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BACKGROUND AND PURPOSE

Vascular endothelial growth factor receptor 2 (VEGFR2) is an attractive therapeutic target for the treatment of diseases such as
cancer. Small-molecule VEGFR2 inhibitors of a variety of chemical classes are currently under development or in clinical use. In
this study, we describe the de novo design of a new generation pyrazole-based molecule (JK-P3) that targets VEGFR2 kinase
activity and angiogenesis.

EXPERIMENTAL APPROACH

JK-P compound series were designed using de novo structure-based identification methods. Compounds were tested in an
in vitro VEGFR2 kinase assay. Using primary endothelial cells, JK-P compounds were assessed for their ability to inhibit VEGF-
A-stimulated VEGFR2 activation and intracellular signalling. We tested these compounds in cell migration, proliferation and
angiogenesis assays.

KEY RESULTS

JK-P3 and JK-P5 were predicted to bind the VEGFR2 kinase domain with high affinity, and both compounds showed
pronounced inhibition of endogenous VEGFR2 kinase activity in primary human endothelial cells. Only JK-P3 inhibited
VEGF-A-stimulated VEGFR2 activation and intracellular signalling. Interestingly, JK-P3 inhibited endothelial monolayer wound
closure and angiogenesis but not endothelial cell proliferation. Both compounds inhibited fibroblast growth factor receptor
kinase activity in vitro, but not basic fibroblast growth factor-mediated signalling in endothelial cells.

CONCLUSIONS AND IMPLICATIONS

This is the first report that describes an anti-angiogenic inhibitor based on such a pyrazole core. Using a de novo
structure-based identification approach is an attractive method to aid such drug discovery. These results thus provide an
important basis for the development of multi-tyrosine kinase inhibitors for clinical use in the near future.

Abbreviations

BAY 43-9006 (drug name: sorafenib, trade name: Nexavar), 4-[4-[[4-chloro-3 (trifluoromethyl)phenyl|carbamoylamino]
phenoxy]-N-methyl-pyridine-2-carboxamide; bFGF, basic fibroblast growth factor; FGFR, fibroblast growth factor
receptor; HUVEC, human umbilical vein endothelial cells; IGF-1, insulin-like growth factor 1; pHFF, primary human
foreskin fibroblasts; RCC, renal cell carcinoma; VEGFR2, vascular endothelial growth factor receptor 2; SU-11248 (drug
name: sunitinib, trade name: Sutent), N-(2-diethylaminoethyl)-5-[(Z)-(5-fluoro-2-oxo-1H-indol-3-ylidene)methyl]-
2,4-dimethyl-1H-pyrrole-3-carboxamide
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Introduction

Angiogenesis is defined as the sprouting of new blood vessels
from an existing vascular network (Folkman, 1971). This
process is critical in normal physiological development but
excessive angiogenesis is a common denominator in a wide
range of pathologies, most notably cancer (Hanahan and
Weinberg, 2011). During tumour growth, transformed cells
secrete a cocktail of pro-angiogenic proteins including vascu-
lar endothelial growth factors (VEGFs) and fibroblast growth
factors (FGFs) (Carmeliet, 2003; Carmeliet and Jain, 2011).
These proteins can stimulate endothelial cell proliferation,
migration and vascular remodelling, which contribute to
tumour neovascularization. An enriched blood supply pro-
vides the tumour with nutrients for further growth and facili-
tates invasion and metastasis (Carmeliet, 2005). The VEGF
gene family encodes soluble secreted cytokines such as
VEGF-A, VEGF-B, VEGF-C, VEGF-D and placental growth
factor (Ferrara et al., 2003; Latham et al., 2010; Koch et al.,
2011). These ligands bind membrane VEGF receptor tyrosine
kinases [vascular endothelial growth factor receptor
(VEGFR)1-3] where VEGFR2 is a key mediator of VEGF-A-
stimulated pro-angiogenic signalling in the endothelium
(Olsson et al., 2006; Holmes et al., 2007; Koch et al., 2011).
VEGFR2 is a member of the type III receptor tyrosine kinase
subfamily comprising a large extracellular domain, a single
transmembrane region and a cytoplasmic split tyrosine
kinase domain (Holmes etal.,, 2007; Koch etal.,, 2011).
VEGF-A binding to VEGFR2 promotes receptor dimerization,
tyrosine kinase activation and trans-autophosphorylation of
specific tyrosine residues within the cytoplasmic domain
(Holmes et al., 2007; Koch et al., 2011). An intracellular sig-
nalling cascade is initiated, including activation of phospho-
lipase Cyl (PLCy1), c-Akt (PKB) and ERK1/2 (p42/44 MAPK)
(Takahashi & Shibuya, 1997; Blanes et al., 2007) leading ulti-
mately to increased expression of pro-angiogenic genes (Liu
et al., 2003; Schweighofer et al., 2009).

