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Abstract

Discovery of inhibitors for endothelial-related transcription factors can contribute to the development
of angiogenic therapies that treat diseases ranging from cardiovascular to cancer. The role of
transcription factor Vezf1 in vascular development and regulation of angiogenesis has been defined
by several earlier studies. Through construction of a computational model for Vezf1, work here has
identified a novel small molecule drug capable of inhibiting Vezf1 from binding to its cognate DNA
binding site. Using structure-based design and virtual screening of the NCI Diversity Compound
Library, 12 shortlisted compounds were tested for their ability to interfere with the binding of Vezf1 to
DNA using electrophoretic gel mobility shift assays. We identified one compound, T4, which has an
IC50 of 20uM. Using murine endothelial cells, MSS31, we tested the effect of T4 on endothelial cell
viability and angiogenesis by using tube formation assay. Our data show that addition of T4 in cell
culture medium does not affect cell viability at concentrations lower or equal to its IC 50 but strongly
inhibits the network formation by MSS31 in the tube formation assays. Given its potential efficacy, this
inhibitor has significant therapeutic potential in several human diseases raging from wound healing to

cancer.
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Introduction

Vezf1 (Vascular Endothelial Zinc Finger 1), previously named Bgp1, was discovered as a protein
binding to a poly (dG) sequence present in the neighborhood of chicken B-globin promoter (1,2).
Vezf1 belongs to the family of Kruppel-like zinc finger protein that contains six C2H2 class zinc finger
motifs (~99% identical between homologues. It is about 65kd protein and recognizes long strings of
poly (dG).poly (dC) (‘G-strings’). Biochemical studies revealed that the minimal binding site of Vezf1
is a (dG)7 string, but it also binds to a bipartite poly G string containing a (dG)® and (dG)* separated
by three to four nucleotides present in the upstream hypersensitive site 5’HS4 of chicken - globin
locus (3). Interestingly, poly G tracts are highly prevalent in CpG islands in mammalian genomes
resulting in a number of putative binding sites in these regions. Similar to some other zinc finger
proteins such as CTCF, Vezf1 is conserved on among vertebrates and the proteins are near identical

between mouse and human (4,5).

Vezf1 is ubiquitously expressed but it is highly expressed in vascular endothelium during early
development. Targeted inactivation if Vezf1 gene in mice causes embryonic lethality and it acts in a
dosage dependent fashion to regulate the development of blood and lymphatic vascular system (6,7).
Embryonic stem cells (ESCs) derived from Vezf1-- embryos differentiated into embryoid bodies were
shown to have defect sprouting angiogenesis (8). However these studies also showed that loss of
Vezf1 had no significant effect on the expression of pioneer factors that regulate vasculogenesis,
indicating a complex mechanism. Other studies have shown the function of Vezf1 in regulation of
adult angiogenesis (9,10). Using primary human endothelial cells (BVECs), Vezf1 was shown to be
functionally linked with Rho B which is a small GTPase known to be involved in angiogenesis during
post-natal retinal development (11,12). Our recent genome-wide gene expression analysis of the
Vezf1/- ESCs showed a significant high expression of the antiangiogenic factor Cited2/Mrg1 (13).
Using an in vitro endothelial cell (EC) differentiation and tube formation as model system for
angiogenesis, our data showed in the some of the defects could be rescued by reducing Cited2
expression in Vezf1- ESC derived ECs (unpublished data). To understand the mechanism, of Vezf1,
our previous studies showed a major loss of DNA methylation genome-wide with a concomitant
reduction in the expression of a major DNA methyltransferase Dnmt3b in Vezf1/- ESCs (14). We
further showed that Vezf1 binding sites overlap with the RNA polymerase 2 pausing sites genome-
wide and interacts with chromatin modifying proteins (13). However the details of Vezf1 mechanism
and how it impacts gene expression in early development or in somatic cells in not known. However

several studies have demonstrated its vital role in both embryonic and postnatal angiogenesis (5).

