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PDGF RECEPTOR KINASE BLOCKERS REVERSE sis-TRANSFORMATION

A

C NIH 3T3 D NIH313 treated with AG1296
Fig. 7. Effect of tyrphostin AG1296 on the morphology of sis-transformed cells. sis-transformed NIH 3T3 cells were treated with DMSO alone (A) or with 50 @sMAG1296 (B) for

72 h in DMEM supplemented with 10% FCS. Normal NIH 3D cells were also treated with DMSO (C) or AG1296 (D). Microphotographs were taken with a phase contrast microscope.
X300.

effects of the compound on NIH 3T3 cells transfected with an
oncogenic variant of c-src (chicken src F527 mutant). Similar to
sis-transfected cells, these cells show an irregular growth pattern
and grow in semisolid agar (39, 40). No morphological changes of
the src-transformed cells could be seen up to a 50 ,AMdose of the
compound AG1296 nor could inhibition of any tyrosine-phospho
rylated protein be detected by immunoblotting of whole cell lysates
(not shown). To directly test the effect of AG1296 on the Src
tyrosine kinase, the p60csrc(F527) protein was precipitated from cell
lysates and the kinase activity was assayed. As shown in Fig. 9,
little inhibition of the Src kinase could be detected (25% inhibition
at 50 ,LMAG1296). Independent experiments show that AG34 and
its homologue, which have no effect in the PDGF receptor system
(Fig. 2), reverse Src F527 induced transformation and block Src
kinase activity (41).

Table 3 inhibition of colonyformation of sis-transformed cells in semisolid agar by
tyrphostin AG1296

Cells were seeded in semisolid agar in the absence or presence of the indicated
concentrations of tyrphostins. The final concentration of DMSO was 0.2%. After 2 weeks
of culture, colonies were scored visually. Mean values of duplicate assays in a typical
experiment are given.

6111

DISCUSSION

Low molecular weight tyrosine kinase inhibitors of the tyrphostin
type have previously been reported to inhibit PDGF-induced
mitogenesis in human bone marrow fibroblasts (21) and in rabbit
vascular smooth muscle cells (20). In this study we describe a novel
class of tyrphostin derivatives which are more potent and specific in
inhibiting PDGF receptor tyrosine kinase, both in normal and sis
transformed murine fibroblasts and in porcine aortic endothelial cells
expressing human PDGF a- or @3-receptors.

The new class oftyrphostins, represented by AG1296 and AG 1295,
is much superior to the previously described compounds due to their
high potency and excellent selectivity. This is demonstrated by their
effect on PDGF-induced cell growth in Swiss 3T3 cells as compared
with their effects on cell growth driven by EGF, insulin, a combina
tion of EGF and insulin, or basic FGF. Furthermore, in contrast to the
previously described tyrphostins, these compounds have only a neg
ligible effect on p(j()CSrC(F527)kinase activity and on src-transformed
cells. The IC50 for PDGF receptor kinase inhibition in intact cells is
slightly lower than the value measured for DNA synthesis (Table 1).
This is probably due to the necessarily different experimental condi
tions; still the selectivity of AG1295 and AG1296 is clear. Close
correlation of the inhibition of PDGF receptor tyrosine kinase activity
in intact cells and of the DNA synthesis induced by PDGF in both
Swiss 3T3 cells and PDGF receptor expressing PAE cells by AG1296
demonstrates that inhibition of the receptor kinase plays a primary
role in the inhibition of PDGF-induced growth of both cell lines.
Much higher concentrations of AG1296 were required to partially
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inhibit DNA synthesis and cell proliferation induced by other growth
factors and even then no effect could be measured on their respective
receptor kinases. This finding suggests that other intracellular targets,
possibly the tyrosine kinases involved in intracellular signaling path
ways used by multiple growth factors, might be susceptible to inhi
bition by AG1296 at higher concentrations of the tyrphostin. No signs
of cytotoxicity of AG1296 were observed and the inhibition of PDGF
stimulated DNA synthesis was fully reversible. Among the various
pharmacophores examined, the quinoxaline moiety was found to be
the most selective and potent (Table 1). The benzenemalononitrile
pharmacophore and indole used previously (20, 21), although
efficient, are less effective (Table 1). The quinoxaline structure of
these tyrphostins serves as a pharmaceutical lead for developing
agents for treatment of the disorders involving pathological PDGF
induced cell proliferation. The oncostatic potential of the compounds
is indicated by their ability to revert the transformed phenotype of
sis-transfected fibroblasts, as judged by cell flattening (Fig. 7) and
inhibition of soft agar growth (Table 3). In the sis-transfected cells the
inhibition of receptor kinase activity (Fig. 8) and in turn the
reversion of the transformed phenotype required higher concentra
tions of the tyrphostin compared to the concentrations needed to
inhibit the kinase in Swiss 3T3 cells and PDGF receptor expressing
PA@Ecells. The higher concentrations might be necessary partially
because the assays with sis cells had to be performed in the
presence of serum and partially because the majority of PDGF
receptors in the sis cells is not at the cell surface (42, 43) and might
be thus less readily accessible for the inhibitors. Another poten
tially interesting target for this novel class of PDGF receptor
kinase blockers might be the pathological proliferation and cell
migration in relation to atherosclerosis and restenosis (8). In this
respect it is of particular interest that compound AG1296 inhibited
potently the PDGF receptor kinase but had virtually no effect on
the kinase activity of the VEGF receptor KDR. Since PDGF
receptors are predominantly expressed in smooth muscle cells (8)
whereas the expression of KDR is restricted to the endothelium