The dependence of tumour growth and metastasis on a
vascular network makes targeting angiogenesis an attractive
strategy (Carmeliet and Jain, 2011). Small-molecule VEGFR2
inhibitors (ATP analogues) were some of the first treatments to
show anti-angiogenic efficacy with clinical benefits for cancer
patients (Jain et al., 2006). Compounds with different chemi-
cal core structures have been identified as potent VEGFR2
inhibitors. The anti-cancer drug sunitinib (SU11248; Sutent)
belongs to the indolinone family of compounds and has
been approved for treatment of renal cell carcinoma (RCC)
and imatinib-resistant gastrointestinal stromal tumour
(Mendel et al., 2003; Roskoski, 2007). Sorafenib (BAY 43-9006;
Nexavar) is a bis-aryl urea, which has been approved for
treatment of hepatocellular carcinoma and advanced RCC
(Bracarda et al., 2007; Wilhelm et al., 2008). Additional classes
of anti-angiogenic agents include anilinophthalazines
(e.g. vatalanib/PTK787/ZK 222548), anilinoquinazolines (e.g.
7ZD6474), isothiazoles (e.g. CP-547632) and pyrimidinyl-
indazoles (e.g. pazopanib/Votrient) (Harris et al., 2005; 2008).
Despite this variety, certain structural features of inhibitor
binding to the VEGFR2 kinase domain are conserved: residues
E917 and C919 within the VEGFR2 cytoplasmic domain have
been identified as important in inhibitor binding via hydro-
gen donor and acceptor bonds (Harris ef al., 2005; Miyazaki
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et al., 2005; Latham et al., 2012). Many inhibitors also make
contact with an Asp-Phe-Gly (DFG) motif in the kinase do-
main activation loop (Zhou et al., 2010; Latham et al., 2012).

In the present study, we used structure-based de novo
design methods complementary to high-throughput screen-
ing to rapidly identify a novel VEGFR2 inhibitor of the pyra-
zole class of molecules. We further examined the mechanism
of action of this compound by analysis of VEGF-A-stimulated
VEGFR2 tyrosine kinase activity, intracellular signalling and
angiogenesis.

Methods

Reagents
Human umbilical vein endothelial cells (HUVECs) were
retrieved from human tissues obtained by local ethical
approval from the Leeds Hospitals NHS Trust and cultured as
previously described (Howell ef al.,, 2004). Primary human
foreskin fibroblasts (pHFF) were a gift from Dr A. Bruns,
(University of Leeds, UK). Recombinant human VEGF-Ajes
was a gift from Genentech Inc. (San Francisco, CA, USA).
Recombinant basic fibroblast growth factor (bFGF), EGF and
antibody against VEGFR2 extracellular domain were pur-
chased from R&D Systems (Minneapolis, MN, USA). Recom-
binant insulin-like growth factor 1 (IGF-1) was a gift from Dr
Hema Viswambharan (University of Leeds, UK). Phospho-
VEGFR2 Y1175, phospho-ERK1/2, phospho-PLCy1, phospho-
Akt, ERK1/2 and Akt antibodies were purchased from Cell
Signalling Technology (Danvers, MA, USA). PLCyl and
patelet-endothelial cell adhesion molecule 1 (PECAM-1) anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and horseradish peroxidase (HRP)-conjugated second-
ary antibodies were from PerBio Sciences (Cramlington, UK).
Compound 1, Compound 2, 3,4-dimethoxy-N-(5-phenyl-1H-
pyrazol-3-yl)benzamide (JK-P3) and N-[4-(4-methylpiperazin-
1-yl)phenyl]-1H-indazole-3-carboxamide (JK-P5) were
designed, synthesized and prepared as 10 mM stock solutions
in dimethyl sulphoxide (DMSO).

Serial 10-fold dilutions were made in tissue culture
medium. All other reagents were obtained from Sigma-
Aldrich (Poole, UK) unless otherwise stated.

Structure-based in silico design of

VEGFR?2 inhibitors

A range of pyrazole-based compounds Compound 1, Com-
pound 2, JK-P3 and JK-P5 were designed using de novo
structure-based software, namely SPROUT (SPROUT Software
Package, SimBioSys Inc., Toronto, Canada, 2005) (Ali et al.,
2005; Boda and Johnson, 2006) and an available crystal struc-
ture of VEGFR2 kinase domain [Protein DataBank (PDB) code:
3CJG] (Harris et al., 2008). Using information derived from
X-ray crystal structures of receptor tyrosine kinases (e.g.
hydrogen bonding capacity of the surrounding amino acid
residues present in the active site and presence of hydropho-
bic regions), SPROUT identified a target region where puta-
tive ligands would interact strongly. Molecular fragments
were docked at these sites and connected to generate skel-
etons that satisfied the steric and geometric constraints.
Atoms in the skeletons were then substituted to produce
molecules that have the required electrostatic and hydropho-



