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Staurosporine inhibition of intra~elIu1~ free Ca2+ transients in 
mitogen-stimulated Swiss 3T3 fibroblasts 

(Receiued 10 July 1989; accepted 9 September 1989) 

The microbial alkaloid staurosporine is a potent inhibitor 
of protein kinase C [l] and a weaker inhibitor of tyrosine 
protein kinase activity (21. The biological effects of stau- 
rosporine are generally ascribed to its ability to inhibit 
protein kinase C [3-51. Staurosporine is a potent inhibitor 
of fibroblast DNA synthesis and proliferation [6], although 
a number of studies have shown that protein kinase C is 
not essential for fibroblast proliferation [6-91. This has led 
to the suggestion that staurosporine has effects in addition 
to inhibition of protein kinase C that account for its effect 
on cell proliferation [6]. A common event that occurs early 
in the action of a number of growth factors and mitogens is 
a transient increase in intracellular free Ca*” concentration 
([Ca2+li)* [lo, 111. This increase in [Ca2+ji has been impli- 
cated in mediating the effects of these agents on cell pro- 
liferation [ll-131. We have examined the effects of 
staurosporine on the increase in [Ca2+fi caused by growth 
factors and mitogens and on the release of Ca’+ from 
intracellular stores using Swiss 3T3 fibroblasts. 

paternal and metros 

Staurosporine and myo-inositol 1,4,5_trisphosphate 
[IP3( 1,4,S)] were purchased from Calbiochem (San Diego, 
CA). Arachidonic acid, vasopressi&Arg, bradykinin and 
phorbol 12-myristate 13-acetate (PMA) were purchased 
from the Sigma Chemical Co. (St Louis, MO). ‘?aCl, 
(25mCi/mg) was purchased from the Amersham Corp. 
(Arlington Heights, IL) and [“P]orthophosphoric acid 
(9 Ci/~mol) from DuPont NEN (Boston, MA). Platelet- 
derived growth factor (PDGF) as the B chain homodimer 
was purchased from Bachem Inc. (Torrance, CA). Aequo- 
rin was provided by Dr John Blinks, Mayo Clinic. Swiss 

* Abbreviations: [CaZ’ll, intracellular free Car’ con- 
centration; PMA, phorbol IZ-myristate 13-acetate; 
IP,(1,4,S), myo-inositol 1,4,5trisphosphate; PDGF, plat- 
elet-derived growth factor: DMEM. Dulbecco’s modified 
Eagle’s medium; EGfA, ethyleneglycolbis(amino- 
ethylether)tetra-acetate; and HEPES, ~-2-hydroxyethyl- 
piperazine-N’-2-ethanesulfonic acid. 

3T3 tibroblasts were provided by Dr H. R. Herschmann, 
University of California, Los Angeles, CA. The cells were 
maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal calf serum and harvested 
at each passage with 0.5% trypsin and 0.5 mM EGTA 
before becoming confluent. Studies were conducted on 
cells between passages 37 and 58. Measurement of [Ca”], 
emoloved Swiss 3T3 fibroblasts loaded with the Ca2’-sen- 
sit&e ~hotoprotein aequorin by a low Ca2‘ centrifugation 
technique as previously described fll]. The cells were 
plated in DMEM containing 10% fetal calf serum and 
allowed to attach to the surface of a culture dish for 18 hr. 
then they were exposed to DMEM without fetal calf serum 
for 2 hr. Growth factors and mitogens dissolved in 0.2 mL 
DMEM without fetal calf serum were added to the culture 
dish. Light emitted by the aequorin-loaded cells was 
measured as previously described [ ll] and converted to an 
estimate of [Cat+], using the calibration method of Allen 
and Blinks [14]. Cells were exposed to staurosporine for 
3 hr before and during the exposure to the growth factors 
and mitogens. 

The ATP-dependent uptake and agonist-induced release 
of 45CaZ+ by the endoplasmic reticulum of saponin-per- 
meabilized Swiss 3T3 fibroblasts was measured by the 
method of Ghosh et al. 1151. Preliminary studies showed 
that 4sCa*+ uptake by the permeabilized Swiss 3T3 cells 
had reached a plateau by 6 min. IP,(l,4,5), 10 PM, and 
arachidonic acid, 50 PM, were added to the preparation at 
6.25 mm, and 45Ca” remaining in the cells was measured 
at 7min. Staurosporine was added to the preparation at 
Omin. 

