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Abstract

Vascular Endothelial Growth Factor-C (VEGF-C) is a secreted growth factor essential for

lymphangiogenesis. VEGF-C functions in both physiological and pathological

lymphangiogenesis, particularly in tumor metastasis, making it an attractive therapeutic target.

Members of two families of cell surface receptors transduce VEGF-C signals, Neuropilin-2 (Nrp2)

and VEGF-receptor (VEGFR)-2/3. Nrp2 is a promising target for inhibition since it is highly

expressed in lymphatic vessels. Here we describe a microplate-based assay for discovery of

VEGF-C/Nrp2 inhibitors. We optimize this assay for use in screening an inhibitor library and

identify three novel Nrp2/VEGF-C binding inhibitors from the NIH Clinical Collection small

molecule library.
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Neuropilin-2 (Nrp2) is highly expressed in lymphatic endothelial cells where it is important

for physiological lymphangiogenesis and can contribute to pathological tumor

lymphangiogenesis [1-3]. Additionally, expression of Nrp2 and its ligand, vascular

endothelial growth factor-C (VEGF-C), are induced in a variety of cancer types and their

expression is directly correlated with metastasis to regional lymph nodes and advanced stage

disease. Thus, blocking Nrp2 activation by VEGF-C represents a promising anti-

lymphangiogenesis therapeutic strategy. Mature VEGF-C, produced through proteolytic

removal of N- and C-terminal pro-peptides, binds domains b1b2 of Nrp2 [4]. A number of

C-terminal arginine containing molecules have been identified as inhibitors of Nrp/ligand

binding [5]. However, these compounds have limited potency and thus identification of

inhibitors that target secondary binding sites are of significant interest [6]. To identify novel

small molecule inhibitors of VEGF-C binding to Nrp2-b1b2, we developed and optimized
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an assay that utilizes Nrp2-affinity plates and an alkaline phosphatase (AP) fusion of VEGF-

C (AP-VEGF-C) for detection of competitive inhibitors of ligand binding. We used this

assay to screen the National Institutes of Health (NIH) Clinical Collection, provided through

the NIH Molecular Libraries Roadmap Initiative, and we report the identification of three

inhibitors of VEGF-C binding to Nrp2.

To make Nrp2-b1b2-affinity plates, we expressed domains b1b2 of human Nrp2 (Nrp2-

b1b2, residues 276-595) in Escherichia coli (E. coli) strain Rosetta Gami-2(DE3)

(Novagen/EMD Millipore, Billerica, MA) as a hexa-histidine fusion protein from pET28b

(Novagen/EMD Millipore). Nrp2-b1b2 was purified in a two-step process via immobilized

metal affinity chromatography (IMAC) (HIS-Select HF Nickel Affinity Gel, Sigma-Aldrich,

St. Louis, MO) followed by heparin affinity chromatography (HiTrap Heparin HP, GE

Healthcare Life Sciences, Pittsburgh, PA) [7]. Purified Nrp2-b1b2 was then diluted to 50

μg/mL with 50 mM Na2CO3 pH 10.4 and immediately added to 96-well protein high-bind

microplates (Plate #9018, Corning, Corning, NY) and incubated for 1 h at 37°C. Bovine

serum albumin (BSA) (Simga-Aldrich) was used to coat control wells. The plate was then

aspirated, washed 5× 100 μ L with PBS-T (phosphate buffered saline, 0.1% Tween 20), and

stored with 100 μ L PBS-T at 4°C. To detect VEGF-C binding to Nrp2-affinity plates, we

produced mature mouse VEGF-C (residues 108-223) fused at its N-terminus to the reporter

gene alkaline phosphatase (AP) (AP-VEGF-C). APVEGF-C was expressed via PEI

mediated transient transfection of Chinese hamster ovary suspension cells (CHO-S) [8, 9]

from the pAPtag-5 vector (GenHunter Corporation, Nashville, TN). AP-VEGF-C

conditioned media was then buffer exchanged into assay buffer (50 mM NaCl, 200 mM Tris

pH 7.4) and concentrated to an activity of 7 × 10−1 u/mL. AP-VEGF-C binding to Nrp2-

b1b2-affinity plates was detected by adding 100 μL of 1X AP substrate and the evolution of

para-nitrophenol phosphate was monitored by measuring 405 nm absorption on a microplate

reader. Prior to analysis the absorbance of the control wells (BSA-coated) was used to

background correct the data.