bic properties. The ligands were ranked and scored to give an
estimated pKi. The programme Glide (Schrodinger LLC, New
York, NY, USA) (Friesner et al., 2004; 2006; Halgren et al.,
2004) was also used to dock these ligands into receptor
tyrosine Kkinase crystal structures and predict compound
binding affinity (presented as a Glide score where a lower
score represents lower energy and thus greater affinity). The
Glide programme searches the positional, orientational and
conformational space available to the ligand using a series of
hierarchical filters. The programme semi-quantitatively ranks
the ability of a ligand to bind to a specified conformation of
the protein receptor. The Glide score represents a combined
energy of the interaction including energy from charged-
charged hydrogen bond motifs and rewards for pi-stacking
and pi-cation interactions. Images from Glide software are
used in this publication (Figures 2, Supporting Information
Figures S1A, S1B, S2A and S2B). The binding mode of com-
pounds within the VEGFR2 kinase domain (with respect to
hydrogen bonding) was confirmed to be similar to that of a
derivative of pazopanib (N*-methyl-N*-(3-methyl-1H-indazol-
6-y1)-N*-[3,4,5-tris(methyoxy)phenyl]-2,4 pyrimidinedi-
amine), the original ligand co-crystallized with VEGFR2 3CJG
(Supporting Information Figure S1B and C) (Harris et al.,
2008). A full description of the structure-activity relationship
of these compounds is currently ongoing.

3P receptor tyrosine kinase HotSpot™
profiling assay

Full-length recombinant VEGFR2, FGFR1 or FGFR3 were
incubated with 10 uM (radio-labelled) [y**P]-ATP and MgCl,
together with threefold serial dilutions of inhibitors starting
at 10, 50 and 100 uM. Inhibition of kinase activity was
assessed by measuring the relative reduction of the y**P signal
produced by autophosphorylation events on recombinant
receptor (Reaction Biology, Malvern, PA, USA). K; values were
calculated using the Cheng-Prusoff relationship as described
by the equation K; = I1Cso/(1 + ([ATP]/Kw,app)) (Cheng and
Prusoft, 1973).

SDS-PAGE and immunoblotting

HUVECs were deprived of serum in MCDB-131 medium (Invit-
rogen, Amsterdam, Netherlands) containing 0.2% (w/v) BSA
for 3 h and pretreated with inhibitors for 1 h before stimula-
tion with 25 ng-mL™" (0.54 nM) VEGF-A for 7.5 min in the
presence of inhibitors, 50 ng-mL™" (3.1 nM) bFGEF, 50 ng-mL™!
(7.8 nM) EGF or 100 ng-mL™" (13.3 nM) IGF-1 for 10 min in
the presence of inhibitors. Cells were lysed in 2% (w/v) SDS in
PBS and lysates were boiled and sonicated briefly before the
protein content was quantified using a bicinchoninic acid
assay. Samples were resuspended in Laemmli buffer and boiled
for 5 min before electrophoresis on a denaturing 10% poly-
acrylamide gel. Proteins were transferred to nitrocellulose
membranes and probed with appropriate antibodies. Immu-
noreactive proteins were visualized by enhanced chemilumi-
nescence using a Fuji LAS-3000 imaging system (Raytek
Scientific, Sheffield, UK). Band intensity was quantified by 2D
densitometry using AIDA software (Fujifilm, Fuji, Japan).

Scratch wound healing assay
Confluent HUVECs were deprived of serum for 3 h and pre-
treated with chemical inhibitors for 1 h before a cross-shaped

Novel VEGFR2 inhibitor

scratch wound was made through the cell monolayer with a
1 mL plastic pipette of 0.9 mm tip width. Wounded cell
monolayers were washed with PBS, photographed and stimu-
lated with 25 ng-mL™" VEGF-A in the presence of inhibitors
during a 24 h recovery period, and analysis of wound closure
was monitored using digital microscopy. Wound closure was
calculated using NIH Image ] software and represented as %
by ((width before — width after)/width before) x 100.

MTS cell proliferation assay

HUVECs were seeded at 2000 cells per well in 96-well plates,
treated with inhibitors for 16 h and incubated with 20 puL
CellTiter 96® AQueous One Solution Reagent (Promega,
Southampton, UK) for 4 h until sufficient colour change had
been reached. The active compound in the reagent 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)- 2H-tetrazolium (MTS) is reduced by cellular
succinate dehydrogenase to produce a formazan product.
Absorbance of formazan at 490 nm was measured.

Fibroblast co-culture assay

pHFF were grown to confluence in a 48-well plate in Dulbec-
co’s modified Eagles medium (DMEM) and then 7500
HUVEC:s seeded as a secondary layer in a two-cell co-culture
model. After 24 h, the co-culture was incubated in endothe-
lial growth medium supplemented with 25 ng-mL" VEGF-A
and either DMSO or an appropriate drug for 7 days. The
co-cultures were fixed and stained for the endothelial-specific
marker PECAM-1 and further with anti-mouse HRP. Tubes
were visualized under a light microscope using nickel-
enhanced 1,1,diaminobenzidine/urea/hydrogen peroxide
development. For immunofluorescence analysis, co-cultures
were made on coverslips, and PECAM-1 staining was visual-
ized using AlexaFluor594-conjugated anti-mouse secondary
antibody (Invitrogen) followed by examination with a
Deltavision wide-field deconvolution microscope equipped
with a 60x objective (Applied Precision Inc., Issaguah, WA,
USA).