For measurement of li~and-dependent PDGF receptor 
phosphorylation, Swiss mouse 3T3 cells were grown to 
confluencv. in 35 mm tissue culture dishes, in DMEM con- 
taining 16% fetal calf serum. Forty-eight hours after the 
last medium change, the confluent cultures were washed in 
37” serum-free labeling medium (phosphate-free DMEM 
containing 2% bovine serum albumin, 2 mM I_,-glutamine, 
buffered to pH 7.2 with 10 mM HEPES). The washed cul- 
tures were then incubated for 4 hr in serum-free labeling 
medium (4 ml/dish) containing 2 mCi [3*P]orthophosphate 
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per dish. Staurosporine, 1 PM, was added 1 hr after labeling 
was initiated and treatment continued for the remainder of 
the labeling period. Subsequently, selected samples were 
stimulated with PDGF at a final concentration of 
3 X 10m9 M. After 10 min at 37”, the dishes were placed in 
an ice bath, the medium was rapidly aspirated, and the cell 
monolayers were washed with ice-cold phosphate-buffered 
saline containing 0.5 mM EDTA. The cells were then solu- 
bilized with 1 ml/dish of 20 mM Tris-HCl, pH 7.6,30 mM 
Na2P207, 50 mM NaF, 40 mM NaCl, 5 mM EDTA, 100 PM 
sodium orthovanadate, and 1 mM phenylmethylsulfonyl 
fluoride (lysis buffer) containing 1 mg/mL bovine serum 
albumin and 1% (w/v) Triton X-100. The lysates were 
incubated for 10 min at 0” with intermittent vortexing and 
centrifuged at 7000 g for 5 min to remove nuclei and other 
insoluble material. Post-nuclear supernatant fractions were 
cleared with 100 PL Sepharose 4B beads coupled to bovine 
serum albumin at a density of 10 mg bovine serum albumin/ 
mL. After 1 hr at Y, the cleared supernatant fractions were 
immunoprecipitated with 20 PL of Sepharose 4B coupled 
with the monoclonal antiphosphotyrosine antibody, lG2 
[16], at a density of 15 mg antibody/ml of beads. After 
3 hr of rotation at 4”, the immunoprecipitates were washed 
three times in lysis buffer containing 1 mg/mL bovine serum 
albumin and 1% Triton-X-100, followed by two washes 
with lysis buffer plus 1% Triton X-100 (no bovine serum 
albumin). Antibody-bound phosphoproteins were specifi- 
cally eluted from the beads with the competitive ligand, 
phenylphosphate (10 mM), in lysis buffer plus 100 ,ug/mL 

Control 

ovalbumin and 1% Triton X-100. Proteins were pre- 
cipitated with -20” acetone, and solubihzed by boiling in 
sodium dodecyl sulfate (SDS)-containing sample buffer 
prior to discontinuous SDS-polyacrylamide gel elec- 
trophoresis (PAGE) under reducing conditions. The pro- 
teins were electrophoresed through 10% polyacrylamide 
gels along with protein molecular weight standards (Bio- 
Rad, Richmond, CA). Radiolabeled phosphoproteins were 
visualized by autoradiography at -70”. 

Groups of data were analyzed using Student’s f-test [17], 
and P < 0.05 was considered statistically significant. 

Results and discussion 

Staurosporine inhibited the growth of Swiss 3T3 fibro- 
blasts in serum-supplemented medium with an K& for 
continuous exposure of 3.5 X 10mRM (results not shown). 

