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STAUROSPORINE, A PROTEIN KINASE C INHIBITOR INTERFERES WITH
PROLIFERATION OF ARTERIAL SMOOTH MUSCLE CELLS
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Staurosporine (10 ng/ml and more), a protein kinase C
inhibitor, inhibited the serum-stimulated growth of smooth
muscle cells. This inhibitory effect proved to be linked to the
inhibition of transition from the G, to the S phase of the cell
cycle, as measured by 5-bromodeoxyufidine incorporation into the
nuclei. As this inhibitory effect of staurosporine was restricted
to the first 10 hours of the stimulation, reactions which are
essential for the signal transduction may be associated with
actions of protein kinase C. The possibility that staurosporine
may inhibit cell growth via inhibition of this step warrants
further attention. © 1989 Academic Press, Inc.

A major event in development of atherosclerosis is
proliferation of intimal smooth muscle cells (SMCs) which migrate
from the media, and form the intimal plaque (1). Nishizuka
reported that the receptor-mediated hydrolysis of
phosphatidylinositol 1is a common mechanism involved in the
transduction of various extracellular signals into the cell (2).
Protein kinase C is activated by diacylglycerol derived through
phospholipase C-mediated hydrolysis of phosphatidylinositol, as
linked to receptors for various extracellular signals, including
growth factors (3). If protein kinase C is responsible for an
early event induced by extracellular signals (4), then this
kinase would act as a positive regulator for transition from the

quiescent to the growth state of the cell.
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Staurosporine, a microbial alkaloid produced by Streptomyces
sp. (5), inhibits protein kinase C from the rat brain (6).
In addition, this compound has several biological activities such
as inhibition of platelet aggregation (7), and promotion of cell
differentiation (8).

We report here that staurosporine inhibits the transition of
SMC into the S phase when the cells in a quiescent state are
stimulated by serum, the result being inhibition of cell
proliferation. Thus, protein kinase C-related reactions are
probably involved in the signal transduction of serum stimulation
in cultured SMC.

MATERIALS AND METHODS

Cell culture; Smooth muscle cells were prepared enzymatically
from rabbit aorta, as described (9). The post-confluent
cultures of SMC were usually passaged in Eagle's modified
egssential medium (MEM) supplemented with 10% of fetal calf serum
(FCS), then were maintained after multiple passages. Over 30
passages of SMCs were obtained for this study.

Cell counting; A 12-day-culture of post-confluent SMC wag used
for seeding. The guiescent culture was replated at 3x10° cells
in 35 mm dishes containing 2 ml of MEM with 1.5% FCS, and
incubated another 4 days. These cells were considered to be in
the G, phase, as indicated by the inability to synthesize DNA and
to increase in cell number under these conditions, at least for 4
days. They were stimulated to grow by changing the medium for
that supplemented with 10% FCS, without or with staurosporine.
The cells were trypsinized and counted in a Coulter cell counter.
Cell wviability was checked by trypan blue exclusion. Triplicate
cultures were used for each experimental points.

Assay for DNA synthesis; ghe groth—arrested cells plated on
glass coverslips at 5x107cells/cm in 35 mm dishes were

stimulated to synthesize DNA by transfer to other dishes
containing 2 ml of MEM with 10% FCS and 10 pM 5-bromodeoxyuridine
(5-BrdU). Indirect immunofluorescent staining for 5-Brdu

