTK) at the cell surface
to the nucleus via a cascade of specific phosphorylation
events. This pathway thus plays a central role in regulating
mammalian cell proliferation and shows great promise as a
therapeutic target (Zhang et al., 2009; Huynh, 2010).

Recently, small-molecule multikinase inhibitors targeting
VEGFRs and RAF have been shown to have therapeutic poten-
tial in preclinical and/or clinical testing against various solid
tumours (Demetri et al., 2005; Sathornsumetee et al., 2006),
including melanoma (Eisen et al., 2005), renal cell tumours
(Rini et al., 2005) and non-small cell lung cancer (Sandler
et al., 2005). For example, sorafenib, which can inhibit both
VEGFRs and RAF, has been used successfully in the clinic to
prolong the survival rate of hepatocarcinoma patients.
However, quite a few multi-target therapies show toxicity and
have only moderate response rates.

The aim of the present research was to design small-
molecule multikinase inhibitors for cancer therapy, in par-
ticular, VEGFR2 and RAF kinases inhibitors, which selectively
block pathological neovascularization and cancer prolifera-
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tion. We previously reported the use of computer-aided drug
design (CADD), de novo synthesis, and high-throughput
screening (HTS) to identify the novel antitumour agent
YL529 (Figure 1A) (Wang et al., 2010). In this study, we inves-
tigated the anticancer effect and mechanism of action of
YL529 in vitro and in vivo. Our results show that YL529, an
inhibitor of VEGFR1, VEGFR2, VEGFR3, RAF, Fms and c-Kit,
can inhibit VEGF-induced angiogenesis and induce tumour
regression. YL529 will be studied in phase I clinical testing in
patients with advanced solid malignancies.

The nomenclature used for receptors conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Methods

Synthesis and preparation of YL529

YL529 (N-methyl-4-(4-(3-(trifluoromethyl)benzamido)
phenoxy)picolinamide4-methylbenzenesulfonate) was syn-
thesized in the State Key Laboratory of Biotherapy, Sichuan
University (Sichuan, China) and its structural formula is
shown in Figure 1A. For in vitro assays, YL529 was dissolved in
DMSO and diluted in the relevant culture media to a final
DMSO concentration of 0.1% (v v'). For in vivo animal experi-
ments, YL529 was suspended in 0.5% sodium carboxymeth-
ylcellulose (CMC-Na) and administered by oral gavage at
volumes of 10 mL-kg'-day™".

Materials

Cell count kit-8 (CCK-8) was purchased from Dojindo (Kum-
amoto, Japan). DMSO and CMC-Na were purchased from
Sigma Chemical Company (St. Louis, MO, USA). Human
recombinant VEGF;s, human basic fibroblast growth factor
(bFGF), anti-CD31 and Matrigel were purchased from BD
Biosciences (San Jose, CA, USA or Amersham, UK). The
primary antibodies for detection of VEGFR2, phospho (p)-
VEGFR2, p44/42MAPK, p-p44/42MAPK, RAF, p-RAF, MEK,
p-MEK, phospho-histone H3 (p-histone H3), as well as the
HRP-conjugated secondary antibody, were purchased from
Cell Signaling Technology (Beverly, MA, USA). Anti-B-actin
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-Ki67 was purchased from Neomarkers
(Fremont, CA, USA). The TUNEL assay kit was purchased
from Promega (Madison, WI, USA) and Q Tracker Red cell
labelling kit from Invitrogen (Carlsbad, CA, USA). The EDU
(5-ethynyl-2'-deoxyridine) detection kit was purchased from
Borui Biological (Guangzhou, China). Human umbilical cord
was provided by the Department of Gynecology and Obstet-
rics, West China Second Hospital, Sichuan University
(Chengdu, China). All of the chemicals employed in the
present study were of analytical grade.

Molecular docking methods

The molecular docking studies were carried out using GOLD
5.0 [Genetic Optimization of Ligand Docking, The Cam-
bridge Crystallographic Data Centre (CCDC), Cambridge,
UK]. The crystal structure of VEGFR2 (PDB ID: 3VHE) was
retrieved from the RCSB Protein Data Bank and chosen as the
structure of the reference protein. An 8 A sphere around the
centroid of the ligand was used to define the active site
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Figure 1

Chemical structure and effect of YL529 on HUVECs. (A) (a) The chemical structure of YL529 (b) YL529 was docked into the active site of VEGFR2
and the interactions between YL529 and VEGFR2 are shown in the 3-D structure. (c) VEGFiss-induced phosphorylation of VEGFR2 and
p44/42MAPK in HUVECs after YL529 treatment was detected by Western blotting. (B) (a) Effects of YL529 on HUVEC migration into the wound.
(b) Effects of YL529 on HUVEC invasion. (c) Effects of YL529 on HUVEC tube formation. Mean + SEM, n= 3, *P < 0.05, **P < 0.01, ***P < 0.001.
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region. The pre-process of VEGFR2 was carried out using
Discovery Studio 2.55 (Accelrys, Inc., San Diego, CA, USA)
software package by adding hydrogen atoms, including water
removal and assigning Chemistry at HARvard Macromolecu-
lar Mechanics. YL529 was also built and its geometry was
optimized in Discovery Studio 2.55. The docking scheme was
modified as described previously (Cohen et al., 2011).