Bradykinin, vasopressin and PDGF are all known to 
induce the proliferation of Swiss 3T3 fibroblasts [ll, 18, 191 
and to cause an increase in [CaZ+], [ll, 20,211. The con- 
centrations of the agents chosen for the study gave the 
maximum increases in [Ca’+], (Fig. 1). Staurosporine pre- 
treatment had no effect on resting [Ca’+], in Swiss 3T3 
fibroblasts at 3 hr but reduced the increase in [Ca?+], caused 
by PDGF but not by bradykinin and only marginally 
reduced the increase in [Ca”], caused by vasopressin (Fig. 
2). For example, the inhibition of the [Ca2+li increases 
seen with 10M6 M staurosporine was for PDGF 80 + 3% 
(P < 0.01 compared to PDGF alone), for vasopressin 
20 * 6% (P > 0.05 compared to vasopressin alone) and 
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Fig. 1. Effect of staurosporine on [Ca’+], changes caused by growth factor and mitogens in Swiss 3T3 
fibroblasts. The agents used were: upper panel, bradykinin, 2 X lo-‘M; middle panel, vasopressin, 
lo-’ M; and, lower panel, PDGF, 3 x 10e9 M. Additions were made at the arrows. Left panels, control 

cells; right panels, cells exposed to lo-’ M staurosporine for 3 hr prior to addition of the agent. 
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Stourosporine (M) 

Fig. 2. Staurosporine concentration-response curve for the 
inhibition of the [Ca”‘], increase caused by 3.3 X 10e9M 
PDGF, (a), lo-’ M vasopressin (A) and 2 x lo-’ M brady- 
kinin (cl) in Swiss 3T3 fibroblasts. Each point is the mean 

of at least five experiments and bars are SD. 

for bradykinin 13 rt 8% (P > 0.05 compared to bradykinin 
alone). Staurosporine did not affect the ability of aequorin 
to respond to an increase in [Ca2”]i. This was shown in two 
ways. Staurosporine, lO_‘M, had no effect on the light 
emitted when aequorin was mixed with EGTA-buffered 
Ca2+ at various concentrations. Staurosporine also did not 
affect the transient increase in [Ca*+J when Swiss 3T3 
fibroblasts in Ca’+-free DMEM were exposed to DMEM 
containing 1.8 mM Ca”. Without staurosporine the exter- 
naI Cazi-induced increase in [CaZCJi was (2 SD, N = 17) 
1.25 2 0.25 PM and with IO-’ M staurosporine the increase 
in [Ca2+liwas 1.22 ‘-c 0.39 yM (N = 8, P > 0.05). Thisobser- 
vation also shows that staurosporine was not altering Ca** 
fluxes across the plasma membrane. VoItage-dependent 
Caz’ channels are known to be present in the plasma 
membrane of Swiss 3T3 fibroblasts 1221 and to contribute, 
in part, to the increase in [Ca*+], caused by PDGF [21]. 
Staurosporine was also unlikely to be stimulating the efflux 
of CaZ+ from the cell either by activating the plasma mem- 
brane Ca2+ pump 1231 or increasing Na+/Ca*+ exchange 
1241. . _ 

Staurosporine at concentrations greater than about 
10-s M has been reported previously <o block the increase 
in iCa”+l, caused bv thrombin in nlatelets 1251 and bv . 1 

concanavalin A, phytohemagglutinin and monoclonal anti- 
body directed against the antigen receptor/CD3 complex 
in human T lymphoblasts [26]. Inhibition of a positive 
feedback control exerted by protein kinase C on changes 
in [Ca2”ji was suggested to explain the action of stau- 
rosporine in human T Ivmnhoblasts 1261. Such an action. 
however, cannot explain the effects oi staurosproine in 
Swiss 3T3 fibroblasts where protein kinase C exerts a nega- 
tive feedback control of growth factor-induced changes in 
[Ca”li [27-291. This is shown in the present study b; the 
abihtv of IO-‘M PMA. an activator of nrotein kin&e C 
[30], to inhibit the increase in [Ca2+li in SW&S 3T3 fibroblasts 
caused by PDGF and vasopressin (Table 1). 