Statistical analysis

Data were analysed using ANOVA with Tukey’s post-hoc
test using GraphPad Prism software (La Jolla, CA, USA).
Significant difference denoted by *P < 0.05, **P < 0.01 or
***p < 0.001.

Results

JK-P compounds are predicted to bind in the
ATP binding pocket of VEGFR2 and FGFRs
with high affinity

As part of an ongoing research programme to identify novel
inhibitors of the VEGFR2 tyrosine kinase, de novo design
methods, for example SPROUT and Glide (Boda and Johnson,
2006; Agarwal and Fishwick, 2010), were applied to an avail-
able crystal structure of the VEGFR2 cytoplasmic tyrosine
kinase domain (PDB code: 3CJG) (Harris ef al., 2008). Using
these structure-based methods, a series of compounds with a
pyrazole core were identified as potential VEGFR2 inhibitors
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Figure 1

Structure and optimization of JK-P3 and JK-P5 compounds. Key steps in the optimization of JK-P3 pyrazole and JK-P5 indazole, including the

predecessor pyrazoles Compound 1 and Compound 2.

Table 1

Comparison of estimated binding affinities (pK; values) of JK-P com-
pounds to VEGFR2, FGFR1 and FGFR3 kinase domains in silico, as
predicted using SPROUT programme (see Methods section)

Estimated pK;

Compound VEGFR2
JK-P3 -8.44 -6.94 -8.71
JK-P5 -9.16 —-7.29 -9.01

(Figure 1). In an initial in silico screen using the Glide pro-
gramme, Compound 1 was docked into the VEGFR2 tyrosine
kinase domain and was predicted to make two hydrogen
bond contacts with the protein (data not shown). Optimiza-
tion by further molecular modelling led to the identification
of its reverse amide, Compound 2 (Figure 1) which had
greater predicted binding affinity than Compound 1 and
made one extra hydrogen bond contact (data not shown).
Refinement of Compound 2 through further iterations of
design and synthesis led to the identification of JK-P3 and its
benzo-fused indazole derivative, JK-P5 (Figure 1). Both JK-P
compounds had improved predicted binding to VEGFR2 with
respect to their predecessor molecules. For these compounds,
an estimated pK; was calculated using the SPROUT pro-
gramme (Table 1). Since the tyrosine kinase domain hinge
regions of VEGFR2 and related receptors FGFR1 and FGFR3
are highly conserved (Figure 2A), we wished to compare the
predicted binding affinity of JK-P3 and JK-P5 to both receptor
families (Table 1, Figure 2B). JK-P3 and JK-P5 each made three
predicted hydrogen bond contacts in the VEGFR2 ATP-
binding pocket hinge region: with the backbone carbonyl of
E917, and both the backbone carbonyl and the backbone
amino group of C919 (Figure 2B, left panels). The two com-
pounds were predicted to bind the homologous residues in
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FGFR1 (ES562 and A564, respectively) (Figure 2B, right panels)
and the same residues in FGFR3 (data not shown). Both
compounds exhibited comparatively greater binding affinity
to VEGFR2 and FGFR3 (predicted pK; of -8 or less), compared
to FGFR1 (predicted pK; of —7) (Table 1). In comparison to
JK-P3, JK-P5 was predicted to bind with greater affinity to all
three kinases (Table 1), which may be due to an extra pre-
dicted intramolecular hydrogen bond contact within this
compound (Figure 2). In silico docking studies predicted the
orientation and binding mode of JK-P3 and JK-PS to be
similar to that of a pazopanib derivative (the original
co-crystallized ligand) (Supporting Information Figure S1).
Key hydrogen bond donor and acceptor atoms on the
compounds were overlapping (Supporting Information
Figure S1B).

JK-P compounds inhibit the intrinsic tyrosine
kinase activity of VEGFR2 and FGFRs

To test the effects of JK-P3 and JK-P5 on the intrinsic tyrosine
kinase activity of VEGFR2, FGFR1 and FGFR3, we used an in
vitro kinase assay. Both compounds showed dose-dependent
inhibition of tyrosine kinase activity using purified recombi-
nant VEGFR2, FGFR1 and FGFR3 (Figure 3), although JK-P3
was clearly a much less potent inhibitor of FGFR1 (Figure 3A).
JK-P3 and JK-P5 showed similar inhibitory profiles for
VEGFR2, which were not significantly different (K; ~ 5.4 uM;
P <0.01) (Table 2). Both compounds began to inhibit VEGFR2
kinase activity at a concentration of ~50 nM (Figure 3). The
results of the kinase assay were mostly in keeping with our
prediction derived from modelling: JK-P5 was the more
potent inhibitor and both compounds in general inhibited
FGFR3 > VEGFR2 > FGFR1. However, JK-P5 exhibited com-
paratively less potent inhibition of VEGFR2 than previously
predicted (Tables 1 and 2). It is useful to compare the potency
of these compounds with known VEGFR2 inhibitors using
this in vitro assay. Both JK-P3 and JK-P5 were more potent
than SUS416 in terms of K; value (JK-P3, 5.65 uM; JK-PS,