The development vascular system is the most critical and earliest step in development and one of the
critical requirements for tumor progression and metastasis (15,16). Several studies have led to the

identification of many transcription factors that regulate angiogenesis but most of them are not
3
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endothelial specific thus making it difficult to use them as targets for anti-cancer drug development
(17,18) however, Vezf1, is unique among endothelial factors since during development its function is
restricted to vascular system thus making it an attractive target for cancer therapeutics (6). The
factors that drive these developmental processes include the ligand-receptor signaling players
VEGF/VEGFR, angiopoietin/Tie2 and the Ephrin/Eph receptor system. Currently approved
angiogenesis inhibitors target the VEGF pathway by direct inhibition of VEGF or VEGF receptors and
few explore alternatives to this direct inhibition (19,20). New endothelial-related transcription factors
can contribute to the development of antiangiogenic therapies that treat diseases ranging from
cardiovascular disease to cancer. The need for new cancer therapeutics and the necessity to
understand the complex mechanisms involved in regulation of cell-type specific genes has increased
the demand for comprehensive characterization of small molecule inhibitors against factors such as
Vezf1 which can potentially work in a restricted fashion and block angiogenesis and hyper-

vascularization in diseased state.

In the present study we used recombinant Vezf1 protein to characterize 12 compounds that could
potentially inhibit its binding to DNA. We found T4 to block Vezf1-DNA binding at low uM
concentration. We tested the in vivo toxicity and activity of T4 by using MSS31 endothelial cells. We
show a specific inhibition of tube formation by MSS31 cells which are viable when treated with a dose
equal to IC50 of T4. We therefore report an a effective compound that can potentially block

angiogenesis without affecting cell viability.

RESULTS

Determination of DNA binding constant Vezf1 to its specific DNA sequence.

In order to perform the biochemical testing of the potential small molecule inhibitors, we first
determined the DNA binding constant of the recombinant His-Vezf1. The murine His-tagged Vezf1
was purified using the bacterial overexpression system (Figure 1A). Gel mobility shift analysis was
used to analyze the interactions of His- Vezf1 recombinant protein with 32P-labelled oligonucleotides
containing Vezf1 binding sites characterized at the chicken beta-globin insulator element. Binding
assays were carried by incubating 25 nM of radiolabeled oligonucleotides with two-fold increasing
concentration of protein ranging from 50-1000 nM in the binding buffer. Protein bound DNA runs as a
slower species on the gel (Figure 1B). The band intensities are used to determine the ratio of bound
to unbound nucleic acid on the gel which reflects the fraction of free and bound probe molecules as
the binding reaction enters the gel. The data were fitted to the following expression which directly
follows from the definition of a bimolecular binding equilibrium and was used to determine the binding

constant (Kgis) of Vezf1.
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Figure 1: A) His tagged Vezf1 was purified with affinity chromatography using Ni-NTA column. F1 and
F2 represent the eluted fractions 1 and 2 which are on SDS PAGE stained with Commassie blue. The
integrity of the recombinant protein was tested by Western blot probed with anti-His antibody. B)
EMSA (electrophoretic mobility shift assay) was performed to determine the DNA binding constant of
Vezf1. 25 nM of radiolabeled DNA were incubated with increasing amount of purified Vezf1 protein
50-1000nM). C) The band intensities of the free and bound fractions were measured using Image
Quant L software. The data were fitted into an equation of binding equilibrium to determine binding
constant of 640 nM.

Effect of small molecule inhibitors on DNA binding property of Vezf1

Next, we tested the effect of candidate inhibitors (Table 1) on the DNA binding affinity of Vezf1. Vezf1
protein at 640 nM concentration was incubated with 500 uM of potential inhibitors for 10 min. All the
12 compounds tested are soluble in water and/or DMSO. 25 nM labeled DNA was added to the
reaction and binding assays were done as described above (Figure. 2A). The bound and the free
DNA fractions were quantified and plotted (Figure 2B). Various compounds had varying effect on the
DNA binding ability of Vezf1. 3 of the 12 tested compounds, A, B and C, had the greatest degree of
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potency resulting in a near complete loss of DNA binding by Vezf1. The percent bound DNA is also

shown in Table 1.

Next we determined the minimum concentration at which these 3 compounds were effective, and
determine the IC50. DNA binding assays were done by pre-incubating 1 uM Vezf1 with varying
concentrations of the inhibitors and test the ability of Vezf1 to bind DNA using the gel shift assays.
Out of the 3 small molecule inhibitors, T4 (503-1-83) was most potent. It was able to block DNA
binding by Vezf1 effectively at a concentration of 20 uM. T6 (503-1-71) and NSC1012 inhibited DNA
binding by Vezf1 at concentrations of 100 uM and 500 uM respectively (Figure 2C).

