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Gene targeting techniques and early mouse embryos have been used to produce immor-
talized fibroblasts genetically deficient in phospholipase C (PLC)-vy1, a ubiquitous ty-
rosine kinase substrate. Plcg1~/~ embryos die at embryonic day 9; however, cells derived
from these embryos proliferate as well as cells from Plcgl ™/ *+ embryos. The null cells do
grow to a higher saturation density in serum-containing media, as their capacity to
spread out is decreased compared with that of wild-type cells. In terms of epidermal
growth factor receptor activation and internalization, or growth factor induction of
mitogen-activated protein kinase, c-fos, or DNA synthesis in quiescent cells, PLcgl ™/~
cells respond equivalently to PLcg1*/™* cells. Also, null cells are able to migrate effec-
tively in a wounded monolayer. Therefore, immortalized fibroblasts do not require
PLC-y1 for many responses to growth factors.

INTRODUCTION

Activation of growth factor receptor tyrosine kinases
by ligand binding provokes intracellular signaling
through a variety of molecules to various points of
signal reception and response generation. Proximal to
activated receptors are a number of signaling mole-
cules that serve as tyrosine phosphorylation substrates
and/or adaptor molecules. Most of these utilize SH2
domains to facilitate interaction with receptor auto-
phosphorylation sites (Pawson, 1995). Molecules prox-
imal to the epidermal growth factor (EGF) receptor
include the enzymes phospholipase C-y1, the phos-
photyrosine phosphatase SHP-1, the coreceptor ty-
rosine kinases ErbB-2 and ErbB-3, the intracellular
tyrosine kinase src, the transcription factor STATS,
and the adaptor molecules Shc, Grb-2, and Nck. These
receptor-proximal molecules lead to the activation of
several signal transduction pathways. The details of
these pathways and manner in which they interact to
produce biological responses, such as cell prolifera-
tion, is not understood.

Mammalian cells contain at least ten genes that en-
code various phosphatidylinositol 4,5-bisphosphate
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(PIP,)-specific phospholipase C (PLC) isozymes (Rhee
and Bae, 1997). All mammalian PLC isozymes are
characterized by the presence of sequence motifs
termed X and Y, which in the native enzyme are
folded together to constitute the active site for PIP,
hydrolysis (Essen et al., 1996). Tyrosine kinases are
known to exclusively activate two PLC-y isozymes,
while agonists for heptahelical receptors utilize het-
erotrimeric G protein to activate four PLC-$ isozymes.
Cellular control of the four PLC-6 isozymes is unclear.
The y subfamily is distinguished by the presence of src
homology domains (two SH2 and one SH3) that are
hallmarks of receptor tyrosine kinase-signaling path-
ways. The PLC-vy1 isoform is ubiquitously expressed,
while the y2 isoform is more limited in expression to
hematopoietic cells (Emori et al., 1989).

PLC-vy1 associates with activated growth factor re-
ceptors by means of SH2 domains and is subsequently
phosphorylated at tyrosine residues that modulate the
molecule’s enzymatic activity (Kamat and Carpenter,
1997; Rhee and Bae, 1997). When activated, PLC-vy1
provokes the hydrolysis of PIP, to produce two sec-
ond messenger molecules: inositol 1,4,5-trisphosphate
(IP5), which increases intracellular levels of free Ca®",
and diacylglycerol, an endogenous activator of protein
kinase. PLC-y1 activation occurs proximal to most all
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activated growth factor tyrosine kinase receptors, in-
cluding fibroblast growth factor receptors 1 and 2,
platelet-derived growth factor receptors a and g, glial-
derived neurotropic factor receptor, Ret, the hepato-
cyte growth factor receptor, Met, and the neurotropin
receptors, TrkA, B, and C.

A critical issue in signal transduction is understand-
ing the relationship of individual molecules to the
generation of downstream signaling elements and the
generation of biologic responses. Attempts to define
PLC-vy1 as a necessary component for mitogenic sig-
naling have, in cell culture systems, not produced a
consistent view of the significance of this molecule.
Recently, gene targeting and disruption have shown
that, in mice, PLC-v1 is essential during early to mid-
gestation, as Plcg]l~/~ embryos die at approximately
embryonic day 9 (E9.0) (Ji et al., 1997). This targeted
disruption of the Plcgl locus removes exons that en-
code the entire X domain, which is necessary for ca-
talysis, plus both SH2 domains, which facilitate
PLC-y1 association with activated receptor tyrosine
kinases. It was shown that mouse embryo fibroblasts
(MEF) produced from Plcg1~/~ embryos are unable to
mobilize intracellular Ca®" when challenged with an
agonist that is known to activate the PLC-y isozyme.
In this report we have explored various EGF-depen-
dent mitogenic responses in cells genetically deficient
in this signaling element.