Fig. 8. Effect of tyrphostin AG1296 on autophosphorylation of the PDGF receptor in
sis-transformed cells. sis-transformed NIH 3T3 cells were treated for 48 h with DMSO
(Lanes I and 3) or 50 giM AG1296 (Lanes 2 and 4). Cell extracts were either directly
analyzed by SDS-PAGE and immunoblotting with anti-phosphotyrosine antibodies
(Lanes 3 and 4) or subjected to immunoprecipitation with anti-PDGF receptor antibody
(Lanes 1 and 2) prior to SDS-PAGE and immunoblotting. For comparison, a cell extract
of PDGF-stimulated Swiss 3D cells was also analyzed (Lane 5).
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Fig. 9. Effect oftyrphostin AG1296 on the activity ofSrc-kinase against an exogenous
substrate. @c-Src(F527)was immunoprecipitated from src-transformed cells, and the
immunoprecipitates then treated with 50 @siAG1296 (Lane 2) or DM50 (Lane 1). The
activity of the kinase was assayed with add-treated enolase as exogenous substrate in the
presence of[@y-32PjATP.The samples were analyzed by SDS-PAGE and autoradiography.

(35), one would expect a selective inhibition of smooth muscle cell
proliferation and migration by AG1296 whereas endothelial cell
function may remain unaltered in the presence of the compound.
AG1296 or related substances therefore represent candidate drugs
for the prevention of restenosis, i.e., the migration (44) and rapid
proliferation (45) of smooth muscle cells secondary to percutane
ous angioplasty resulting in the narrowing of the arterial lumen and
limiting the intermediate and long term success of the treatment of
atherosclerotic lesions (46).

There is no effect of compound AG1296 on PDGF binding.7 The
cellularuptakeof AG1296is rapid,sinceincubationof the cellsfor 2
ithn with 50 @LMcompound is sufficient to block the PDGF receptor
kinase completely.8 This is similar to previously reported behavior of
tyrphostins (21, 47). For other tyrphostins an inhibition of the target
kinases based on competition with the protein substrate has already
been demonstrated (46, 47). The exact mode of PDGF receptor kinase
inhibition has not been investigated but the mechanism of EGF
receptor kinase and insulin receptor kinase inhibition has been studied
in detail (48â€”51).In these studies it has been shown that some of the
blockers are competitive versus the substrate and AlP and others are
competitive vis-Ã -visthe substrate and noncompetitive with respect to
AlP. From the high selectivity observed for the quinoxalines repre

7 C. Rorsman et a!., data not shown.

8 A. BOhmer et al., data not shown.
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sented by AG1295 and AG1296, it is likely that their mode of
interacting with tyrosine kinases is similar. We observed that recep
tots closely related to the PDGF receptor were more sensitive to
inhibition by AG1296 than more divergent receptor tyrosine kinases.
Therefore PDGF a- and p3-receptors as well as the closely related
Kit/SCF receptor exhibited equal inhibition by AG1296. The more
distantly related FGF receptor 1 was more than 1 order of magnitude
less sensitive to AG1296 and the EGF receptor, the insulin receptor,
and the VEGF receptor KDR which is structurally related to the
PDGF receptors were completely refractory to the action of AG1296.
Thus, despite some overall similarity between the PDGF receptor and
the KDR kinase, they differ in their sensitivity towards kinase
inhibitors and one can therefore speculate that both receptors might
also differ in their substrate specificity. Work is under way to
characterize the mechanism of action of compound AG1296 in
detail. The relative sensitivity of the Kit/SCF receptor may cause
leukopenia in in vivo experiments, although preliminary experi
ments did not reveal leukopenia in mice when 20 mg/kg were
injected daily (data not shown). Nevertheless, we are now attempt
ing to design derivatives of AG1295 and AG1296 which differen
tiate between Kit/SCF receptor and PDGF receptor and still retain
the high selectivity toward the latter.
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