
ids. Although multiple functions have been 
suggested for these proteins, their true phys- 
iological roles have not yet been elucidated. 
They have been implicated in phospholipase 
A2 regulation (1 6) ,  membrane trafficking 
(17), cytoskeletal organization (18), and 
blood coagulation (19). In many cases the 
proposed function requires that the proteins 
be secreted, yet these proteins lack signal 
sequences and are found within cells. In 
addition, many of the ascribed functions can 
be attributed to the metal- or lipid-binding 
properties of these molecules, and large 
amounts of protein are needed. In contrast, 
inositol 1,2-cyclic phosphate 2-phosphohy- 
drolase activity is catalytic with 700 mol of 
product formed per minute per mole of 
protein, suggesting that this is a physiologi- 
cal function. The fact that phosphohydro- 
lase activity is affected by divalent metals has 
been noted previously (7). We now show 
that acidic phospholipids stimulate the en- 
zyme. 

There are numerous enzymes (more than 
15) that have been shown to metabolize the 
water-soluble inositol phosphates produced 
during PI turnover. It is possible that other 
lipocortins are also enzymes that change the 
concentrations of messenger molecules dur- 
ing cellular activation. 
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Effect of Phospholipase C y  Overexpression on 
PDGF-Induced Second Messengers and Mitogenesis 

Platelet-derived growth factor (PDGF) stimulates phospholipase C (PLC) activity and 
the phosphorylation of  the y isozyrne of PLC (PLC-y) in vitro and in living cells. The 
role of PLC-y in the phosphoinositide signaling pathway was addressed by examining 
the effect of overexpression of PLC-y on cellular responses to PDGF. Overexpression 
of PLC-y correlated with PDGF-induced tyrosine phosphorylation of PLC-y and with 
PDGF-induced breakdown of phosphatidylinositol4,S-bisphosphate (PIP2). Howev- 
er, neither bradykinin- nor lysophosphatidic acid-induced phosphoinositide metabo- 
lism was enhanced in the transfected cells, suggesting that the G protein-coupled 
phosphoinositide responses to these ligands are mediated by other PLC isozymes. The 
enhanced PDGF-induced generation of inositol trisphosphate (IP3) did not enhance 
intracellular calcium signaling or influence PDGF-induced DNA synthesis. Thus, 
enzymes other than PLC-y may limit PDGF-induced calcium signaling and DNA 
synthesis. Alternatively, PDGF-induced calcium signaling and DNA synthesis may use 
biochemical pathways other than phosphoinositide metabolism for signal transduc- 
tion. 

T H E  BREAKDOWN OF PIP2 BY PLC 
generates at least two intracellular 
messengers: inositol 1,4,5-trisphos- 

phate [I(1,4,5)P3], which releases Ca2+ 
from intracellular stores, and diacylglycerol, 
which activates protein kinase C (1, 2). 
Growth factors such as PDGF and epider- 
mal growth factor (EGF) activate PLC, and 
this activation requires the intrinsic tyrosine 
kinase activity of the growth factor receptor 
(3). These growth factors stimulate the 
phosphorylation of one of the PLC iso- 

zymes, PLC-y (4-6). This most likely results 
from a l r ec t  interaction of the growth 
factor receptors with PLC-y, as purdied 
EGF or PDGF receptors can hrectly phos- 
phorylate PLC-y on tyrosine residues (6, 7) 
and PLC-y is associated with these receptors 
in growth factor-stimulated cells (6, 8). 
However, it is not clear whether PLC-y is 
actually involved in the growth factor stimu- 
lation of PLC activity or whether phos- 
phoinositide metabolism has a primary sig- 
naling role in mitogenesis. 

To examine this issue, we overexpressed 
PLC-y in cells by cotransfecting a mahmali- 

B. Margolis, A. Zilberstein, C. Franks, S. Felder, J. 
Schlessinger, Rorer Biotechnology, 680 Allendale Road, an vector 
King of Prussia, PA 19406. PLC-y cDNA together with pSVneo into 
S. Kremer and K. Skorecki, Membrane Biology Group, NIH 3T3 cells and selected clones by their University of Toronto, Canada. 
A. Ullrich, Maw Planck Insitut fur Biochemie, 8033 resistance to geneticin (G418) (9). Irnmu- 
Martinsried bei Munchen, Federal Republic of Germany. 
S, G, Rhee, National Institutes of Health, National noblotting with PLC-?/ (anti- 
Heart, Lung and Blood Institute, Bethesda, MD 20892. PLC-y) after PDGF treatment showed in- 