Cell culture

SPC-A1, A549, NCI-H460 (human non-small lung carcinoma
cell line), HCT-116 (human colorectal carcinoma cell line),
A375 (human melanoma cell line), HeLa (human cervical
carcinoma cell line), A431 (human epidermoid carcinoma
cell line), HePG2, Bel-7404 (human hepatoma cell line), HEK-
293 (human embryonic kidney cell line) and CT-26 (mouse
colorectal carcinoma cell line) were purchased from the
American Type Culture Collection (Manassas, VA, USA), and
OS-RC-2 (human renal carcinoma cell line) was from the Cell
Bank of Type Culture Collection of Chinese Academy of Sci-
ences (Shanghai, China). Cells were cultured in RPMI 1640 or
DMEM media supplemented with 10% FBS (Gibco, Grand
Island, NY, USA), 2 mM glutamine and 1% antibiotic-
antimycotic solution, and passaged 2-3 times before use.
Human umbilical vein ECs (HUVECs) were isolated from
human umbilical cords and cultured with endothelial growth
medium-2 (EGM-2) at 37°C in a 5% CO, atmosphere and used
2-5 passages.

Animals

BALB/c athymic nude mice, BALB/c mice, Sprague-Dawley
(SD) rats and Beagle dogs were obtained from the Beijing
Animal Center (Beijing, China) and housed under controlled
environmental conditions. The transgenic FLK: EGFP-
zebrafish was obtained from the State Key Laboratory of Bio-
therapy, Sichuan University (Chengdu, China). The total
numbers of animals used in these experiments were: female
BALB/c nude mice, 624; female BALB/c mice, 36; female
Beagle dogs, 36; male Beagle dogs, 36; male SD rats, 108;
female SD rats, 60. The animals were kept at 21°C, 55%
humidity, on a 12 h light (SPF)/dark cycle and had food and
water available ad libitum. To kill the animals, they were first
anaesthetized with sodium pentobarbital and then killed by
exsanguination.

All of the animal protocols were reviewed and approved
by the Experimental Animal Ethics Committee of Sichuan
University (Chengdu, China). All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Kinase assays

More than 60 human PKs were incubated with YL529 (0.001-
10 uM) or vehicle in a buffer composed of 8 mM MOPS
pH 7.0, 0.2 mM EDTA, 10 mM magnesium acetate, 10 uM
[y-**P]-ATP and their own peptides as substrates. The reaction
was initiated by the addition of the Mg-ATP mix and samples
were incubated for 40 min at 25°C before the reaction was
stopped by addition of 5 puL of a 3% phosphoric acid solution.
The sample was then spotted onto a P30 filtermat, which was
washed three times for 5 min in 75 mM phosphoric acid and
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once in methanol and then dried. Finally, kinase activity was
detected by scintillation counting (Cao et al., 2011).

Cell viability assay

Cell viability assays were performed using the CCK-8 kit
according to the manufacturer’s instructions. Briefly, cells
were treated with YL529 for 48 h. CCK-8 was added to the
cells and the plate was incubated for an additional 2-4 h. The
optical density (OD) was then measured at 450 nm using a
Spectra MAX MS5 microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA, USA; Li et al., 2009).

For HUVEC assays, cells were deprived of serum by incu-
bation in solution containing 1% FBS for 12 h and incubated
with YL529 for 2 h before addition of 40 ng-mL™" VEGF;es or
30 IU-mL™" bFGFE. Cell viability was evaluated using the
CCK-8 assay after YL529 treatment for 48 h.

Scratch-induced migration assay

HUVECs and A549 cells were synchronized by in a low serum
medium for 8 h, and the cell monolayers were then damaged
with a micropipette to create a linear wound 2 mm in width.
The indicated concentrations of YL529 (plus 4 ng-mL™
VEGF;6s for HUVECs) were added and the cells were incu-
bated for 24 h. Images were acquired using a microscope
(Zeiss, Jena, Germany) and the results are expressed as the
percentage inhibition rate of migration compared with
untreated cells (Liang et al., 2010).

Transwell migration assay

Transwell filter inserts (Billerica, MA, USA) were pre-coated
with Matrigel for 30 min at 37°C. For HUVEC assays, the
bottom chambers were filled with EGM-2 with or without
VEGF;6s (4 ng-mL™") and the top chambers were seeded with
4 x 10" cells. For A549 cell assays, the bottom chambers were
filled with RPMI 1640 supplemented with 10% FBS and the
top chambers were seeded with 4 x 10* cells. Various concen-
trations of YL529 were added to the top and bottom cham-
bers and the plates were incubated for 24 h. Migrated cells
were stained with 0.1% crystal violet and imaged microscopi-
cally. Cells were enumerated and the results are expressed as
the percentage inhibition rate of migration compared with
untreated cells (Yi et al., 2008).