incorporated DNA was carried out according to Nakamura et al.(10)
with minor modification. At the indicated time after incubation,
cells on coverslips were gquickly rinsed 1in phosphate-buffered
saline (PBS) and fixed in 70% ethanol for 30 minutes at 4°C. For
denaturation of the DNA in situ, the cells were treated with 4N
HC1l for 30 minutes at room temperature. After rinsing three times
in PBS, they were treated with 0.1% Triton X-100 for 10 minutes
at room temperature to facilitate permeation of antibodies into
the nuclei. The slides were rinsed three times in PBS containing
2 mg/ml of bovine serum albumin (PBS-BSA), then incubated with 10
ng/ml  of mouse monoclonal antibodies against 5-BrdU (IMMNOTECH
S.A.) for 60 minutes at room temperature. After rinsing in PBS-
BSA, the «cells were stained with FITC-conjugated antibodies
against mouse Ig (Amersham), diluted 1:20 in PBS-BSA for 60
minutes at room temperature. The specimens were photographed by
fluorescence microscopy, and the percentage of stained cells was
calculated by counting more than one hundred cells.
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Drug; Staurosporine was obtained from the myceria of Streptomyces
sp. according to the method of Omura et al. (5).

RESULTS AND DISCUSSION

The quiescent culture of SMC, which showed a longitudinally
oriented and spindle form, was used. The cell growth became
apparent 24 hours after stimulation with 10% FCS and the cells
increased 4 fold in cell number after 48 hours (Table 1I). The
cells grew exponentially during which the doubling time was about
20 hours. After 72 hours in culture, the staurosporine (10
ng/ml)-treated culture was reduced in cell number by 73% of
control. The cells morphologically changed in the presence of a
concentration of 50 ng/ml, and detached from the substratum in
the presence of 80 ng/ml or over.

We then examined the effect of staurosporine on serum-induced
DNA synthesis in cultures of SMC to determine whether the
inhibitory effect of staurosporine (up to 10 ng/ml) is due to
inhibition of transition from the GO to the S phase. 1In case of
SMC stimulated by 10% FCS, most of the cells began to enter the S
phase syncronously during 16-20 hours after stimulation, and
about 80% ceased to synthesize DNA within 24 hours (Fig.1).
Continuous exposure of the cultures to staurosporine dose-
dependently inhibited the serum-induced DNA synthesis. This
inhibition was 57% of control at 5 ng/ml and 80% at 10 ng/ml.
Some of the cells showed a serum-independent DNA synthesis when
the quiescent cultures were exposed to fresh medium without
serum. Changes in intracellular pH and concentration of several
ions such as Na' and Ca2+ with medium replacement were presumed

to have occured, but the association was not examined

Table 1I: Effect of staurosporine on growth of gquiescent SMC
stimulated by serum

4

cell number (x10 -~ cell/dish)
Ohr 24hr 48hr 72hr
control 3.0+ 0.4 4.3+0.2 11.4+£1.0 21.1+2.5
str. 10ng/ml 4.6+ 0.8 5.7+0.2 5.7+ 0.5
50ng/ml —_ 3.8+ 0.2 4.9+0.4 5.1+0.9

The guiescent cultures were exposed to 10% FCS-MEM in the
absence or presence of 10 or 50 ng/ml staurosporine. At the
indicated time, triplicate cultures were trypsinized and cell
number was determined in a Coulter cell counter.
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further. Percentage values of serum-independent DNA synthesis
were subtracted from those of serum-dependent one.

Staurosporine (10 ng/ml) was added at different times after
stimulation by 10% FCS to investigate the time period when
staurosporine is effective (Fig.2). The inhibitory effect of
staurosporine could still be observed even in case of addition
10 hours after the stimulation. However, the addition of
staurosporine at 12 hours was less effective, and practically no
inhibition was observed when staurosporine was added after 14
hours or longer. The inhibitory effect of staurosporine is
reversible; most of the cells regained the ability to synthesize
DNA by withdrawal of staurosporine from the medium (data not
shown). Fig.2 shows that staurosporine is effective during the
first 10 hours from the start of the stimulation by 10% FCS and
that no inhibition 1is observed when the cells begin to
incorporate 5-BrdU into the nuclei in' cultures of SMC.
Therefore, it is not likely that staurosporine inhibits DNA
synthesis itself.