MATERIALS AND METHODS

Cell Culture

MEF were prepared from E9.5 embryos with and without targeted
disruption of the Plcg1 gene (Ji et al., 1997). Plcgl~/~ MEF have been
characterized by Southern blotting, Western blotting, and Ca®*
mobilization in response to EGF (Ji et al., 1997). The cells were
established in culture following the procedures of Todaro and
Green (1963) and maintained as immortalized nontransformed cell
lines. The cells are routinely grown in DMEM supplemented with
10% fetal bovine serum. To prepare cells for growth factor stimu-
lation, subconfluent cultures were incubated in DMEM containing
0.5% fetal bovine serum for 24-72 h before the addition of growth
factor. Mouse EGF, isolated as previously described by Savage and
Cohen (1972), was added to a final concentration of 20 ng/ml unless
otherwise noted. Cell numbers were determined by Coulter count-
ing, and cell morphology was examined with an Olympus inverted
phase contrast microscope.

Western Blotting

After treatment without or with EGF (50 ng/ml), cells were lysed in
TGH buffer (1% Triton X-100, 10% glycerol, 50 mM HEPES, pH 7.2)
supplemented with 100 mM NaCl and protease and phosphatase
inhibitors (10 pg/ml aprotinin, 10 ug/ml leupeptin, 100 uM phe-
nylmethylsulfonyl fluoride, 1 mM Na;VO,). After brief centrifuga-
tion, aliquots (100 ug protein) of each lysate were subjected to gel
electrophoresis (10% SDS-PAGE). Aftertransfer to nitrocellulose, the
samples were incubated in blocking solution (Baulida et al., 1996)
and then blotted with antibodies to tyrosine-phosphorylated mito-
gen-activated protein (MAP) kinase to detect the activated enzyme.
After washing, bound antibody was detected by enhanced chemi-
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luminescence (ECL). Data were quantitated using densitometric
scanning with molecular analyst software (Bio-Rad, Hercules, CA).
To detect tyrosine phosphorylated EGF receptor, cells were
treated without or with EGF (20 ng/ml) and cell extracts prepared
as previously described (Baulida et al., 1996). Antisera 986 to the
EGF receptor (Stoscheck and Carpenter, 1983) was employed to
precipitate the receptor. After 7.5% SDS-PAGE and transfer to ni-
trocellulose, activated receptors were detected by blotting with an-
tiphosphotyrosine (Zymed, South San Francisco, CA) and ECL.

DNA Synthesis

Cells were grown to confluence and then incubated in DMEM plus
0.5% fetal bovine serum for 36 h before the addition of EGF (20
ng/ml). At each indicated time point thereafter, >H-thymidine (0.5
nCi/ml) was added for 1 h. Cell cultures were then processed as
previously described (Carpenter and Cohen, 1976a) to measure the
amount of cold 5% trichoroacetic acid-insoluble radioactivity. Pro-
tein was measured by the modified Bradford procedure (Bio-Rad)
and radioactivity expressed as counts per min per ug cell protein.
Bromodeoxyuridine incorporation was employed to determine the
labeling index of EGF-stimulated cells. Cells were arrested in 0.5%
fetal calf serum for 36 h before the addition of EGF. At each
indicated time point (0 h, 19 h, 36 h) bromodeoxyuridine was added
for 1 h and cell labeling, fixation, reaction with antibody, and
counter staining were performed using a Cell Proliferation kit (Am-
ersham, Arlington Heights, IL) according to the manufacturer’s
instructions. At each time point, approximately 1000 cells in each of
three separate fields were counted to determine the labeling index.