Capillary tube formation assay

Wells of a 24-well plate were coated with Matrigel at 37°C for
45 min and 4 x 10* HUVECs were added to each well. Then,
1 mL of EGM-2 containing VEGFss (4 ng-mL™") and various
concentrations of YL529 was added. Tube formation was
assessed by microscopy after 6 h incubation and the results
are expressed as the percentage inhibition rate of capillary
tube formation compared with untreated cells (Cao etal.,
2011).

EDU incorporation assay

A549 cells were incubated with fresh medium with or
without YL529 for 48 h, and proliferation was measured by
incorporation of EDU into DNA using an EDU kit. The cells
were examined using an inverted microscope (Zeiss) and the
percentage EDU-positive cells was calculated as: %EDU-
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positive cells = (EDU-positive cells, red)/(Hoechst-positive
cells, blue) x 100 (Cukierman et al., 2001).

Western blotting analysis

Western blotting analysis was performed by standard
methods, as previously described (Lin ef al., 2008). HUVECs
and A549 cells were deprived of serum for 10 h and then
treated with YL529 for 2h. HUVECs were treated with
50 ng-mL™" VEGF,4s for 10 min. The cells were lysed and pro-
teins were resolved by SDS-PAGE and then transferred to
membranes. Proteins were detected with the appropriate
primary and secondary antibodies, and the protein bands
were visualized using an enhanced chemiluminescence kit
(Amersham, UK).

Zebrafish angiogenesis assay

The transgenic FLK: EGFP-zebrafish embryos were main-
tained in Holtfreter’s solution for 15 h post-fertilization (hpf).
The total number of fertilised zebrafish embryos used was120.
The zebrafish were kept at 28°C on a 12 h light/dark cycle and
food was freely available. YL529 was added to the culture
medium and images were captured using a fluorescence
microscope (Zeiss) at 3 hpf (Nicoli et al., 2007).

Cells of the murine tumour line B16-F10 (300 cells) were
labelled with the Q Tracker kit and resuspended in Hank’s
balanced salt medium. Cells were directly injected into the
perivitelline space of 48 hpf embryos using an air-driven Cell
Tram microinjector (Medical System Corp, Green Vale, NY,
USA). After 24 h, YL529 was added to the plates. Digital
micrographs were taken by fluorescence microscopy after the
tumour implantation.

Tumour cell-induced angiogenesis

alginate model

Mouse colorectal carcinoma CT-26 cells (1 x 10°) were encap-
sulated using alginate beads and implanted s.c. into the
flanks of BALB/c mice. The mice were treated with the indi-
cated doses of YL529 for 12 days. FITC-dextran solution
(100 uL, 100 mg-kg™; Mr 150 000) was injected i.v. and
20 min later, the mice were killed, dissected and photo-
graphed. The blood content in the alginate beads was quan-
tified by measuring the uptake of FITC-dextran into the
implanted alginate beads (Hoffmann et al., 1997).

Pharmacokinetic analyses

SD rats (1 = 4 per group) were administered YL529 either i.v.
(50 mg-kg") or p.o. (50 mg-kg™). Blood samples were col-
lected at appropriate intervals and the plasma concentration
of YL529 was analysed by HPLC (Waters, MA, USA). The
pharmacokinetic parameters were analysed using Pharma-
cokinetic Software of Drug and Statistics (DAS, edited and
published by the Mathematical Pharmacology Professional
Committee of China, Shanghai, China).

Human tumour xenograft models

Human tumour xenografts (SPC-A1, A549, A375, HCT-116
and OS-RC-2) were established by injecting cancer cells s.c.
into the flanks of nude mice. When the tumour volume
reached 100-300 mm?, YL529 was administered p.o. once
daily at the indicated doses. Tumour growth and animal body
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weights were measured every 3 days during the treatment.
Tumour volumes were calculated as follows: volume (mm?) =
0.5 x length (mm) x width? (mm) (Ruggeri et al., 2003). At the
end of the experiments, mice were killed and the organs were
prepared for histopathological analysis by haematoxylin and
eosin (H&E) staining.

Immunohistological and Western blotting
analysis of tumours

Tumour tissues obtained from the mice bearing SPC-A1, HCT-
116 and A549 tumours were subjected to immunohistological
analysis. Briefly, animals (n = 8 per group) were administered
YL529 p.o. for 14 days. Tumour tissues were collected and
stored at -80°C for subsequent immunohistological and
Western blotting analyses. TUNEL staining and immunohis-
tological detection of anti-CD31, anti-Ki67 and p-histone H3
in tumour tissues were performed according to the manufac-
turers’ instructions (Wedge et al., 2002).

Acute toxicity study

For acute toxicity testing, male and female rats (n = 10 per
group) and beagles (n = 6 per group) were administered 6000
and 5000 mg-kg' of YL529 p.o. once respectively. Clinical
symptoms including mortality, clinical signs and gross find-
ings were observed once daily for 14 days. On day 14, the rats
were killed and examined by necropsy. Serum biochemistry
analysis, haematological analysis and histological examina-
tions of the major organs were carried out after dissection.

