


INHIBITION OF SIGNAL TRANSDUCTION
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Fig. 6. Effect of CGP 41251 and staurosporine on EGF receptor autophos-
phorylation. Serum-starved A431 cells were incubated for 90 min with control
medium (/anes I and 2), CGP 41251 at 100 um (lane 3) or 10 um (lane 4), or
staurosporine at 100 um (/ane 5), 10 um (lane 6), 1 um (lane 7), or 0.1 um (lane 8)
prior to stimulation with EGF (100 ng/ml) for 10 min (/anes 2-8). Equal amounts
of protein of cell lysates were analyzed by Western blot using antiphosphotyrosine
antibodies (4) and anti-EGF receptor antiserum (B).

protein kinases in a rather nonselective manner (10, 11). Dur-
ing the search for a selective PKC inhibitor, we identified a
staurosporine analogue (CGP 41251) which is more selective in
the inhibition of PKC than is the parent compound. In vivo,
CGP 41251 is better tolerated by mice and shows an increased
therapeutic window for tumor growth inhibition, in comparison
to staurosporine (16). In the current study we have examined
the action of staurosporine and CGP 41251 on signal transduc-
tion via EGF-, PDGF-, and PKC-mediated pathways.

While the ligand-induced activation of the EGF receptor ty-
rosine kinase, as well as the EGF-dependent c-fos mRNA ex-
pression, was resistant to inhibition by CGP 41251, the PDGF
pathway was very sensitive to inhibition by the compound. Sub-
micromolar concentrations of CGP 41251 directly inhibited
PDGF receptor autophosphorylation and c-fos mRNA expres-
sion induced by PDGF stimulation of intact BALB/c 3T3 cells.
The finding that CGP 41251 did not affect EGF-induced c-fos
expression indicates that the compound does not induce general
degradation of mRNAs. Since CGP 41251 did not affect the
level of the PDGF or the EGF receptor, the preferential inhib-
itory activity of the compound toward signal output from
ligand-activated PDGF receptor most likely reflects a higher
sensitivity of the PDGF receptor tyrosine kinase to this drug.
These results also indicate that permeation problems of the
compound within the cell do not account for the lack of effects
on EGF-mediated cellular events. Staurosporine suppressed
signal generation by both the PDGF receptor and the EGF

receptor. It should be noted, however, that ligand-induced
PDGF receptor autophosphorylation was almost completely
inhibited at 107 m staurosporine, whereas ligand-dependent
EGF receptor autophosphorylation was strongly affected only
at concentrations of =105 m. A 100-fold higher sensitivity of
the PDGF receptor tyrosine kinase to staurosporine, compared
to the EGF receptor tyrosine kinase, has previously been re-
ported (28). Since staurosporine is a kinase inhibitor with a
wide specificity which also effectively inhibits the EGF receptor
tyrosine kinase in vitro (16, 29), the inhibition of EGF receptor
autophosphorylation and EGF-induced c-fos mRNA expres-
sion in intact cells could be explained by a direct effect on the
EGF receptor kinase activity. The observation that staurospo-
rine at 1 uMm reduces c-fos mRNA expression but at that con-
centration does not strongly affect EGF receptor autophospho-
rylation or EGF receptor levels can most likely be explained by
the fact that staurosporine is a potent but nonselective drug,
which might inhibit other protein kinases involved in the in-
duction of c-fos mRNA expression. However, the most likely
explanation for the inhibitory effect of staurosporine on EGF-
mediated signal output at concentrations of =10 um is the drug-
induced reduction in overall levels of the EGF receptor.
Reduced levels of the EGF receptor in cells exposed to stauro-
sporine are most probably due to toxic effects of the drug at
high concentrations, which could affect either degradation or
synthesis of the receptor. In contrast, at concentrations where
ligand-induced PDGF receptor autophosphorylation was al-
most completely inhibited by staurosporine (<107 m) there
was only a small effect on PDGF receptor levels, indicating that
staurosporine is acting as a direct inhibitor of the PDGF recep-
tor kinase. Direct inhibition of PDGF receptor tyrosine kinase
activity in vitro by staurosporine and CGP 41251 was demon-
strated in PDGF receptor immunoprecipitates from BALB/c
3T3 cells.

Previous studies have demonstrated that CGP 41251 inhibits
PKC activity in vitro (16) and PKC-mediated protein phosphor-
ylation in intact cells (17). Our finding that CGP 41251 revers-
ibly inhibits PMA-induced c-fos mRNA expression in
BALB/MK cells but does not affect EGF-stimulated c-fos
mRNA levels suggests the existence of a second pathway lead-
ing to c-fos mRNA expression, which bypasses PKC. These
data substantiate previous findings demonstrating that EGF
induces mitogenesis and c-fos mRNA expression in 3T3 cells
but does not activate PKC (30, 31). Similarly, EGF has been
shown to stimulate c-myc mRNA expression in human fibro-
blasts without activation of phosphatidylinositol turnover (32).

In vivo, staurosporine and CGP 41251 have been shown to
exhibit antitumor activity (16). The increased therapeutic win-
dow of CGP 41251, compared to staurosporine, can most likely
be explained by the increased specificity of CGP 41251 for a
limited number of kinases, in particular PKC. Our finding that
CGP 41251, in addition to inhibiting PKC, is a very potent
inhibitor of PDGF receptor kinase-mediated cellular events
raises the possibility that a synergism between inhibition of
PKC and PDGF receptor kinase activity might play an impor-
tant role in modulating cellular growth, in vitro and in vivo.

PDGEF is a ubiquitous growth factor which plays an impor-
tant role in normal growth and development, and it has been
suggested that it is also a mediator of pathological cell growth,
e.g., carcinogenesis as well as disorders of vascular smooth
muscle cells, such as atherosclerosis (for review, see Ref.
33). PDGF was found to be involved in intimal accumulation
and proliferation of smooth muscle cells responsible for the
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occlusive lesions of atherosclerosis (34). Potential clinical ap-
plications of PDGF receptor kinase inhibitors would, therefore,
include treatment of tumors as well as nonmalignant prolifer-
ative disorders. Inhibitory effects on PDGF receptor kinase
activity have been described not only for compounds of the
staurosporine class (28, 35) but also for a series of synthetic,
low molecular weight inhibitors called tyrphostins (36). These
compounds have previously been described as inhibitors of
EGF receptor kinase activity (37-39). In addition to their low
selectivity within the protein tyrosine kinase class, it has re-
cently been reported that tyrphostin is not a competitive inhib-
itor of EGF receptor tyrosine kinase in intact cells and that it
probably inhibits tyrosine kinase activity by an indirect mech-
anism (40).

In summary, we have described a reversible protein kinase
inhibitor which, within the serine/threonine kinase family,
shows a certain degree of selectivity for PKC and which in
addition is a potent inhibitor of PDGF receptor tyrosine kinase
and the subsequent signaling cascade. The evaluation of addi-
tional derivatives of staurosporine at the enzyme and cellular
level, as described in this paper, should help to identify the
signal transduction pathways which are of importance in the
regulation of tumor growth.
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