The assay conditions for screening, including pH and buffer, salt, and DMSO concentration,

were optimized. First, we analyzed AP-VEGF-C binding to Nrp2-b1b2-affinity plates over a

pH range of 3 to 9 (Fig. 1A). 100 mM citrate was used to buffer samples with a pH less than

6.5 and 100 mM Tris was used to buffer samples with a pH greater than 6.5. The highest

AP-VEGF-C binding was observed as a stable plateau between pH = 5.5 and pH = 8.

Reduction of pH below 5 eventually resulted in a complete loss of binding. The observed pH

sensitivity of AP-VEGFC/Nrp2-b1b2 binding is consistent with the known requirement for a

C-terminal arginine in Nrp ligands [7, 10]. In light of the observed sensitivity of AP-VEGF-

C/Nrp2-b1b2 binding to extremes in pH, we determined the effect of buffer concentration on

binding (Fig. 1B). AP-VEGF-C binding to Nrp2-b1b2-affinity plates was analyzed at

physiological pH = 7.4 with Tris concentrations between 0 mM and 500 mM. The assay

tolerated a range of Tris concentrations, with the highest binding observed at 150 mM.

Additionally, we determined the effect of ionic strength on AP-VEGF-C/Nrp2-b1b2 binding

(Fig. 1C). Binding was measured in 200 mM Tris pH 7.4 over a range of NaCl

concentrations, from 0 mM to 300 mM. The highest AP-VEGF-C binding was observed at

50 mM NaCl and greater than 75% binding was observed for all other NaCl concentrations
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tested. Collectively, we used these data to define the assay buffer as 50 mM NaCl, 200 mM

Tris pH 7.4 for producing the highest signal-to-noise while maintaining tight control over

pH.

As a final optimization step, we determined the effect of dimethylsulfoxide (DMSO), a

common solvent used in small molecule libraries, on AP-VEGF-C binding to Nrp2-b1b2-

affinity plates (Fig. 1D). AP-VEGF-C was prepared in assay buffer and binding to Nrp2-

b1b2 was analyzed in the presence of increasing concentrations of DMSO, from 0% to 10%

(v/v). DMSO markedly inhibited AP-VEGF-C/Nrp2-b1b2 binding with 60% of AP-VEGF-

C binding lost at 2% DMSO. Therefore, in order to maintain robust assay signal, a

maximum of 2% DMSO was not exceeded in subsequent experiments.

With the optimized assay conditions, we then validated our approach by testing the ability of

the Nrp-binding inhibitory peptide, ATWLPPR [11-13], which was initially identified as a

competitive inhibitor of Nrp1 ligand binding, to inhibit AP-VEGF-C binding to Nrp2-b1b2

(Fig. 2A). Serial dilutions of ATWLPPR from 300 μM to 3 μM were prepared in assay

buffer containing AP-VEGFC and 2% DMSO. ATWLPPR fully inhibited AP-VEGF-C/

Nrp2-b1b2 binding with an IC50 = 43 μM. This is consistent with the previously published

potency of this peptide against Nrp1 (IC50 = 60 μM) and confirms that the core ligand

binding pocket engaged by ATWLPPR is conserved between Nrp1 and Nrp2 [11]. These

data confirm the functionality of our assay in characterizing inhibitors of VEGF-C/Nrp2-

b1b2 binding.

C-terminal arginine-like compounds have established efficacy for inhibition of VEGF/Nrp

binding [14]. However, these compounds suffer from limited potency and thus we aimed to

identify non-C-terminal arginine-like inhibitors. The NIH Clinical Collection is a diverse

small molecule library of approximately 450 drug-like compounds that have a history of

clinical testing with known safety profiles. We screened the NIH Clinical Collection for

inhibitors of VEGF-C/Nrp2-b1b2 binding (Fig. 2B, PubChem BioAssay AID: 16941),

testing each compound at 200 μM (2% DMSO). The quality of the results were evaluated by

two commonly used parameters in high-throughput screens: signal-to-noise (S/N) and Z-

factor (Z), the latter takes into account both the assay dynamic range and signal variability.