A
VEGFR2 VEFCKFGN.
FGFR1 VEYASKGN.
FGFR3 VEYAAKGN.
B
VEGFR2 FGFR1
JK-P3
JK-P5
Figure 2

Predicted binding mode of JK-P3 and JK-P5 within the VEGFR2 and
FGFR1 tyrosine kinase domains. (A) Amino acid sequence homology
within the hinge region of VEGFR2, FGFR1 and FGFR3 kinase
domains. Key residues important for JK-P compound binding are
highlighted in bold text. (B) JK-P3 and JK-P5 were docked into
VEGFR2 and FGFR1 tyrosine kinase domain using Glide programme
to predict binding pose and hydrogen bond contacts formed (see
Methods section). Pink carbon backbone denotes JK-P3; magenta
carbon backbone denotes JK-P5; green carbon backbones denote
key amino acid residues in tyrosine kinase domain; black dotted lines
denote hydrogen bonds. White, hydrogen; blue, nitrogen; red,
oxygen; yellow, sulphur.

5.26 uM; SUS5416, 6.41 uM), but were approximately one
order of magnitude less potent than sunitinib and PTK787
(sunitinib, 0.42 uM; PTK787, 0.23 uM).

JK-P3 inhibits VEGF-A-mediated VEGFR2
phosphorylation and downstream signalling,
but does not inhibit signalling by other
growth factors

The VEGF-A-stimulated VEGFR2 intracellular signalling
pathway involves phosphorylation of serine, threonine and
tyrosine residues on effector proteins (Bruns etal., 2010;
Latham ef al., 2012). These include the generation of PLCy1-
pY783, Akt-pS473 and the dual phosphorylated ERK1/2-
pT202/pY204. Phosphorylation of these proteins stimulates
enzymatic activity and influences endothelial cell migration,
proliferation and survival (Koch et al., 2011). To assess the
inhibitory efficacy of the two most promising compounds on
these pro-angiogenic signalling events, JK-P3 and JK-P5 were
assayed by immunoblotting on VEGF-A-stimulated cells
(Figure 4). At 10 puM, JK-P3 almost completely inhibited

Novel VEGFR2 inhibitor
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Inhibition of VEGFR2, FGFR1 and FGFR3 tyrosine kinase activity by
JK-P compounds. (A) Inhibition of kinase activity by JK-P3 and (B)
inhibition of kinase activity by JK-P5. ICso curves were generated by
incubating recombinant receptor with (radio-labelled) [y**P]-ATP and
a concentration range of each inhibitor (5 nM to 100 uM). Inhibition
was assessed by measuring relative reduction of the y*3P signal. Data
are presented as mean=*SEM (n = 3); ICs, values were derived from
the curves shown and K; values using the Cheng-Prusoff equation
(see Methods section).

VEGFR2 Y1175 phosphorylation, a key hallmark of VEGFR2
activation that stimulates pro-angiogenic responses by endot-
helial cells (Figure 4A and B). JK-P3 also inhibited VEGF-A-
stimulated PLCyl, Akt and ERK1/2 phosphorylation
(Figure 4A). In contrast, JK-PS5 failed to inhibit VEGFR2 phos-
phorylation in response to a VEGF-A pulse (Figure 4C and D).
While JK-P5 also failed to inhibit PLCyl phosphorylation,
there was partial inhibition of Akt and ERK1/2 phosphoryla-
tion (Figure 4C). One possibility is that this phenomenon is
due to off-target effects of the JK-P5 compound. Thus, JK-P3 is
the more potent inhibitor of VEGF-A-stimulated intracellular
signalling in endothelial cells. Since these compounds also
inhibit FGFR kinase activity (Figure 3), we tested the ability of
JK-P3 and JK-PS to inhibit intracellular signalling in response
to a bFGF pulse. Neither compound inhibited bFGF-
stimulated ERK1/2 phosphorylation at concentrations up to
10 uM  (Supporting Information Figure S2A). In addition,
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Table 2

Inhibition of VEGFR2, FGFR1 and FGFR3 tyrosine kinase activity by JK-P compounds

1C5o value (uM)

K value (uM)

Compound VEGFR2 FGFR1 VEGFR2
JK-P3 7.83 £ 0.66 27.0 = 0.18 5.18 = 0.30 5.65 = 0.48 7.71 £ 0.07 3.97 £0.23
JK-P5 7.28 £ 0.19 11.4 £ 0.71 3.21 £ 0.15 5.26 = 0.13 3.25 £ 0.20 2.46 = 0.11

JK-P3 and JK-P5 differentially inhibited the intrinsic tyrosine kinase activity of all three receptors. ICso curves and K; values were generated using

an in vitro kinase assay (see Methods section).

both compounds failed to inhibit EGF-stimulated Akt and
ERK1/2 phosphorylation and IGF-1-stimulated Akt phospho-
rylation at the same concentration range (Supporting Infor-
mation Figure S2B and C).