Fig. 1. Expression and A B C absence of Li+, was undertaken (16). The 
PDGF-induced tyrosine Cell: 3T-PI 3T3 

1 2 3  1 2 3  
I(1,4,5)P3 content of -5 x 10' cells was 

phosphorylation of PDGF: 5 1 

PLGy. Control 3T3 measured; the basal amount was c1.9 pmol 

cells ed only) (pSVneo (lanes transfect- 3) or 3T- 1 - 1 #I-PDGFR per 3T3 milligram cells and of 3T-P1 protein cells. in Af?er both the stimulation parental 
P1 (lanes 2) and 3T-P2 * -PLC -PLC 

for 2 min with PDGF at concentrations of 
(lanes 1) (PLC-y-over- 20 and 50 nglml, the I(1,4,5)P3 content of 
expressing cells) were 
grown to confluence in 3T3 cells remained C1.9 pmol per milli- 
15-an dishes and treated gram of protein at both PDGF concentra- 
with porcine platelet tions, whereas the I(1,4,5)P3 content of 3T- 
PDGF (50 nglml) for 2 P1 cells rose to 5.9 + 0.9 and 9.9 + 0.65 
min. Cells were lysed 
and subjected to immu- pmol per milligram of protein, respectively 
noblotting (10). In both (A) and (B), 6 x lo6 cells were immunoprecipitated with anti-PLC-y (mean + SEM; n = 2 to 3 dishes). Thus, 
antibodies. (A) Expression of PLGy. The blotting antibody was anti-PLC-y. (B) PDGF-induced despite having a much larger intracellular 
tyrosine phosphorylation of PLC-y. The blotting antibody was anti-phosphotyrosine. The positions of content of I( 1A5)P3, PLC-vverexpress- 
PLC (A) and phosphorylated PLC and the PDGF receptor (PDGFR) are indicated. (C) Cell lysate kg cells did not show increases in PDGF- 
from 8 x 1 6  cells was added directly to sample buffer and after SDS-PAGE immunoblotted with anti- 
phosphotyrosine. induced ca2+ signaling. In addition, over- 

expression of PLGy and increased PIP2 
hydrolysis had a negligible influence on the 

creased PLC-y expression in two transfected ing them with the fluorescent Ca2+ indica- mitogenic capacity of PDGF, as measured 
cell lines, 3T-P1 and 3T-P2, in which PLC- tor indo-1 (14). Cells were then stimulated by thymidine incorporation (17) (Fig. 4). 
y was increased sevenfold and fivefold over with PDGF, and the rise in intracellular This is consistent with the results of others, 
that in control cells, respectively. The extent Ca2+ concentration was measured. Intracel- which suggested that growth factor-in- 
of tyrosine phosphorylation of PLGy was lular Ca2+ rose to a smaller extent in the duced phosphoinositide hydrolysis can be 
assayed by immunoblotting with anti-PLC- PLGvverexpressing 3T-P1 cells than in dissociated from mitogenesis (18). Howev- 
y or antibodies to phosphotyrosine (anti- the parental cells (Fig. 3) at three different er, the possibility cannot be excluded that a 
phosphotyrosine) (10) (Fig. 1). Concomi- concentrations of PDGF (1 ng/d,  10 certain amount of PIP2 hydrolysis is essen- 
tant with increased PLC-y expression, the ngtml, and 50 nglml). No decrease in the tial for PDGF-induced mitogenesis; for ex- 
PDGF-stimulated PLGy tyrosine phospho- Ca2+ signal &er bradykinin treatment was ample, microinjection of antibodies to PIP2 
rylation was increased over control values, as observed (Fig. 3), and ionomycin-releasable inhibits the mitogenic response to PDGF 
measured by immunoblotting with anti- Ca2+ stores were indistinguishable between (19). 
phosphotyrosine. Accordingly, the coim- the two cell lines. ca2+ signaling in PDGF- Our results show that overexpression of 
munoprecipitation of the PDGF receptor by stimulated 3T-P2 cells more closely resem- PLGy leads to enhanced inositol phosphate 
anti-PLGy was also enhanced (6, 11). No bled the parental 3T3 cells. However, in all generation in response to PDGF but not to 
tyrosine phosphorylation of PLGy was seen cell lines ca2+ signaling did not correlate two other agonists, bradykinin and lyso- 
in either control or overexpressing cell lines with PLGy overexpression and inositol phosphatidic acid. However, the increased 
in the absence of PDGF. phosphate generation. generation of I(1,4,5)P3 was not associated 