Table 1. Summary of the compounds used and their activity
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Figure 2: A) EMSA showing the effect of candidate inhibitors on the DNA binding affinity of Vezf1.
The protein was pre incubated 500 mM of potential inhibitors for 10 min before adding the DNA to the
binding reaction. Compounds noted as A, B and C . Presence of compounds have varying effect on
the DNA binding ability of VEZF1. 3 of the 12 tested compounds, A, B and C, severely affected DNA
binding of the recombinant Vezf1. B) The bound and free reactions were quantified and plotted as
percent bound. A, B and C compounds were identified as 501-1-71, 503-1-83 and NSC1012
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respectively. C) To determine the minimum concentration at which these 3 drugs were effective, DNA
binding assays were done by pre-incubating 640 nM Vezf1 with varying concentrations of the 3
selected inhibitors, followed by DNA binding assay. As shown, 503-1-83 was most effective in
blocking DNA binding by Vezf1 at 20 uM, whereas 503-1-71 showed similar affect at about 100uM
and NSC1012 at 500uM.

Effect of small molecule inhibitors on cell viability

Following the biochemical tests, we wanted to to test the ability of these compounds to inhibit Vezf1
activity in cells. However, we first tested the cellular toxicity of some selected compounds. We tested
four candidates: T4: most potent based on IC50, followed by T6 and T5. We also tested T2 as a
control which has no effect in vitro on Vezf1 DNA binding but it has a similar structure to T4 (Figure
3A). Due its critical role in endothelial development and angiogenesis, we used MSS31, mouse
endothelial cell line, for these studies. MSS31 cells were treated with increasing concentration of the
four inhibitors for 24 hours. Cells were collected and the live cell population was counted by Bio-Rad
cell counter using Trypan Blue staining. As shown in Figure 3B, exposure to T2 and T6 causes cell
death at very low concentration. T4 is less toxic and can be tolerated until 50 um. These data show

that T4 can be tolerated by cells at concentrations close to its estimated 1C50.
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Figure 3: A) EMSA showing the effect of candidate inhibitors on the DNA binding affinity of Vezf1.

The protein was pre incubated 500 mM of potential inhibitors for 10 min before adding the DNA to the
9
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binding reaction. Presence of compounds have varying effect on the DNA binding ability of VEZF1. 3
of the 12 tested compounds, A, B and C, severely affected DNA binding of the recombinant Vezf1. B)
The bound and free reactions were quantified and plotted as percent bound. A, B and C compounds
were identified as 501-1-71, 503-1-83 and NSC1012 respectively. C) To determine the minimum
concentration at which these 3 drugs were effective, DNA binding assays were done by pre-
incubating 640 nM Vezf1 with varying concentrations of the 3 selected inhibitors, followed by DNA
binding assay. As shown, 503-1-83 was most effective in blocking DNA binding by Vezf1 at 20 uM,
whereas 503-1-71 showed similar affect at about 100uM and NSC1012 at 500uM.

T4 treated MSS31 cells are incapable of tube formation in Matrigel

Vezf1 has a critical function in differentiation of endothelial cells and angiogenesis. Angiogenesis can
be modeled in tissue culture by plating MSS31 endothelial cells in VEGF containing Matrigel. The
cells arrange into distinct tube like structures within 6-10 hours. To determine the ability of the small
molecule inhibitors to disrupt this biological activity of Vezf1, we tested the effect of T4 and T5 on the
tube formation by endothelial cells MSS31. We exposed MSS31 cells to T4 at 20uM, a concentration
close to its estimated IC50 value and T5 at 75 um, given at 100 um it is lethal for 24 hours. Treated
and untreated MSS31 cells were plated in Matrigel. Within 6-10 hours the untreated cells organized
into networks as shown by phase contrast microscopy (Figure 4A). The cells treated with T5 were not
at all affected and formed networks similar to untreated cells, however the network formation by cells
treated with T4 were strongly inhibited. The tube length was measured which shows a clear absence
of tube formation by T4 treated MSS31 cells (Figure 4B)
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Figure 4: Effect of Vezf1 inhibitors on its biological activity. A) MSS31 cells were treated with 20 uM
compound T4 or 75 yM compound T5 for 24 hours. Cells were placed on Matrigel, and tube
formation was evaluated after 18 hours by bright field microscopy. T4 treatment clearly prevents tube
formation in MSS31 cells compare to non-treated and T5-treated cells. 10X and 2.5X show two
magnifications of cells in Matrigel. B) Tube length in A was measured using Image Quant L software
and plotted. T4 treated cells show no tube formation whereas T5 treated cells, the tube length is

similar to that of the untreated cells.