Effects of JK-P compounds on
VEGF-A-stimulated endothelial wound
healing and cell proliferation

Endothelial cell migration and proliferation are important
steps in angiogenesis and key functional outputs of VEGF-A-
stimulated intracellular signalling (Bruns et al., 2010; Koch
etal., 2011). A simple in vitro model that reproduces early
events during angiogenesis is a cell monolayer scratch wound
assay. A denuded region was created in a confluent endothe-
lial monolayer, and the migration of cells into the wounded
region was monitored over 24 h in the presence of DMSO
(control), JK-P3 or JK-P5 (Figure 5). In the presence of exog-
enous VEGF-A alone, average endothelial wound closure was
~42% (Figure SA and B). JK-P3 failed to inhibit VEGF-A-
stimulated wound closure at 1 uM, but at 10 uM wound
closure was inhibited by ~90% (Figure 5A). JK-P5 did not
significantly inhibit endothelial wound closure at either 1 or
10 uM (Figure SB). To further test the effects of JK-P3 on
endothelial cell proliferation, we used the MTS assay. This
assay measures metabolic enzyme activity and is thus a
measure of cell viability; however, the absorbance readout
correlates directly with cell number (Richardson et al., 1995).
Intriguingly, JK-P3 failed to inhibit endothelial cell prolifera-
tion at a range of concentrations but paradoxically elicited a
small but significant increase in cell proliferation at certain
lower concentrations (Figure 5C). JK-PS also did not inhibit
cell proliferation (Figure 5D). These data were confirmed
using an alternative cell proliferation assay (bromo-
deoxyuridine incorporation), which showed a similar trend
(data not shown).

JK-P3 inhibits in vitro angiogenesis

During blood vessel sprouting, lumen formation is dependent
on the ability of endothelial cells to form into three-
dimensional tubular structures (Carmeliet, 2005). In an in
vitro model of angiogenesis, endothelial cells incubated in the
presence of growth factors and secreted proteins from fibro-
blasts can elongate and branch to form hollow tubes
(Newman et al., 2011). These cellular structures can be exam-
ined at low resolution using light microscopy by measuring
both the tube length and the number of tubular branch points
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(Figure 6A). Alternatively, high-resolution microscopy can be
used to examine individual cellular phenotypes including
intracellular protein localization (Figure 6B). This assay was
thus used to examine the effects of novel small-molecule
inhibitors on endothelial cell physiology (Figure 6A and B).
VEGF-A is a potent stimulus of directional tubule formation
and branching and promotes extensive lamellipodial and
filopodial projection (Figure 6A and B, first panel). In contrast,
bFGF is a less potent stimulus of tubulogenesis in this assay,
eliciting ~50% tubule formation and branching in compari-
son to VEGF-A (Figure 6C and D); tubules appear narrower
and less organized, but many filopodia are still evident
(Figure 6A and B, fourth panel). Consistent with our data from
the scratch wound assay, JK-P3 failed to significantly inhibit
VEGF-A-stimulated endothelial tube formation at 1uM
(Figure 6). However, at 10 uM, JK-P3 almost completely inhib-
ited the ability of endothelial cells to form into elongated
hollow tubes in the presence of VEGF-A (Figure 6C) with no
evidence of branching (Figure 6D). It is important to note that
during treatment with JK-P3 at 10 uM, endothelial cells
remain viable in small islands without lamellipodia or filopo-
dia (Figure 6A and B, third and sixth panels). Surprisingly, at a
relatively low 1puM concentration, JK-P3 inhibited bFGEF-
stimulated tube formation by ~70% (Figure 6C and D) with
evidence of only vestigial lamellipodia (Figure 6B, fifth panel).

Discussion

VEGFR2 is an important therapeutic target in the treatment
of diseases characterized by excessive angiogenesis, such as
cancer (Jain et al., 2006; Carmeliet and Jain, 2011). VEGFR2
inhibitors currently in clinical use include sunitinib, a pro-
miscuous drug that also inhibits the platelet-derived growth
factor receptor (PDGFR), c-Kit and FIt-3 kinases (Mendel et al.,
2003; Hasinoff and Patel, 2010) and sorafenib, a multi-kinase
inhibitor of VEGFRs, PDGFR, Raf and c-Kit (Wilhelm et al.,
2008). The advent of structure-based lead optimization has
revolutionized the discovery of such drugs (Noble efal.,
2004). In the present study, we describe the de novo structure-
based identification, design and mechanism of action of a
VEGFR2 kinase inhibitor of a novel chemical class, JK-P3.
During de novo design, JK-P3 was predicted to target the
VEGFR2, FGFR1 and FGFR3 kinase domains and bind with
high affinity. JK-P3 makes hydrogen bond contacts with E917
and C919 of VEGFR2, the same residues as predicted for
binding of indolinones such as SU5416 and sunitinib
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Inhibition of VEGFR2 phosphorylation and intracellular signalling in response to VEGF-A in primary endothelial cells. Cells were treated for 7.5 min
with VEGF-A (25 ng-mL™) in the presence of (A) JK-P3 or (C) JK-P5 at between 10 nM and 10 uM concentration and processed for immunoblotting
using anti-phospho VEGFR2 (Y1175), anti-VEGFR2, anti-phospho-PLCy1 (Y783), anti-PLCy1, anti-phospho-Akt (5473), anti-Akt, anti-phospho-
ERK1/2 (T202/Y204), anti-ERK1/2 and anti-alpha-tubulin antibodies. (B) Quantification of VEGFR2 inhibition by JK-P3. (D) Quantification of
VEGFR2 inhibition by JK-P5. Data are presented as mean = SEM (n = 3). Significant inhibition of VEGFR2 phosphorylation denoted by ***P < 0.001