By these two parameters our assay was defined as high quality with an average across-plate

S/N = 32 and Z = 0.55 [15]. The data were Z-score normalized (rescaled to set the mean

signal (μ) = 0 with a standard deviation (μ) = 1) [16], thus allowing direct comparison of

each compound’s activity across different plates. The Z-score for each compound was

plotted and a stringent “hit” criteria was defined as differing by more than 3.5 standard

deviations from the mean. This selection criteria restricted hits to <1% of the screened

compounds and included only inhibitors (Fig. 2B, dashed line). Importantly, all hit

compounds were tested for the ability to directly alter the activity of AP, resulting in a false

positive, and no effect was observed.

Three compounds exceeded the criteria for a hit: Zafirlukast (μ = -5.3), dihydrexidine HCl (μ

= −4.3), and Actinomycin D (μ = −4.0). Each hit was confirmed by preparing a concentrated

compound stock (50 mM) in 100% DMSO and measuring the inhibitory potency against

APVEGF-C/Nrp2-b1b2 binding in triplicate (Fig. 2C). All hit compounds showed greater
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than 90% inhibition of AP-VEGF-C/Nrp2-b1b2 binding and their relative potencies were

consistent with the initial screen. Zafirlukast (Santa Cruz Biotechnology, Dallas, TX) was

the most potent inhibitor with an IC50 = 66 μM, dihydrexidine hydrochloride (Tocris

Bioscience, Bristol, UK) was the weakest inhibitor (IC50 = 113 μM), and Actinomycin D

(Tocris Bioscience) fell in between these two compounds (IC50 = 92 μM). Zileuton (Santa

Cruz Biotechnology), a drug structurally distinct from Zafirlukast but also a leukotriene

receptor antagonist, was tested alongside the compounds and showed no ability to inhibit

AP-VEGF-C/Nrp2-b1b2, indicating the specific activity of these compounds.

Here we report the development of a VEGF-C/Nrp2 binding assay that we used to screen a

small molecule compound library for inhibitors. We identified three novel inhibitors of

VEGFC/Nrp2 binding. Intriguingly, both Actinomycin D and Zafirlukast are used to treat

disease states, tumor angiogenesis and asthma, respectively, where anti-angiogenesis has

been suggested to be an important beneficial secondary effect of treatment [17, 18]. In both

cases, a direct contribution of Nrp inhibition in the biological activities of these compounds

is an important area for future studies. Additionally, the development of this assay opens the

door for screening other large chemically diverse small molecule libraries to identify more

potent inhibitors of VEGF-C function. Notably, none of the three molecules identified

contain a C-terminal arginine-like moiety (Fig. 2D), thus providing novel lead compounds

for optimization and combinatorial approaches towards the production of a potent and

selective Nrp2 inhibitor.
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Figure 1. Assay optimization
(A) The pH sensitivity of AP-VEGF-C/Nrp2-b1b2 binding was analyzed over a pH range of

3 to 9. (B) The effect of increasing Tris concentrations on APVEGF-C/Nrp2-b1b2 was

determined. (C) AP-VEGF-C/Nrp2-b1b2 binding was analyzed for a range of NaCl

concentrations. (D) DMSO tolerance was determined by titrating DMSO with APVEGF-C

and analyzing binding to Nrp2-b1b2-affinity plates.
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Figure 2. Screen for small molecule inhibitors
(A) The ability of the peptide ATWLPPR to inhibit AP-VEGF-C/Nrp2-b1b2 binding was

determined. ATWLPPR inhibited binding with an IC50 = 43 μM. (B) The NIH Clinical

Collection small molecule library was screened for inhibitors of AP-VEGF-C/Nrp2-b1b2

binding. Three compounds exceeded the hit criteria (dashed line), reducing binding by more

than 3.5 standard deviations from the mean. (C) Hits were validated by titrating each

compound with AP-VEGF-C and measuring Nrp2-b1b2 binding. Zafirlukast, Actinomycin

D, and Dihydrexidine inhibited AP-VEGF-C/Nrp2-b1b2 binding with IC50 = 66, 92, and

113 μM, respectively. Zileuton was unable to inhibit binding. (D) Chemical structure of the

identified hit compounds.
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