We investigated the effect of increased Because the column methodology we with increased PDGF-induced ca2+ signal- 
PLGy expression on PDGF-stimulated used measures all stereoisomers of IP3 and ing in PLGvverexpressing cell lines. 
PLC activity (Fig. 2). Cells were labeled not just the active moiety I(1,4,5)P3 (IS), a Even at nonsaturating concentrations of 
with [3H]myo-inositol for 60 hours and direct measurement of I(1,4,5)P3, in the PDGF, Ca2+ signaling was not enhanced in 
then stimulated with PDGF (purified from 
porcine platelets) for 30 min at 37°C in the 
presence of Li+. Inositol phosphates were 
extracted and separated on anion exchange 
columns (12), and the sum of all inositol 
phosphates (Fig. 2B) and the total IP3 pool 

pressed PLC-y had increased PDGF-stimu- 2 
30'000pE 40900;1Bm , A E:iL 

were measured (Fig. 2C). Cells that overex- 3 20.000 

lated PLC activity, with increased produc- $lo,o00 PC 20,000 0"2000 

tion of total inositol phosphates (Fig. 2, A 
and B) and IP3 (Fig. 2C). The increase in 
PDGF-stimulated inositol phosphate gener- 0 

0 20 40 3T3 3T-PI 3T3 3T-PI - - 
ation paralleled the increase in P L G ~  PDGF concentration (ng~rn~) 

expression. In contrast, the responses to two Fig. 2. ~ffect of PLC-y overexpression on inositol phosphate generation. (A) PDGF dose-response 
agonists, bradykinin and ~ysophospha~~c  curve. The 3T3 (open squares) and 3T-P1 (solid squares) cells were labeled with [3H]myo-inositol for 

72 hours (12). Cells were then stimulated with PDGF for 30 min in the presence of 20 mM LiCl and that activate via pro- total inositol phosphates (IPT) were measured (12). (Results are mean + SEM, n = 3 or 4). (B) PDGF 
teins (I3) were not suggesting or lysophosphatidic acid-stimulated inositol phosphate generation. Control 3T3 or PLGy-overex- 
that these agonists activate isozymes of PLC pressing 3T-P1 cells were incubated with control medium (open bars), PDGF (10 nglml) (gray bars), 
other than P E y .  The overexpressed PLC- PDGF (50 nglml) (striped bars), or lysophosphatidic acid (10 pg/ml) (solid bars) as in (A) (n = 3 to 8). 

thus appeared to be specifically activated At a PDGF concentration of 50 nglml, 3T-P2 cells gave similar results to 3T-P1. (C) Effect of PLC-y 

by PDGF. overexpression on IP3 generation in response to PDGF and bradykinm. Cells were incubated with 
control medium (open bars) or stimulated for 30 min at 37°C with PDGF (50 ngtml) (striped bars) or 2 

The ca2+ signaling pathway of PLC-Y pi14 bradykinin (solid bars) in the presence of 20 mM LiCI. IP3 was measured as in (A) except an 
overexpressing cells was examined by load- additional wash of the column with 0.4M ammonium formate and 0.1M formic acid was added (n = 4). 
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Flg. 3. Ca2+ signaling responses to PDGF in 3T3 
and 3T-P1 cells. Representative tracings of Ca2+ 
signaling responses to PDGF at concentrations of 
1, 10, and 50 n g l d  are shown in 3T3 cells (A) 
and 3T-Pl cells (B). Basal cytosolic CaZ+ was 
223 + 4.7nMin the 3T3 cells andwas 167 2 3.6 
nM (mean f SEM, n = 28, in each case) in 3T- 
P1 cells. Peak Ca2+ response to PDGF (1 nglrnl) 
in 3T3 cells was 338 a 12.0 nM, compared to 
194 2 6.4 nM in 3T-Pl cells (n = 6). Peak Ca2+ 
response to PDGF (10 nglrnl) in 3T3 cells was 
462 f 29.5 nM, compared to 302 f 30.4 nM in 
3T-P1 cells (n = 10). Peak CaZ+ response to 
PDGF (50 nglrnl) in 3T3 cells was 564 + 67.3 
nM compared to 262 2 32.0 nM in 3T-P1 cells 
(n = 6). Responses to PDGF in Ca2+-free medi- 
um containing 0.5 mM EGTA were attenuated, 
but similar to those shown. Assessment of total 
releasable CaZ+ stores with ionomycin in CaZ+- 
free medium revealed no sipticant difference 
between 3T3 and 3T-P1 cells. Ca2+ measure- 
ments determined by fluorescence ratios in either 
indo-1- or h r a  2-loaded adherent cells on a 
microscope yielded similar results. Shown for 
comparison is the response to 2 p.M bradykinin 
(BK) on the same cell lines. 