using ANOVA.

(Latham et al., 2012). Additional residues reported to be
involved in inhibitor binding to VEGFR2 include D1046 for
anilinophthalazines and E883, N923 and K868 for pyrimi-
dine analogues (Miyazaki etal., 2005; Harris et al., 2008;
Latham et al., 2012). In an in vitro kinase assay, JK-P3 inhib-
ited the intrinsic catalytic activity of the VEGFR2, FGFR1 and
FGFR3 tyrosine kinases. Particularly noteworthy is that JK-P3
exhibits comparatively greater inhibition of VEGFR2 than
FGFR1, a property observed only of more selective VEGFR
inhibitors, for example PTK787 (Latham etal., 2012). In
primary endothelial cells, JK-P3 inhibited VEGFR2 phospho-

rylation, activation and downstream signalling in response to
VEGF-A treatment, but did not inhibit intracellular signalling
in response to other growth factors bFGF and EGF and also
IGF-1, a growth factor shown to be important for vascular
homeostasis (Imrie et al., 2009). In addition, JK-P3 decreased
VEGF-A-stimulated endothelial cell migration in the wound
healing assay, a recapitulation of an important early step in
angiogenesis. However, JK-P3 failed to inhibit endothelial cell
proliferation at an equivalent concentration. This finding is
in agreement with other studies where structurally unrelated
compounds that target VEGFR2 tyrosine kinase activity have
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JK-P3 inhibits VEGF-A mediated endothelial wound healing but not cell proliferation. Scratch-wounded cell monolayers were stimulated with
VEGF-A (25 ng-mL™") in serum-free conditions in the presence of 1 uM or 10 uM of (A) JK-P3 or (B) JK-P5. An MTS assay was performed on HUVECs
treated with a range of inhibitor concentrations in full growth medium. Effects of (C) JK-P3 and (D) JK-P5 on HUVEC proliferation were measured.
Reduction of MTS reagent to formazan product was assessed by measuring absorbance at 490 nm. Data are presented as mean * SEM (n = 5).

Significant difference denoted by *P < 0.05 or **P < 0.01 using ANOVA.

little or no inhibitory effect on cell growth at relatively high
micromolar concentrations (Tille et al., 2001; Latham et al.,
2012). Finally, we showed that JK-P3 inhibits angiogenesis in
vitro in an endothelial tubulogenesis assay in co-culture with
fibroblasts. Despite the lack of inhibition of bFGF-mediated
signalling by JK-P3, this compound attenuated both VEGF-A
and bFGF-stimulated tubulogenesis. While this was unex-
pected, we must not overlook the contribution of full growth
medium (which already contains growth factors) to endothe-
lial tube formation in co-culture. Since endothelial wound
closure was inhibited but cell proliferation was unaffected by
JK-P3, we propose that the major anti-angiogenic activity of
this compound is exerted through inhibition of cell migra-
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tion. A related compound, JK-P5 was also predicted to target
VEGFR2 and FGFRs in a molecular model and showed
enhanced inhibitory activity against these receptors in vitro
compared to JK-P3. However, JK-P5 failed to inhibit VEGFR2
activation, growth factor-stimulated signalling and VEGEF-A-
stimulated wound closure in endothelial cells. One possibility
is that JK-PS has structural constraints that prevent it from
crossing the plasma membrane bilayer. However, the
observed inhibition of Akt and ERK1/2 signalling pathways
by JK-PS in this study would argue otherwise. Recent work by
our group has further highlighted the importance of such
thorough molecular, biochemical and cell biological charac-
terization of lead compounds with potential therapeutic



Novel VEGFR2 inhibitor

VEGF-A bFGF

DMSO JK-P31yM  JK-P3 10uM DMSO JK-P3 1uM JK-P3 10puM

30000- - 30+
§3 8¢
Eo 55
5T 20000 5 = 201
() @ 1 2
R — Q-
= L =
o g E 8_
2 2 10000- 2 c 104 T
C - c 3] = =
o D | =3
% 5 *% 8 o *%
- o~ *kKk = L Sedede I--I Fek
0- - 0- T T T T
N N Y h Y
&° ,\~§“ Q@“ &° ,\Q‘-’ Q@“ &° ,ﬁ“ Q&“‘ &° ,\e?“’ Q&“
() ny N [s) ny N [s) y N [s) ny N
F Y F WY N P R
VEGF-A bFGF VEGF-A bFGF