These data strongly support T4 to be inhibitor of Vezf1 activity in endothelial cells and has ability to
block angiogenesis at non-toxic concentrations. The endothelial cells that can be further tested in vivo
for its ability to block angiogenesis. This can be performed by using the inhibitor in wound healing

assays and as a potential therapeutic to control angiogenesis in growing tumors in model organisms.

DISCUSSION

Development of a proper vascular system is indispensable for embryonic development during which
an accurate spatial and temporal control of gene expression is required in endothelial cells committed
to the formation of vasculature. Angiogenesis is regulated by the activity of several proteins including
Vezf1. Several factors, like VEGF, VEGFR, and ET-1 have been studied and the mechanistic details
of their activity in angiogenesis have been worked out (15). The discovery of Vezf1 as an endothelial
factor and its role in angiogenesis is relatively new. Genetic knockout studies revealed the role of
Vezf1 in vascularization, however the mechanism of its regulation is not fully understood (6). Our
previous studies have characterized the activity of Vezf1 at chicken b-globin insulator. Insulators are
chromatin elements that block the non-specific activity of enhancers by disallowing their interaction
with unassigned promoters (21). However the mechanism by which Vezf1 regulates gene expression
and angiogenesis during development and disease is unknown. Through construction of a new
computational model for Vezf1, work here has identified a potential small molecule binding site
(occupied by DNA in the X-ray structure used to construct the model) for use in creating novel small
molecule drugs capable of inhibiting Vezf1 from binding to its cognate DNA binding site. Using
AlleGrow and docking tools of FLO to design new compounds, a novel compound was discovered
which inhibits binding of DNA at 20uM concentration. Of particular note, out of 12 designed
compounds, identification of such a small molecule inhibitor may be considered a significant

achievement.

Discovery of a small molecular inhibitor against Vezf1 will not only have therapeutic use, but can also
be employed to understand its mechanism in development and disease. Tumor cells treated with

these inhibitors can be tested for proliferation, migration and tube formation. Further this inhibitor can

11
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be used to study wound healing in animal models. This new lead compound is also a candidate for
the determination of an X-ray crystal structure of the zinc finger/ligand complex. It is also ideal as a
starting point for new rounds of design, synthesis and biological evaluation to find medicinal agents
interfering with zinc finger/DNA interactions, a new mechanism of action for development of agents

against cancer.

MATERIALS AND METHODS

Computational modelling of Vezf1 structure, evaluation of potential binding sites and design
of small molecule inhibitors

Computational modeling and design of small molecules was done at Vasculomedics Inc. Briefly, a
model of the zinc finger, Vezf1 that would compare favorably to the experimentally determined
structures of other zinc fingers was determined. Using high resolution DNA bound structure of Zinc
Finger 268 and 1AAY, the structure was further refined using Monte Carlo searching. VasculoMedics,
Inc. had previously tested few lead compounds that inhibit Vezf1 DNA binding using previously
designed model of Vezf1. Docking tools of FLO (McDock+) were used to dock these known ligands
(Supplementary figure 1, 2). New compounds were designed such that they incorporate only minimal
changes from the lead compounds thus using docking experiments of lead compounds as a guide.
The de novo program AlleGrow was used to discover novel side chains to replace those of the leads.
Each designed compound was docked and evaluated in the model. Those structures were selected
which formed the most favorable interactions and had good energy profiles. After evaluation of
several lead compounds for complexity in synthesis, six compounds were selected and synthesized
at MedChem Partners. Next, a major virtual screening program was performed in order to find

compounds at the NCI Diversity Compound Library.

Virtual Screening

We used major virtual screening program to find compounds that could be obtained from the NCI
Diversity Compound Library. The first step for virtual screening was to identify the docking protocol,
which gave the best result when docking compounds of known activity. Therefore, a number of

different docking algorithms were tested by docking all compounds. The methods tested included:

1) SDock+. Sdock+ is a very fast docking algorithm that uses a novel method for generating vast
numbers of conformers in the target-binding site. The best scoring conformers are energy minimized

in the binding site.

2) McDock+ McDock+ uses a Monte Carlo algorithm for generating new conformers. Conformers
generated by McDock+ are optimized with energy minimization and the FLO scoring function. The
calculations are much more time consuming than Sdock+, however, often the Mcdock+ results are

more reliable.

