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Fig. 5. Placebo (C and E) or VEGF-releasing pellets (10 ng/day; A, B, and D) were implanted along with methylcellulose pellets (A) or methylcellulose pellets containing 50 pg

compound: SU1433 (B and C) and SU1498 (D and E).

Flk-1 also significantly reduced the growth of a variety of tumor cell
types in in vivo dominant-negative experiments (11, 12).

Flk-1 is autophosphorylated within minutes after treatment with
VEGF, and this phosphorylation is required for downstream signaling (4,
34). Thus, compounds that reduce tyrosine phosphorylation on Flk-1
should block its activity. An ELISA that measures phosphotyrosine on
Flk-1 was developed to screen compound libraries. Inhibitory compounds
were also assayed for their effects on the kinase activities of the PDGF
receptor, EGF receptor, and HER-2. All of the receptors were expressed
in NIH 3T3 cells; therefore, the cellular background was the same for all
assays. Screening by ELISAs resulted in the identification of many
compounds that specifically inhibited Flk-1 phosphorylation. The PDGF
receptor, which is more closely related to Flk-1 than the other receptors
assayed, was inhibited by SU1433, but the other compounds were very
specific for FIk-1. Compounds with ICs, values lower than 20 uM in the
Flk-1 kinase assay (Fig. 1) were further analyzed by antiphosphotyrosine
Western blotting. The only strong protein band seen on blotting immu-
noprecipitations from VEGF-treated cells was of the expected size for
Flk-1 (Fig. 2). Inhibitors found in the ELISA caused a decrease in the
intensity of this band, which was not due to a loss of Flk-1 protein, as
shown on the blots reprobed with an anti-Flk-1 antibody. Thus, the
inhibitory effects of the compounds are likely to be a result of Flk-1
tyrosine kinase inhibition.

It has been shown that VEGF binds to Flt-1 as well as Flk-1 (35).
The exact roles of Flk-1 and Flt-1 are not clear, but there is some
evidence that they do not serve the same function. Porcine aortic

endothelial cells engineered to express KDR underwent actin reorga-
nization, chemotaxis, and mitogenesis in response to VEGF, whereas
cells expressing Flt-1 did not (6). There are also conflicting reports
about the kinase activity of Flt-1 (6, 35, 36). Furthermore, targeted
mutagenesis of flk-/ in mice prevented the development of mature
endothelial cells (37). A similar mutation in fIt-1 did not affect
endothelial cells, but the formation of normal vessels was impaired
(38). To eliminate the possibility of identifying inhibitors of Flt-1 that
do not also inhibit Flk-1, NIH 3T3 cells engineered to express Flk-1
(3T3 FIk-1 cells) were used to identify and evaluate compounds.

Inhibitors of Flk-1 were further analyzed for their effects on VEGF-
mediated downstream events. Endothelial cells (HUV-EC) were chosen
for subsequent studies because they are the cellular targets for interven-
tion and are more relevant models than engineered NIH 3T3 cells.
Endothelial cells are known to express VEGF receptors (19, 20), and their
proliferation in response to VEGF was inhibited by an antibody against
Flk-1/KDR (34). We confirmed the presence of VEGF receptors on our
endothelial cells by Western blotting. VEGF-treated cells gave a band of
the appropriate molecular weight when blotted with an antiphosphoty-
rosine antibody (data not shown). Furthermore, endothelial cells incu-
bated with VEGF incorporated 5-10-fold more thymidine into DNA than
unstimulated cells, indicating that their signaling mechanism from KDR
was intact. All compounds found to inhibit Flk-1 kinase also inhibited
thymidine incorporation into the DNA of endothelial cells with compa-
rable IC,, values (Table 1). This supports the assertion that inhibition of
Flk-1/KDR prevents other functions of endothelial cells.
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The Flk-1 inhibitors were also evaluated for their effects on angiogen-
esis in developing CAMs of chicken embryos (39). This system has been
used extensively to analyze stimulators and inhibitors of angiogenesis
(40). VEGF has been shown to stimulate angiogenesis in CAMs (41).
Flk-1 inhibitors were used to treat CAMs of embryos from days 4 to 10
or 11 of incubation, a period when angiogenesis actively occurs. Two of
the compounds tested, SU1433 and SU1498, prevented blood vessel
formation under these conditions (Fig. 3). Thus, blockers of signal trans-
duction from Flk-1 prevent angiogenesis in an in vivo model.

The same two compounds also inhibited the action of VEGF in a
vessel permeability model in which the compounds were implanted
into athymic mice along with time-release VEGF pellets (Fig. 5). The
vascular permeability function of VEGF has been implicated in the
hyperpermeability of blood vessels associated with tumors (21). Al-
though this model does not involve tumors, VEGF clearly caused an
effect that was prevented by Flk-1 inhibitors.

Angiogenesis occurs in many disease states, such as tumor growth,
psoriasis, and diabetic retinopathy. VEGF and its receptor Flk-1/KDR
appear to play a role in angiogenesis in these diseases. Thus, small
molecule inhibitors such as the compounds identified in our drug discov-
ery program may be useful therapeutics for a variety of conditions.
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