Statistical analysis

Data are expressed as the mean + SD or SEM. SPSS (SPSS Inc.,
Chicago, IL, USA) software was used for statistical analysis.
Statistical analyses were performed by ANOVA.

Results

Design, synthesis, screening, molecular
modelling studies and kinase inhibition
profile of YL529

A total of 1320 novel multikinase small-molecule compounds
were designed via CADD. The 125 candidates that ranked in
the top 10% according to values of the Ludi Energy Estimate
1 were chemically synthesized and screened by kinase inhi-
bition assays (data not shown). Among the 125 tested com-
pounds, YL529 (Figure 1Aa) was the most potent and superior
to precursor compounds (Cao et al.,, 2011; Xu et al., 2011).
Figure 1Ab shows the interaction modes of YL529 with the
kinase domain of VEGFR2 (PDB entry 3VHE) by computer
simulation and computer-based molecular docking methods.
The most apparent interactions were the three hydrogen
bonds formed between YL529 and VEGFR2. The first hydro-
gen bond was between the pyridine nitrogen and Cys’"”, the
second between the amide nitrogen and Glu®* and the third
between the carbonyl group and Asp'®.

To verify the docking results, we determined the affinity
of YL529 for VEGFR2 using the SPA in vitro kinase binding
assay. As shown in Table 1, YL529 inhibited VEGFR2 activity
by 94% at 10 uM. At the same concentration, YL529 also



Table 1

In vitro profile of YL529 against a panel of kinases

Inhibit rate at

Kinase 10 uM (%)
RAF 91
VEGFR3 97
VEGFR2 94
Fms 929
Haspin 91
c-Kit 82
ErbB4 82
VEGFR1 77
PDGFRp 48
PDGFRa 44
FGFR1 44
Aurora-A 30
Itk 6
Syk 3
LCK 3
PI3K 3
EGFR 1
IKKB 1
CDK6/cyclinD3 0
MLK1 0
IR 0
CDK2/cyclinE 0

significantly inhibited RAF (91%), VEGFR3 (97%), Fms (99%)
and c-Kit (82%) activities but did not appear to inhibit PI3K,
EGF receptors, Aurora-A, CDK/cyclin or other kinases.

Effect of YL529 on HUVEC proliferation

in vitro

The effect of YL529 on VEGF¢s- and bFGF-stimulated growth
of HUVECs was examined using the CCK-8 assay. YL529
inhibited the proliferation of HUVECs induced by VEGFs;s
(40 ng-mL™"), bFGF (30 U-mL™") or non-growth factors with
ICso values of 2.10, 5.17 and 12.89 uM respectively. These
results demonstrate that YL529 can potently block VEGFR-
dependent growth of HUVECs.

Effects of YL529 on VEGFR2 signalling

in HUVECs

Using Western blot analysis, we investigated the effects of
YL529 on VEGFR2 signalling in HUVECs. Consistent with its
effect on VEGF-stimulated HUVECs’ proliferation, YL529
dose-dependently blocked VEGF¢s-stimulated phosphoryla-
tion of VEGFR2 (Figure 1Ac) and concomitantly inhibited the
phosphorylation of p44/42 MAPK, a downstream signalling
enzyme. In contrast, total levels of VEGFR2 and p44/42
MAPK were not altered by YL529 treatment.

YL529 inhibits angiogenesis and tumour growth

Effects of YL529 on VEGFss-induced
HUVECs migration, invasion and

tube formation

Cell migration is necessary for the function of ECs during
angiogenesis and for tumour cell growth and metastasis
(Shibuya, 2006). Therefore, we examined the effects of YL529
on HUVECs' migration using a VEGFes-induced wound
healing migration assay. The results showed that YL529 mark-
edly decreased the number of HUVECs in the scratched
wound in comparison to vehicle. The migration of cells
treated with 1.25, 2.5, 5 and 10 pM YL529 was inhibited by
62.68, 72.04, 86.45 and 91.32%, respectively, compared with
the migration of untreated cells (Figure 1Ba). These results
show that YL529 can concentration-dependently inhibit the
migration of VEGF,¢s-stimulated HUVECs.

Cell invasion is a critical function of ECs in angiogenesis
(Petrovic et al., 2007). To measure the effect of YL529 on
HUVECs’ invasion, we used a VEGF¢-induced transwell
assay and measured the number of HUVECs that passed
through a membrane barrier following treatment with
various concentrations of YL529. As shown in Figure 1Bb, the
invasion of cells treated with YL529 at 1.25, 2.5, 5 and 10 uM
was inhibited by 36.54, 60.82, 88.31 and 98.90%, respec-
tively, compared with vehicle-treated cells. These results
show that YL529 can significantly inhibit the invasion of
VEGF;es-stimulated HUVECs.

VEGF-induced EC tube formation is a critical step in the
process of angiogenesis (Strowski et al., 2003). To understand
the mechanism of the anti-angiogenic effect of YL529, we
measured VEGF;es-induced HUVEC tube formation. Treat-
ment with 1-10 uM YLS529 strongly inhibited VEGF-induced
tube formation by 42.7 to 73.03% at concentrations between
1.25-5 uM and by 88.76% at 10 uM (Figure 1B (c)). These
results indicate that YL529 potently inhibits EC migration
and tube formation, supporting the results of the VEGFss-
induced HUVEC migration assay.