Northern Blotting

Total cellular RNA was isolated using a Qiagen kit according to the
manufacturer’s instructions (QIAGEN, Chatsworth, CA). For each
data point, an aliquot (15 ug) of total RNA was electrophoresed,
transferred to nylon membrane (Bio-Rad), and probed according to
standard procedures. To detect c-fos mRNA, a 1.0-kilobase (kb)
EcoRI-BamHI fragment of c-fos (Dr. Ronald Wisdom, Vanderbilt
University) was used. A probe for glyceraldehyde-3-phosphate de-
hydrogenase was also obtained from Dr. Wisdom (Vanderbilt Uni-
versity). The probes were labeled with «*P-dATP using the
Prime-It II random primer labeling kit (Stratagene, La Jolla, CA).

Cell Migration

Cells were grown to confluence and then incubated in DMEM plus
0.5% fetal bovine serum for 24 h. A plastic pipette tip was then used
to scrape a wound in the center of the monolayer. Thereafter, the
monolayers were washed and DMEM plus 0.1% BSA without (con-
trol) or with EGF (20 ng/ml) was added. Mitomycin C (Chen et al.,
1994) was added to a final concentration of 0.5 wg/ml to prevent cell
proliferation. Small wounded areas were then identified and
marked, and photographs of the same area were made after 0, 11,
and 22 h.

125]-EGF Binding

Mouse-derived EGF was radiolabeled with 12°I~ as previously de-
scribed (Carpenter and Cohen, 1976b), and specific ligand binding
or ligand internalization was measured using published procedures
(Baulida et al., 1996). Total specific cell surface binding was assessed
after a 2-h incubation at 5°C (to prevent receptor internalization)
with 'I-EGF (100 ng/ml). To assess ligand internalization rate,
cells were incubated with a low concentration of >°I-EGF (2 ng/ml)
for a brief period of time, 1-5 min. After washing, surface and
internalized '?°I-EGF was determined by washing with cold acidic
(pH 2.8) buffer. Nonspecific binding was always measured in par-
allel cultures exposed to '*I-EGF and a 200-fold excess of unlabeled
EGF. Specific internalized '*I-EGF is reported for each time point.
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Materials

DMEM was purchased from Grand Island Biological (Grand Island,
NY) and fetal bovine serum was purchased from Hyclone (Logan,
Utah). Cell culture dishes were obtained from Costar (Cambridge,
MA). Inhibitors (aprotinin, leupeptin, phenylmethylsulfonyl fluo-
ride, Mitomycin C) were Sigma (St. Louis, MO) products. Antibody
to tyrosine phosphorylated MAP kinase was purchased from New
England Biolabs (Beverly, MA). Antibody to phosphotyrosine was
from Zymed. *H-thymidine, *I~ and «**P-dATP were purchased
from New England Nuclear-Dupont (Boston, MA). RNA isolation
kit was a Qiagen product.

RESULTS

Growth and Morphology

MEF from Plcg1™/* and Plcgl~/~ were established in
culture according to the methods of Todaro and Green
(1963) and used after crisis when the cells were im-
mortalized. None of the cell lines were transformed as
judged by morphology, presence of density-restricted
growth (monolayer contact inhibition), and the ab-
sence of colony- forming activity in soft agar. To assess
the consequence of the absence of PLC-y1 on growth,
cells were plated at low density (2 X 10° per cm?) in
media containing 10% serum, and cell numbers were
determined. As shown in Figure 1A, Plcg1~/~ subcon-
fluent cells grew at a rate comparable to that of
Plcg1™/* cells under these standard growth media
conditions. The most noticeable difference was the
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higher (2.5-fold) saturation density achieved by
Plcg1~/~cells, approximately 6.8 X 10* cells per cm?
compared with 2.7 X 10* cells per ecm? for Plegl™*/*
cells. This difference was observed in three indepen-
dent lines of Plcg1~/~ and two independent Plcgl*/*
lines of cells. To characterize the increased saturation
density of Plcgl =/~ cells, their morphology compared
with Plcgl™/™ cells was examined. The results shown
in Figure 1B indicate that this growth behavior is, in
part, correlated with an altered morphology, as
Plcgl~/~ cells are smaller or less spread out in mor-
phology compared with Plegl*/* cells. This was ap-
parent in sparse cultures as well as confluent cultures
where Plcgl null cells are more dense than wild-type
cells. Plegl~/~ cells, however, were density inhibited
and did not exhibit characteristics of transformation,
such as colony formation in soft agar.