The increase in [C;“], in Swiss 3T3 fibroblasts caused by 
bradykinin and vasopressin, and part of the increase in 
[Ca2+li caused by PDGF are produced by the release of 
Ca” from endoplasmic reticulum stores [21]. We examined 
the possibility that staurosporine might be producing its 
effect on [Ca2+], by blocking the release of Ca*’ from the 
endoplasmic reticulum. To do this we measured the ability 
of staurosporine to block the release of “sCa’* from saponin- 
permeabilized Swiss 3T3 tibroblasts using the putative intra- 
cellular second messengers inositol 1,4,5-trisphosphate [31] 
and arachidonic acid [32]. Staurosporine, 10e7 M, had no 
effect on 4sCaZ+ release hy either agent (Table 2). Even at 
lo- M, staurosporiue did not affect ‘sCa’+ release by inosi- 

Table 1. Effect of modulation of protein kinase C activity 
on growth factor induced changes in [Ca*‘& in Swiss 3T3 

fibroblasts 

Treatment Vasopressin PDGF 

None 0.73 r 0.19 0.81 c 0.28 
Staurosporine 0.47 * 0.09* 0.32 2 O.ll* 
PMA 0.36 2 0.05* 0.58 + 0.06” 

Peak [Ca2+li responses were recorded after exposure of 
aequorin-loaded Swiss 3T3 fibroblasts to either vasopres- 
sin, 10m7M. or PDGF, 3.3 x 10e9M. Treatments modu- 
lating protein kinase C activity were exposure to lo-‘M 
staurosporine for 3 hr and lo-’ M PMA for 5 min. Values 
are means I SD of up to 12 experiments. 

* P < 0.05 compared to value with no treatment. 

to1 1,4,5trisphosphate significantly (results not shown). 
The possibility remains, however, that staurosporine 
inhibits the release of ?aZ+ from endoplasmic reticulum 
stores that is mediated by some other mechanism. Recent 
evidence has suggested that the increase in [Ca2’li caused 
by PDGF is not mediated by an increase in inositol 1,4,5- 
trisphosphate 133,343 but may involve a different class of 
inositol phosphates 1331. Another mechanism that may 
account for a decreased [Ca*+], response caused by stau- 
rosnorine is a decreased accumulation of Ca2+ by the endo- 
plasmic reticulum stores. However, staurosporhte had no 
effect on the uptake of j5Ca2’ by saponin-~rmeabiiized 
Swiss 3T3 fibroblasts (Table 2). 

-200 kD 

Fig. 3. Block of PDGF autophosphorylation by stau- 
rosporine. Confluent 3T3 cells were labeled with 
[“Plorthophosphate for 4 hr in serum-free medium. Stau- 
rosporine, 1 PM (Stauro), was added to the indicated 
samples 1 hr after labeling was initiated (3-hr pretreat- 
ment). Labeled celis were subsequently stimulated with 
3 x lo-’ M PDGF or buffer only (Co), and the incubations 
were continued for 10 min. Detergent-soluble proteins 
were immunoprecipitated with anti-phosphotyrosine anti- 
bodies and analyzed by SDS-PAGE in 10% poIvacrvIam~de 
gels. Radiolabeied phbsphoproteins were detected by auto- 
radioaranhv for 20 hr at -70”. Gels were calibrated with 
non-radioactive molecular weight standards. The auto- 
radiogram depicts the region of the gei predicted to contain 

the phosphory~ated PDGF receptor (18s195 kD). 
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Table 2. Effect of staurosporine on 45Cazf uptake and release by permeabilized Swiss 
3T3 fibroblasts 

Cell ‘+Za’+ ( pmol/106 cells) 
Treatment 
at 6 min Without staurosporine Staurosporine 

None 6 min 204 ‘- 5 210 ” 5 
7 min 182 +7 (89) 183 + 6 (X7) 

IP3(1,4,5) 6 min 202 * 7 199 * 4 
7 min 117 +- 5’ (56) 123 2 8* (62) 

C 4 20 6 min 215 2 7 206 ” 9 
7 min 116 + 5* (54) 101 2 5* (49) 

Uptake of 45Ca2+ by saponin-p ermeabilized Swiss 3T3 fibroblasts was measured 
between 0 and 6 min. myo-Inositol 1,4,5_trisphosphate [IP,(1.4,5)], 10 PM, and 
arachidonic acid (CZO J, 50 PM, were added at 6.25 min, and Ca*+ release was 
measured at 7 min. Staurosporine, lo-’ M, was added to the incubation at 0 min. 
Values are means 2 SD of 5 experiments. Numbers in parentheses are the percent 
of the appropriate 6-min value. 