Effects of YL529 on tumour cell viability

in vitro

To evaluate the effect of YL529 on tumour cell viability, a
number of cancer cell lines was treated with YL529 for 48 h
and cell viability was examined using the CCK-8 assay. As
shown in Table 2, the ICs of YL529 for cell viability ranged
from 6 to 20 uM (Table 2), showing a remarkable inhibition
of tumour cell viability. The ICsy was 6.19 uM for the colo-
rectal cancer cell line HCT116, 6.68 uM for HelLa, 8.53 and
10.67 uM for SPC-A1 and A549, and 11.94 uM for the mela-
noma cell line. It was noteworthy that YL529 exhibited a
significant safety margin on the non-cancerous human
embryonic kidney cell line HEK-293. The ICs, for inhibition
of HEK-293 cell viability was 99.2 uM, which was 12-fold
higher than that for the cancer cell lines.

Effects of YL529 on A549 migration,
proliferation and invasion in vitro

Cell proliferation plays an important role in cancer progres-
sion (Kawasaki et al., 2001). Because inhibition of prolifera-
tion is a possible approach to cancer therapy (Huang and
Houghton, 2003), we next determined the effects of YL529
on the migration, proliferation and invasion of A549 cells.
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Table 2

The effects of YL529 on the viability of tumour cells

Cell line Cell type 1Cso (UM)

HCT116 Human colorectal carcinoma cell line 6.19 £ 0.05
Hela Human cervix adenocarcinoma cell line 6.68 £ 0.03
SPC-A1 Human non-small lung cell carcinoma cell line 8.53+£0.07
A431 Human epidermoid carcinoma cell line 9.74 £0.02
OS-RC-2 Human rental carcinoma cell line 10.45 +0.04
A549 Human non-small lung cell carcinoma cell line 10.67 £ 0.08
NCI-H460 Human non-small lung cell carcinoma cell line 11.74 £ 0.06
A375 Human melanoma cell line 11.94 +0.06
HePG-2 Human hepatoma cell line 12.35+0.03
Bel-7404 Human hepatoma cell line 19.06 +0.07

Each cell line was treated with various concentrations of YL529 for 48 h.
are expressed as mean + SD.

We first performed a scratch-induced migration assay. As
shown in Figure 2Aa, YL529 arrested the movement of cells
into the damaged region and decreased the cell number in
the wound relative to the vehicle-treated cells. In cells treated
with 2.5-10 uM YL529, the wounds were 26.53 and 81.35%
non-confluent, respectively, indicating a striking impairment
of A549 cell migration by YL529. We next assessed the effect
of YL529 on AS549 cell invasion using transwell assay. As
shown in Figure 2Ab, YL529 treatment for 48 h significantly
decreased the number of A549 cells invading the wound
compared with vehicle-treated cells. Cell invasion was inhib-
ited by 29.96, 46.82, 76.03 and 86.89% in the presence of 2.5,
5, 10 and 20 uM YLS529 respectively. These data indicate
YL529 significantly inhibits the invasion of A549 cells.

We used the EDU-DNA incorporation assay to evaluate
the anti-proliferative effect of YL529 on A549 cells. As shown
in Figure 2Ac, the percentage of cells in the S-phase was
reduced by 30.62, 35.64, 69.2 and 85.99%, following treat-
ment with 2.5, 5, 10, and 20 uM YL529 respectively. These
results indicate that YL529 can inhibit the proliferation of
A549 cells in a concentration-dependent manner.

YL529 inhibited the RAF/MEK/MAPK
signalling pathway in A549 cells

In the kinase activity assays, we found that YLS529 sig-
nificantly inhibited the activity of RAF (Table 1). To gain
further insight into the molecular mechanism of this anti-
proliferative effect of YL529, the expression levels of RAF, MEK
and p44/42 MAPK were investigated by Western blotting. As
shown in Figure 2B, YL529 potently inhibited the phosphor-
ylation of RAF, MEK and 44/42 MAPK. In addition, YL529
decreased the expression of p-histone H3, suggesting the for-
mation of condensed chromosomes after YL529 exposure.

YL529 inhibited tumour angiogenesis in mice
and zebrafish models

The anti-angiogenic effect of YL529 was examined using
mice and =zebrafish models; and immunohistochemical
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Cell viability was examined using the CCK-8 assay and ICs, values

analysis was conducted using tissues derived from tumour-
bearing mice. Tumours from the animals treated with
150 mg-kg'-day! YL529 showed a vessel density 7.63% (SPC-
Al) and 5.94% (HCT116) less than in those from vehicle-
treated animals, suggesting that YL529 significantly decreases
the density of microvessels in tumours (Figure 3A).