12
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3) SDock+ followed by McDock+ Conformers found by SDock+ served as a starting point for
McDock+.

Upon finding positive compounds selected from virtual screening in the NCI database, each
compound was evaluated in the model (Supplementary figure 3). Those forming the most favorable
interactions were selected, for synthesis by MedPharma Partners. All compound synthesized are

shown in Table 1.

Cloning and Purification of recombinant Vezf1

The Vezf1 gene was cloned to encode an N-terminal His6-tag fusion protein into pQE10 (Qiagen).
DH5a, BL21(DE3, pLysS) or XLBlue (MRF, T7) E. coli cells, transformed with pQE10 Vezf1, were
grown at 32°C in 500 ml of LB medium containing 75 mg/ml ampicillin. Protein expression was
induced at a cell density of 0.3 A600 nm by the addition of 1 mM IPTG and the cells were grown for
an additional two hours at 30°C. All purification steps were carried out at 4°C. The cells were
harvested by centrifugation and washed with STE buffer (10 m Tris-HCI (pH 8.0), 0.1 mM EDTA, 0.1
M NaCl). The cell pellet was suspended in buffer A (20 mM KPi (pH 7.5), 1 mM EDTA, 0.1 mM DTT,
0.5 M NaCl, 10% (v/v) glycerol, 20 mM imidazole) and the cells were disrupted by sonication. Since
the Vezf1 protein turned out to be susceptible to proteolysis, the purification was carried out in the
presence of Protease Inhibitor Cocktail (Roche) in the sonication buffer. Cell debris was removed by
centrifugation (60 minutes, 13,000 g). The supernatant was applied onto a Ni-NTA (Qiagen) column
(1 ml gel bed) equilibrated with buffer A. After washing with 150 ml of buffer A, the His- Vezf1 was
eluted with 5 ml of elution buffer (20 mM KPi (pH 7.5), 1 mM EDTA, 0.1 mM DTT, 0.5 M NaCl, 10%
(v/v) glycerol, 200 mM imidazole). The eluate was dialyzed overnight against storage buffer (20 mM
Hepes (pH 7.5), 40 mM NaCl, 1 mM EDTA, 0.2 mM DTT, 20% glycerol) aliquoted and stored at -
80°C. The Vezf1 concentration was estimated from Coomassie blue-stained SDS-PAGE gels using
protein standards of known concentration and Western blots were carried out using an anti-His6-tag
antibody (abcam), according to the instructions of the supplier.

DNA binding assays

50 pmoles of oligonucleotide were end-labeled by polynucleotide kinase in presence of y [32P] ATP.
Purified recombinant Vezf1 was allowed to bind to the oligonucleotide containing the Vezf1 binding
site in HS4-FPIll. The reaction was carried out in 15ul volume in binding buffer (20mM Hepes 7.5,
10mM MgCI2, 50mM NaCl, 1mM EDTA, 5ng/ul poly dA.dT) and incubated for 10 min at room

temperature followed by the addition of 5% Ficoll.

The bound and the free DNA was separated on 5% acrylamide gel run in .5XTBE buffer for 2 hrs at
150V. The gel was dried and imaged by Phospholmager. The band densities were quantified by the

ImageQuant TL software. The top strand sequence for the duplex used for gel mobility shift analyses
13
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is 5 AGGCGCGCCCCGGTCCGGCGCTCCCCCCGCATCCCCGAGCCGGGGCGCGCCT 3. The
relative band intensities were used to fit the data to an equation representing bimolecular binding

equilibrium using Microsoft excel and the binding constant was determined.

Small molecule inhibitors
The small molecule synthesized by MedPharma Partners were suspended in DMSO at 10mg/mi
concentration. Further dilutions for use in the gel shift assays and cell culture were done in water. The

diluted samples were stored in -20C whereas the stock in DMSO was stored in 4C.

Tube formation assays:

MSS31 mouse endothelial cells were collected by trypsinization and counted using Bio-Rad Cell
Counter. The tube formation or sprouting assay was performed by plating 2x10° cells on a 24-well
plate coated with VEGF supplemented Matrigel (BD Biosciences)according to the manufacturers
protocol [39, 40]. The cells were incubated at 37 degrees for 3-18 hours. Sprouting was scored using
images from phase contrast microscopy [31]. The length of the tubes was measured by Image J
software. For inhibitor treatment, MSS31 cells were treated for 24hrs with compounds, after which

cells were trypisinized and plated on Matrigel for tube formation assays.
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