* P < 0.01 compared to 6-min value. 

A final possibility to be considered is that the decreased 
[Ca*‘], response caused by staurosporine is due to inhibition 
of receptor-dependent protein kinase activities. Stauro- 
sporine has been reported to be a weak inhibitor of some 
tyrosine protein kinase activities [2]. Recent data indicate 
that growth factors may regulate phosphoinositide hydroly- 
sis in fibroblasts by stimulating the phosphorylation of 
phospholipase C at tyrosine residues [35]. The PDGF 
receptor contains an intrinsic tyrosine kinase domain that 
phosphorylates both the receptor itself and other cellular 
proteins as a consequence of ligand binding [35]. PDGF 
receptor autophosphorylation, therefore, serves as a con- 
venient marker for the activation of the receptor tyrosine 
kinase subsequent to ligand binding. To determine whether 
staurosporine blocked PDGF receptor tyrosine kinase 
activity, PDGF receptors were immunoprecipitated from 
[3ZP]orthophosphate-labeled 3T3 cells with a monoclonal 
antiphosphotyrosine antibody. As shown in Fig. 3, PDGF 
stimulated a profound increase in the labeling of a protein 
in the 170-200 kD region of the gel, which corresponds to 
the previously described electrophoretic mobility of the 
PDGF receptor [36]. Although pretreatment with 1 PM 
staurosporine for 3 hr had no effect on PDGF receptor 
phosphorylation (Fig. 3, lane 3), PDGF-dependent PDGF 
receptor autophosphorylation was inhibited almost com- 
pletely in staurosporine-pretreated Swiss 3T3 cells (Fig. 3, 
lane 4). Staurosporine also blocked the tyrosine phospho- 
rylation of 116 kD and 74 kD (broad triplet), and 60 kD 
and 42 kD proteins induced by a IO-min stimulation with 
PDGF (data not shown). These results suggest that inhi- 
bition of the ligand-activated PDGF receptor tyrosine 
kinase may contribute to the inhibitory effects of stau- 
rosporine on PDGF-dependent [Ca*+], increases in 3T3 
fibroblasts. It should be noted. however, that while quali- 
tatively, PDGF-receptor autophosphorylation was 
inhibited completely by 10m6 M staurosporine, the increase 
in [Ca”li caused by PDGF was inhibited only 80%. It is 
possible that the remaining increase in [Ca*‘], caused by 
PDGF utilizes a mechanism that does not involve PDGF 
receptor tyrosine kinase activation, although what this 
mechanism might be is not clear. 

Binding of vasopressin to the V, vascular-type vaso- 
pressin receptor responsible for Ca+ mobilization by vaso- 
pressin also leads to phosphorylation of cellular proteins 
[37]. However, the pattern of protein phosphorylation 
resembles that seen with phorbol esters, suggesting that it 

* Address reprint requests to: Dr Garth Powis, Depart- 
ment of Pharmacology, 200 First Street, S.W. Rochester, 
MN 55905. 

is due to activation of protein kinase C [37]. It is possible 
that other protein kinases may also be activated by vaso- 
pressin leading to an increase in [Ca”],, and these could 
be inhibited by staurosporine leading to a partial block in 
the increase in [Ca2’li. 

In summary, we have shown that staurosporine inhibited 
the increase in [Ca’+], caused by PDGF and to a lesser 
degree that caused by vasopressin but not that caused by 
bradykinin in Swiss 3T3 fibroblasts. The effect is unlikely 
to be mediated by the inhibition of protein kinase C by 
staurosporine since activation of protein kinase C by PMA 
resulted in feedback inhibition of the increases in [Ca2+], 
in the same cells. Staurosporine did not block an increase 
in [Ca*‘], caused by the influx of external CaZ+. nor did it 
block the release of Ca2+ from the endoplasmic reticulum 
of permeabilized Swiss 3T3 fibroblasts by putative intra- 
cellular second messengers. The most likely explanation for 
the effect of staurosporine is inhibition of protein tyrosine 
kinase activity involved in signalling cascades for the release 
of internal Ca”. In support of this mechanism stau- 
rosporine was found to be a potent inhibitor of PDGF- 
dependent PDGF receptor autophosphorylation. 
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