In the CT-26 cell-induced angiogenesis alginate model, a
dose-dependent anti-angiogenic effect was observed after oral
administration of YL529 for 12 days in mice. As shown in
Figure 3B, the accumulation of FITC-dextran in vehicle algi-
nate was 3.04 ug-per alginate; however, the accumulation of
FITC-dextran was markedly decreased in animals treated with
37.5 or 75 mg-kg'-day! YL529. Maximal inhibition was
observed in animals treated with 150 mg-kg'-day™ YL529, in
which the accumulation of FITC-dextran was 0.92 g
per-alginate and microvessel density was reduced by 69.70%.

We also examined the anti-angiogenic effect of YL529
using a zebrafish model. During zebrafish embryonic devel-
opment, the intersegmental vessels (ISV) sprouting begins at
10 hpf and reaches its highest density at 30 hpf. YL529
administration was started at 15 hpf and we detected the ISV
at 30 hpf. We found that the ECs in the YL529 treatment
group did not migrate into the intersomitic region to form
complete vessels (Figure 3C). The length of the ISV was
84.98 um in vehicle-treated animals and this was reduced to
40.28 um after treatment with 2.5 uM YL529. These results
demonstrate that YL529 significantly inhibits zebrafish ISV
formation. YL529 also inhibited B16-F10 cell-induced angio-
genesis in zebrafish. As shown in Figure 3D, ECs filled the
inner space of the B16-F10 tumour xenograft in the vehicle-
treated group and a primary vascular network was visible
5 days after implantation of the tumour into the zebrafish.
However, the vascular network was clearly inhibited in the
embryos treated with 2.5 uM YL529, in which the tumour
volume and vessel length were only ~14 and 33% of those in
the vehicle-treated group. Taken together, these in vivo results
indicate that YL529 possesses a notable anti-angiogenic activ-
ity, which is consistent with its effects on HUVEC prolifera-
tion in vitro.
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Figure 2

Anti-proliferative effects of YL529 on A549 cells in vitro. (A) YL529 inhibited A549 cell proliferation, migration and invasion in vitro. (a) Effects of YL529
on A549 cell migration in wound migration assays (40x). (b) Effects of YL529 on A549 cell invasion using transwell assays (100x). (c) YL529 inhibited
the proliferation of A549 cells in a concentration-dependent manner in the EDU assay. The panels shown are representative fields of EDU-positive
(red) and Hoechst 33358 (blue) staining (100x). Quantification was shown on the right of the panels respectively. Results are percentage inhibition
rate versus untreated wells. Mean + SEM, n =3, *P < 0.05, **P < 0.01. (B) YL529 inhibited the expression of p-RAF and the downstream signalling
pathway in vitro. Western blotting analysis showed the expressions of phosphorylated and total RAF, p44/42 MAPK and MEK.
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Figure 4

Lung
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Anticancer activity of YL529 in vivo. (A) (a) The concentration-time curve of YL529 in vivo: SD rats were administered 50 mg-kg™' YL529 i.v. or p.o.
Blood samples were collected at the indicated intervals after YL529 administration and the concentration of YL529 was determined by HPLC. (B)
Mice bearing SPC-A1 (b), A549 (c), HCT-116 (d), A375 (e) and OS-RC-2 (f) tumours were treated with YL529 and body weights were determined
(n=8) (*P<0.05, **P<0.01, ***P<0.001). (B) YL529 did not cause pathological abnormalities in mice. Tissues were stained with H&E. (a) Vehicle-
and (b) 150 mg-kg™' YL529-treated group of mice bearing SPC-A1 tumours. (n = 8, 100x).

Pharmacokinetics of YL529 in vivo

To determine the pharmacokinetic characteristics of YL529,
SD rats were administered YL529 p.o. or i.v. and the plasma
concentration of YL529 was measured by HPLC. The phar-
macokinetic profiles of YL529 are summarized in Figure 4Aa.
After i.v. administration of 50 mg-kg™ YL529, the elimination
of half-life (t;,) was 2.33 h, AUC,_,.. was 30.69 mg-L™"-h. After
p.o. administration of 50 mg-kg™ YL529, the peak plasma
concentration (Cpa.) was 1.18 ug-mL™, the time-to-peak
concentration 2.67 h, the t;, 5.77h and the AUC,..
12.20 mg-L™"-h. The bioavailability of YL529 in rats was deter-
mined to be 39.75%.

Antitumour activity of YL529 in vivo

To study the antitumour effects of YL529 in vivo, SPC-Al,
A549, A375, HCT-116 and OS-RC-2 tumour-bearing nude
mice were administered YL529 p.o. at doses of 37.5, 75,
or 150 mg-kg'-day'. As shown in Figure 4Ab-f, tumour
volumes in mice treated with 150 mg-kg™-day™ YL529 for
18-30 days were inhibited by 71.75% (SPC-Al), 73.48%
(A549), 78.31% (A375), 55.84% (HCT-116) and 55.80% (OS-
RC-2), respectively, compared with the vehicle-treated
groups. In addition, there was no loss of body weight (Sup-
porting Information Figure S1), and no lesion was observed
in the heart, liver, spleen, lung, kidney and brain of
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Figure 5

Effects of YL529 on proliferation and apoptosis in vivo. The anti-
proliferative and pro-apoptotic effects of YL529 were determined in
the A549 tumour model. (A) Ki67 (n= 8, 200x), (B) phospho-histone
H3 (n =8, 200x) and (C) TUNEL were detected in the A549 tumour
xenograft model.