Figure 6

JK-P3 inhibits endothelial tube formation in response to VEGF-A or bFGF. (A) Endothelial tubulogenesis stimulated by the presence of VEGF-A or
bFGF in an endothelial-fibroblast co-culture model was evaluated for the effects of JK-P3 over a 7-day period. (B) High-resolution fluorescent
images depicting endothelial cell phenotypes and filopodia formation during tubulogenesis in the presence of JK-P3. (C) Quantification of
endothelial tube length and (D) quantification of endothelial tube branch point formation. Quantification performed using Image | software. Data
are presented as mean* SEM (n = 10). Significant difference denoted by **P < 0.01 or ***P < 0.001 using ANOVA.
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efficacy (Latham et al., 2012) before conducting animal and
clinical studies.

JK-P3 is a potent inhibitor of VEGFR2 activity with a steep
curve of inhibition at concentrations between 1 and 10 uM.
While this range is comparable to recently identified lead
compounds (Zhang et al., 2011), the ICs, values of many
clinical and preclinical VEGFR2 inhibitors lie in the nanomo-
lar range (Latham et al., 2012). This leaves considerable scope
for optimizing the pyrazole/indazole scaffold as VEGFR2
inhibitors. Indeed, a series of similar indenopyrazoles and
related compounds have been identified as inhibitors of
VEGFR2 and other protein kinases (Krystof etal., 2006;
Dinges etal., 2007; Usui etal., 2008). Inhibitor selectivity
against a panel of kinases can be achieved by exploring the
size of the gatekeeper residue; for example, in cyclin-
dependent kinase 2, a bulky phenylalanine contributes to
significant steric hindrance, whereas in VEGFR2, this is
replaced with a less hydrophobic valine at the equivalent
position (Krystof et al., 2006; Zuccotto et al., 2010).

In addition to VEGFR2, JK-P compounds also show inhibi-
tory activity on FGFR Kkinases, a related receptor tyrosine
kinase subfamily with high sequence homology. The target
specificity of tyrosine kinase inhibitors is a key determinant of
clinical efficacy (Noble et al., 2004). To date, the most success-
ful VEGF-related therapies have been multi-targeted small-
molecule inhibitors such as sorafenib and sunitinib, which
have provided the greatest improvement in progression-free
survival in cancer patients (Jain et al., 2006). However, off-
target inhibition by these drugs is postulated to be the major
cause of side effects including cardiotoxicity (Hasinoff and
Patel, 2010; Zhang et al., 2011). Thus, maintaining the correct
balance of inhibition of a small but select panel of receptors,
for example VEGFRs and FGFRs, appears clinically important.
Indeed so-called ‘selectively non-selective’ drugs are deemed
useful to overcome signalling pathway redundancies
(Morphy, 2010). Several dual FGFR-VEGFR tyrosine kinase
inhibitors are currently under development, for example, bri-
vanib (Bristol-Myers Squibb, Uxbridge, UK), TKI-258 (Novar-
tis, Basel, Switzerland), Vargatef (Boehringer Ingleheim,
Bracknell, UK) and RO438596 (Roche, Basel, Switzerland)
(Knights and Cook, 2010).

In summary, the present study not only identifies a novel
VEGFR2 inhibitor scaffold but also uses pioneering structure-
based design technology to rapidly identify potent small-
molecule inhibitors. JK-P3 is a potent inhibitor of the
VEGEFR2 tyrosine kinase and VEGF-A-stimulated angiogenesis
with some inhibitory effect on FGFR kinases in vitro. These
results thus provide an important basis for the development
of multi-tyrosine kinase inhibitors for clinical use in the near
future.
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Figure S1 Confirmation of JK-P3 and JK-P5 binding mode
within the VEGFR2 tyrosine kinase domain. (A) Docking
overlay of JK-P3 and JK-P5 and (B) docking overlay of JK-P3
and co-crystallized pazopanib derivative in VEGFR2 tyrosine
kinase domain. (C) Chemical structure of pazopanib deriva-
tive. Pink carbon backbone denotes JK-P3; magenta carbon
backbone denotes JK-PS; yellow carbon backbone denotes
pazopanib derivative. White, hydrogen; blue, nitrogen; red,
oxygen.

Figure $2 JK-P3 and JK-P5 do not inhibit bFGF-, EGF- or
IGF-1-mediated signalling in endothelial cells at concentra-
tions up to 10 uM. Cells were treated for 10 min with (A)
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bFGF (50 ng-mL") (B) EGF (50ng-mL") or (C) IGF-1
(100 ng-mL™) in the presence of JK-P3 or JK-P5 at between
10 nM and 10 uM concentration and processed for im-
munoblotting using anti-phospho-Akt (S473), anti-Akt,
anti-phospho-ERK1/2 (T202/Y204), anti-ERK1/2 and anti-
alpha-tubulin antibodies.
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