cells that overexpress PLC-y (Fig. 3).  Thus 
the absolute amount of IP3 generated in 
response to PDGF does not correlate with 
the rise in intracellular Ca2+. There are 
several possible explanations for this ap- 
parent disparity. One possibility is that 
I(1,4,5)P3 production is not related to 
PDGF-induced Ca2+ signaling. Indeed, the 
time course of IP3 generation is different for 
PDGF than for neuropeptides such as 
bradykinin or vasopressin, which probably 
signal PLC activation via G proteins (20). 
Typically, PDGF-stimulated IP3 generation 
is slow and peaks in minutes, whereas neu- 
ropeptides stimulate an immediate and 
shorter IP3 response. The Ca2+ signal in 
response to PDGF is also delayed compared 
to that in response to neuropeptides and 
may in fact precede the increase in I(1,4,5)- 
P3 (21, 22). Thus, the established mecha- 
nisms of classical neuropeptide Ca2+ signal- 
ing may not apply for PDGF signaling. As 
we were able to show PDGF-stimulated 
Ca2+ signaling in the presence of extracellu- 
lar EGTA, at least part of the Ca2+ signal 

0- 
0 4 8 12 16 

PDGF (nglml) 

Fig. 4. PDGF stimulated thymidine incorpo- 
ration in 3T3 (U), 3T-P1 (A), and 3T-P2 (m) 
cells. Cells were incubated for 48 hours in 0.5% 
FBS-containing medium and then stimulated 
with PDGF for 18 hours (17). After a 4-hour 
treatment with [3H]thymidine, radioactivity pre- 
cipitated by trichloroacetic acid was determined 
by scintillation counting. Results are the mean 
t SEM for four dishes. 10. 

P3 receptor or by increased Ca2+ extrusion 
rate.   ow ever, it is not consistent with this 
notion that the Ca2+ signal in response to 
bradykinin is not lower in the PLC-y-over- 
expressing cells and that the ionomycin- 
releasable Ca2+ pool is not altered. Yet 
another possibility is that the IP3 generated 
in response to PDGF is compartmentalized 
or sequestered within the cell and is not 
accessible to the Ca2+-releasing organelles. 
Additionallv. the differences observed in , , 
inositol phosphate generation between the 
control and PLC-y-overexpressing cells 2 11, 
min after stimulation may not be present 12. 
immediately after PDGF addition when the 
signal is initiated. Also, we have not exam- 
ined IP4 levels, which might have a role in 
ca2+ signaling in these cells. The ca2+ signal 
obtained in our study measures the average 
ca2+ response of many cells. However, ca2+ 
levels in single cells can be oscillatory (I), 
and the response of a cell is therefore deter- 
mined by the frequency and amplitude of 
the oscillations. Indeed, preliminary single- 
cell ca2+ measurements indicate that the 
profile of the PDGF-induced ca2+ signal in 
individual PLC-y-overexpressing cells is 
somewhat altered, but without a major 
change in its magnitude (23). The fact that 
we do not observe a correlation between 
PDGF-stimulated I(1,4,5)P3 generation, 
the rise in intracellular Ca2+, and mitogene- 
sis may mean that the current view of the 
role of phosphoinositide metabolism as a 
signal for mitogenesis needs to be carefully 
evaluated. 
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'1 bve tO hear the piltcT-p1JtcT-parter-pa#cr-po#cr-po#cr-poltcr 
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poltcr-palter of his tiny feet." 
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