YL529-treated mice, suggesting that YL529 treatment was
well tolerated (Figure 4B).

We conducted immunohistochemical analysis and a
TUNEL apoptosis assay to evaluate whether YL529 could
inhibit the proliferation and induce tumour cell apoptosis in
vivo. As shown in Figure 5A and B, YL529 markedly decreased
the number of proliferating A549 cells in tumour tissues after
YL529 treatment for 14 days, as indicated by the cell cycle
markers Ki67 (5% vs. vehicle) and p-histone H3 (10% vs.
vehicle), showing it has a strong inhibitory effect on tumour
cell proliferation in vivo. Moreover, a strong fluorescence
signal was observed in the nuclei of tumour cells derived from
mice treated with 150 mg-kg™ YL529 (16-fold increase vs.
vehicle), indicating the presence of a large number of apop-
totic cells (Figure 5C).

Safety profile of YL529 in a preclinical study
As mentioned above, mice treated with YL529 for 18-30 days
showed no body weight loss or tissue damage. To further
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investigate the safety profile of YL529, we conducted an acute
toxicity test in SD rats (6000 mg-kg™') and beagle dogs
(5000 mg-kg™). Mortality, clinical signs and body weights of
the animals were monitored over a 14-day post-dose period.
Importantly, no obvious changes were observed; these
included data for serum biochemistry, haematology and his-
topathology (Figure 6, Supporting Information Tables S1 and
S2). As no adverse effects of YL529 were observed at doses of
6000 mg-kg™! in rats and 5000 mg-kg™' in dogs, it is assumed
YL529 has a high safety profile.

Discussion and conclusions

Tumour cell angiogenesis and proliferation are critical pro-
cesses in the growth of solid tumours (Carmeliet ef al., 1998).
Targeting these processes with small-molecule RTK inhibitors
has been demonstrated to be an effective approach for
human cancer treatment (Zou et al., 2007; Le Tourneau et al.,
2008). In the present study, we demonstrated that YL529
selectively inhibits the activity of VEGFR2, VEGFR3, RAF, Fms
and c-Kit in vitro and significantly inhibits the progression of
human cancer cell growth both in vitro and in vivo without
significant toxicity. Moreover, YL529 has a novel chemical
structure that is different from VEGFR inhibitors in clinical
use. In the present study, we describe the biochemical, phar-
macological and toxicological profiles of YL529.

Among the various types of RTKs, the VEGF/VEGFR
pathway has been widely studied because VEGFR expression
is strongly correlated with tumour progression and poor
prognosis. Therefore, this pathway has been pursued as a
therapeutic strategy for inhibition of angiogenesis and neo-
vascular survival in tumours (Kiselyov et al., 2007; Suzuki
et al., 2008). YL529 was developed as a potential anticancer
agent in our laboratory using CADD, HTS and de novo syn-
thesis. The in vitro kinase assay showed that YL529 effectively
inhibited the activity of VEGFR2 and VEGFR3. The VEGEF-
VEGFR2 interaction stimulates EC proliferation, migration,
invasion, tube formation and angiogenesis. Furthermore,
VEGF signalling and angiogenesis in ECs is mainly mediated
through VEGFR2. We investigated the anti-angiogenic effect
of YL529 on HUVECs in vitro and found that YL529 signifi-
cantly inhibited VEGF-stimulated proliferation of HUVECs.
The mouse tumour cell-containing alginate bead model and
zebrafish angiogenesis model have emerged as exceptionally
useful models for the study of anti-angiogenic reagents
(Hoffmann et al., 1997; Kari et al., 2007). We confirmed the
anti-angiogenic effect of YL529 using these in vivo models.
Collectively, our results indicate that YL529 can dose-
dependently inhibit the angiogenic response in an alginate
implant model in mice and ISV development in zebrafish.
Besides stimulating tumour vascularization, the VEGEF-
VEGFR interactions are also responsible for tumour cell
migration and invasion. VEGFR3, which binds the homo-
logues VEGFC and VEGFD, has a critical role in lymphangi-
ogenesis, and a prognostic link between the expression of
VEGFC and/or VEGFD and nodal metastasis has been iden-
tified for several tumour types (Nathanson, 2003). Therefore,
direct inhibition of VEGFR3 signalling may have a therapeu-
tic benefit in limiting subsequent tumour cell dissemination.
YL529 may inhibit tumour cell migration and invasion by
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Brain

Safety profile of YL529 in vivo. YL529 did not cause pathological abnormalities in rat and Beagle tissues in acute toxicity tests. Tissues from (A) rats
and (B) Beagles were stained with H&E. (a) Vehicle- and (b) 150 mg-kg™" YL529-treated groups (n = 10 for rats, n = 6 for Beagles, 100x).