Receptor Phosphorylation and Trafficking

To compare the response of Plcgl*/* and Plcgl =/~
cells, the level of surface EGF receptors were assayed
by ligand binding (***I-labeled EGF at 5°C) to deter-
mine approximate cell surface numbers. The results
indicate that Plcgl*/* cells have approximately 2.8 X
10* EGF receptors per cell, while the Plcgl~/~ cells
have approximately 5.2 X 10* receptors per cell. In
each cell type, EGF addition provokes a rapid but

Plcgl (-/-)

O

Figure 1. Growth and morphology of Plcgl*/* and Plcg1~/~ embryonic fibroblasts. (A) Cells were seeded at an initial density of 2 X 103
cells per cm? in DMEM plus 10% fetal bovine serum. Thereafter cells were counted at the indicated times. Each point represents the average
of duplicate cultures. (B) Cells were plated at a low density in DMEM plus 10% fetal bovine serum. When the cells were sparse (C and D)
or postconfluent (A and B) photographs were taken (180 X total magnification).
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Figure 2. Influence of PLC-y1 on EGF receptor autophosphoryla-
tion and protein tyrosine phosphorylation. (A) Confluent Plcgl*/*
and Plcgl =/~ cells were incubated overnight in DMEM plus 0.5%
fetal bovine serum and then treated at 37°C with EGF (20 ng/ml) for
the indicated times. Cells were then lysed, and the EGF receptor was
immunoprecipitated and probed by Western blotting with an-
tiphosphotyrosine as described in MATERIALS AND METHODS.
(B) Confluent Plcgl*/* and Plcgl~/~ cells were incubated in
DMEM plus 0.5% fetal calf serum overnight, and the cells were then
treated for 5 min at 37° without or with EGF (50 ng/ml). After cell
lysis, equal aliquots (40 ug) of each lysate were subjected to SDS-
PAGE and Western blotting with antiphosphotyrosine. Bound an-
tibody was detected by ECL.

transient increase in receptor autophosphorylation
(Figure 2A). The apparent higher level of receptor
autophosphorylation observed in Plcgl~/~ cells re-
flects the higher level of receptors present in these
cells, as shown by Western blotting with anti-EGF
receptor. After activation of the EGF receptor, a num-
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ber of other intracellular proteins become tyrosine
phosphorylated. This has been assessed in Plcgl™*/*
and Plcgl~/~ cells by Western blotting cell lysates
from control and EGF-treated cells with antiphospho-
tyrosine. The results, shown in Figure 2B, do not in-
dicate distinctions in the profile of tyrosine-phospho-
rylated proteins detectable in the two cell types.

After ligand binding and activation of EGF receptor
tyrosine kinase activity, an initial step in receptor de-
sensitization is its rapid internalization as part of the
endocytic pathway leading to receptor degradation in
lysosomes (Sorkin and Waters, 1993). Therefore, we
determined whether PLC-y1 activity is a required part
of the internalization mechanism as suggested for the
fibroblast growth factor (FGF) receptor (Sorokin et al.,
1994). As shown by the data in Figure 3A, PLC-y1 is
not required for rapid EGF receptor internalization in
Plcg1 null cells. The rates of receptor internalization
were equivalent in wild-type and null cells. Also,
when ligand binding was followed over a longer time
period, the typical down-regulation of receptor-bind-
ing capacity was detected in both cell types (Figure
3B). Therefore, the activation of PLC-y1 and the mo-
bilization of intracellular Ca?* after growth factor ad-
dition is not essential for these receptor trafficking
functions.