There are data that protein kinase C plays crucial roles in

signal transduction for the control of cell proliferation (2),
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Fig.1 Effect of staurosporine on serum-induced transition from
the G, to the S phase of SMC in culture. The dquiescent cultures
were stimulated by transfer to 10% FCS-MEM containing 10 pM of 5-
BrdU without(circles) or with 5 ng/ml(triangles), and 10
ng/ml(squares) of staurosporine. At the indicated time, the
cultures were fixed in 70% ethanol and processed for
immunofluorescent staining analysis of the percentage labeled
nuclei (gquadruplicate).

Fig.2 Time dependence of the effect of staurosporine on serum-
induced transition from the G, to the S phase of SMC in culture.
Staurosporine (10 ng/ml) was gdded at the indicated time points
after stimulation of the quiescent SMC cultures. After 24 hours
of incubation, the cells were fixed in 70% of ethanol and
immunostained.
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and most activators of this enzyme are mitogenic for many cell
types such as Swiss 3T3 (11), lymphocytes (12), thyroid cells
(13), <chick heart mesenchymal cells (14), and bovine aortic
smooth muscle cells (15). It is also suggested that several
proteins are phosphorylated in response to exogenous
stimulators, such as tumor promotors and growth factors (16 17).
This would suggest that activation of protein kinase C occurs 1in
connection with the transduction of extracellular signals.
Staurosporine may exert 1its inhibitory activity against
transition from the G, to the S phase by inhibiting the protein

0
kinase C activity essential for the signal transduction.

REFERENCES

1. Ross,R. and Glomset,J.A. (1976) N.Engl.J.Med. 295, 369-376 and
420-425

2. Nishizuka,Y. (1986) Science 233, 305-312

3. Takai,Y¥., ZKaibuchi,K., Tsuda,T. and Hoshijima,M. (1985)
J.Cell Biochem. 29 143-155

4. Kaibuchi,K., Tsuda,T., Kikuchi,A., Tanimoto,T., Yamashita,T.
and Takai,Y. (1986) J.Biol.Chem. 261, 1187-1192

5. Omura,S., Iwai,Y., Hirano,A., Nakagawa,A., Awaya,J.,
Tsuchiya,H., Takahashi,Y. and Masuma,R. (1977) J. Antibiot.
37 275-282

6. Tamaoki,T., Nomoto,H., Takahashi,I., Kato,Y., Morimoto,M. and
Tomita,F. (1986) Biochem.Biophys.Res.Commun. 135 397-402
7. Oka,S., Kodama,M., Takeda,H., Tomizuka,N. and Suzuki,H.
(1986) Agric.Biol.Chem. 50, 2723-2727
8. Okazaki,T., Kato,Y., Mochizuki,T., Tashima,M., Sawada,H. and
Uchino,H. (1988) Exp.Hematol. 16, 42-48
9. Sasaki,Y., Sasaki,Y., Kanno,K. and Hidaka,H. (1987)
Am.J.Physiol. 253, C71-C78
10. Nakamura,H., Morita,T. and Sato,C. (1986) Exp.cell Res. 165,
291-297
11. Rozengurt,E., Rodriguez-Pena,A., Coombs,M. and Sinnett-
Smith,J. (1984) Proc.Natl.Acad.Sci.USA 81, 5748-5752
12. Kaibuchi,K., Takai,Y. and Nishizuka,Y. (1985) J.Biol.Chem.
260, 1366-1369
13. Bachrach,L.K., Eggo,M.C., Mak,W.W. and Burrow,G.N. (1985)
Endocrinology 116, 1603-1609
14. Balk,S.D., Morisi,A. and Gunther ,H.S. (1984)
Proc.Natl.Acad.Sci.USA 81, 6418-6421
15. Doctrow,S.R. and Forkman,J. (1987) J.Cell Biol. 104, 679-687
16. Rozengurt,E., Rodriguez-Pena, M. and Smith,K.A. (1983)
Proc.Natl.Acad.Sci.USA 80, 7244-7248
17. barbon,J.M., Tournier,J.F., Tauber,J.P. and Bayard,F. (1986)
J.Biol.Chem. 261, 8002-8008

109