inhibiting both VEGFR2 and VEGFR3 signalling. YL529 also
strongly inhibited migration of VEGFss-induced HUVECs
and invasion of A549 cells. In addition to VEGFR2 and
VEGFR3, an evaluation of more than 60 kinases revealed that
YL529 also inhibited the activities of RAF, c-Kit and Fms but
without blocking other protein kinases such as PI3K and
cyclin-dependent kinases. These results indicate that YL529,
a multikinase inhibitor, can significantly inhibit the activi-
ties of VEGFR2, VEGFR3, RAF, c-Kit and Fms. In our previous
cell-based screening study of anticancer drugs, it was
revealed that YL529 exhibits antitumour activity against
various kinds of cancer cell lines with ICs, values ranging
from 6 to 20 uM. Moreover, YL529 inhibited the prolifera-
tion of A549 cells in a concentration-dependent manner and
exhibited a notable effect in the EDU assay. These results are
consistent with the findings of the kinase assay, indicating
that YL529 is capable of inhibiting both angiogenesis and
tumour cell proliferation. Targeting RAF kinases is an impor-
tant concept for cancer therapy because the RAF kinase
family is a component of the Ras/RAF/MEK/ERK oncogenic
signalling pathway. The involvement of this pathway in
tumour cell proliferation and tumour progression is well

documented (Lang ef al., 2008). YL529 significantly inhibits
RAF, indicating that RAF is a potential target for YL529-
mediated tumour suppression. YL529 also attenuated the
expression levels of p-RAF, p-MEK and p-44/42 MAPK in
A549 cells. Taken together, these results suggest that YL529 is
capable of blocking the RAF/MEK/ERK signalling pathway,
an important pathway for tumour progression and angiogen-
esis (Wilhelm et al., 2004; Thompson and Lyons, 2005). As
YL529 was found to disrupt the pro-angiogenic signalling
cascades in both tumour cells and ECs, as well as diminish
the pro-migratory properties of cancer cells, it is considered
to be a multikinase anticancer agent with both anti-
angiogenic and anti-proliferative effects.

c-Kit, a member of the type III receptor TK family, is
expressed in some human tumours (Turner et al., 1992). It has
been reported that the down regulation of c-Kit has an anti-
proliferative effect in human tumours (Hirota et al., 1998;
Kijima et al., 2002; Growney et al., 2005). Fms is a TK closely
related to VEGFR3 and VEGFR1. Our results showed that c-Kit
and Fms, together with other closely related members of this
kinase family like VEGFR1, VEGFR2 and VEGFR3, were inhib-
ited by YL529. Thus, inhibition of c-Kit and Fms may con-
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tribute to the effect of YL529 in preventing tumour cell
proliferation and angiogenesis.

Because not all compounds exhibiting antitumour activ-
ity in vitro show anticancer activity in vivo, we also investi-
gated the antitumour effect of YL529 in several human
tumour xenograft models in athymic mice. These models
have been used for the determination of the pharmacody-
namics and mechanism of action of small-molecule drugs in
vivo (Uchida et al., 2001; Ruggeri et al., 2003; Dev et al., 2004;
Wu et al., 2004). The most marked inhibitory effect of YL529
was observed in SPC-A1 and A375 tumour models. The effec-
tive dose range of YL529 in the nude mice models was
between 37.5 and 75 mg-kg~'-day'. Moreover, YL529 treat-
ment for 14 days reduced microvessel density and tumour
cell proliferation.

In an acute toxicity evaluation, we found that YL529
exhibited no toxicity in rats and dogs. Chronic toxicity tests
(6 months) in rats and dogs are ongoing and, so far, after
3-months of YL529 administration, no obvious changes in
clinical signs and body weights of animals have been observed.
In contrast, for the VEGFR inhibitor sorafenib, the maximum
tolerated dose in acute toxicity test in rats was found to be
500 mg-kg™', which is much lower than that of YL529 (http://
www.accessdata.fda.gov/scripts/cder/drugsatfda). Moreover, a
single dose of sorafenib can induce toxic effects in the gastro-
intestinal tract and on liver function. However, our results
show that YL529 has a good safety profile.

In summary, our results indicate that YL529, a potent
and orally active multi-target kinase inhibitor, possesses
anti-angiogenic and anti-proliferative effects against solid
tumours. YL529 may provide a relatively non-toxic adjuvant
therapy for cancer and has great potential for drug develop-
ment and clinical application in the future.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 SPC-Al, A549, A375, HCT-116 and OS-RC-2
tumor-bearing athymic mice were treated with YL529 and
body weights were determined. No changes in body weights
were detected over the course of the experiment (1 = 8).
Table S1 The hematological parameters of YL529 were deter-
mined after oral administration with a single dose an acute
toxicity test in rats (n = 10). SPSS (SPSS, IL) software was used
for statistical analysis (P < 0.095).

Table S2 The serum biochemistry parameters of YL529 were
determined after oral administration with a single dose an
acute toxicity test in rats (17 = 10). SPSS (SPSS, IL) software was
used for statistical analysis (P < 0.05).