EGF-Induced Mitogenesis and Signaling

Reports in the literature indicate that PLC-vy1 function
is either dispensable or essential for growth factor
induction of DNA synthesis in quiescent cells (see
DISCUSSION). Therefore, we tested the capacity of
serum-arrested Plcgl*/* or Plegl~/~ cells to enter S
phase when stimulated by EGF. The results shown in
Figure 4 demonstrate that PLC-y1 is not required in
these cells for EGF to stimulate these quiescent cells to
enter DNA synthesis, as judged by the incorporation
of 3H-thymidine during 1-h pulse labeling. In this and
other experiments, however, DNA synthesis is more
prolonged in Plcg1~/~ cells than Plcgl*/*cells. °H-
thymidine incorporation at 34—40 h after growth fac-
tor addition remains well above basal levels in
Plcg1~/~ cells, while the incorporation of *H-thymi-
dine in wild-type cells has returned to basal levels.
Clearly, the data show that PLC-v1 is not essential for
growth factor-induced S phase entry of these quies-
cent cells in culture. DNA synthesis also was mea-
sured by bromodeoxyuridine incorporation for 1-h
periods, and the results were expressed as the labeling
index at 19-20 h, when growth factor-induced DNA
synthesis is near maximal, and at 36-37 h, when the
stimulation of DNA synthesis has declined. Before the
addition of EGF the labeling index was 3-4% for
Plcgl*/* and Plcgl~/~ cells. In wild-type cells, the
labeling index then increased to 20% at 19 h and
subsequently declined to 4% at 36 h. The labeling
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Figure 3. EGF receptor internalization and down-regulation. (A)
Confluent Plegl*/* and Plegl~/~ cells were placed in binding
medium (DMEM plus 0.1% BSA) and incubated with I'*>-EGF (2
ng/ml) for the indicated times (1-4.5 min) at 37°C. Low concentra-
tions of I'?>-EGF and brief incubation times were used to maximize
internalization while minimizing recycling. Internalized ligand was
measured as described in MATERIALS AND METHODS. (B) Con-
fluent cells were treated as in panel A, but incubated for the indi-
cated periods of time with a saturating concentration of ?I-EGF (20
ng/ml). At each time point, total cell-associated radioactivity was
determined by washing with pH 7.0 buffer.

index for Plcgl null cells was slightly higher (34%) at
19 h, but declined only slightly to 24% at 36 h. At this
later time, therefore, the labeling index for the null
cells is about 8-fold higher than that of wild-type cells.
Hence, Plcgl null cells demonstrate a prolonged S
phase under these conditions. However, when cycling
cells grown in standard media (10% serum) are ana-
lyzed, there is no increase in the percentage of Plcgl
null cells in S phase.
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Figure 4. EGF-Induction of DNA Synthesis in Plcgl*/* and
Plcg1~/~ cells. Confluent cells were incubated in DMEM plus 0.5%
fetal bovine serum for 36 h before the addition of EGF (20 ng/ml) or
no addition. At each indicated time, cells were incubated for 1 h
with 3H-thymidine, and the radioactivity incorporated into trichlo-
roacetic acid-insoluble material was determined as described in
MATERIALS AND METHODS.

The main pathway for the transduction of intracel-
lular signals generated by growth factors is the acti-
vation of MAP kinase, which Huang et al. (1995) have
reported is attenuated after activation of FGF recep-
tors unable to associate with and activate PLC-vy1.
Therefore, we have assessed the activation of this sig-
naling intermediate in EGF-treated cells. Cells were
treated with EGF for varying periods of time, and
lysates were probed with antibody to tyrosine-phos-
phorylated MAP kinase to detect its activation. The
results shown in Figure 5 demonstrate that MAP ki-
nase is rapidly activated after growth factor addition
to both Plcg1™/* and Plcgl~/~ cells. The time course
data suggest that MAP kinase activation is transient in
both cell types, but more prolonged in Plcgl =/~ cells
compared with the wild-type cells. This result is not
unlike that observed for the stimulation of DNA syn-
thesis.

Recently, it has been reported that PLC-vy1 is re-
quired for the activation of the c-fos promoter after the
addition of platelet-derived growth factor (PDGF) or
EGF to different cell lines (Roche et al., 1996; Wang et
al., 1998). We have, therefore, measured the growth
factor induction c-fos mRNA in Pleg1*/* and Plegl =/~
cells (Figure 6). Northern blots clearly demonstrate
that c-fos is rapidly induced after EGF addition to both
cell types. Similar results have been obtained with
cells stimulated by PDGF (our unpublished results).
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Figure 5. EGF activation of MAP kinase in Pleg1*/* and Plcgl~/~
cells. Cells were incubated overnight in media containing 0.5% fetal
bovine serum and then stimulated with EGF (50 ng/ml) for the
indicated times. The tyrosine phosphorylated forms of MAP kinase
(pp42, pp44) were detected by immunoblotting cell lysates with
antibody specific for activated MAP kinase as described in MATE-
RIALS AND METHODS. The upper panel shows the direct blots,
while the lower panel presents scanning densitometric quantitation
of the primary data.

Cell Migration

Based on EGF receptor mutants and the application of
a PLC inhibitor, several reports (Chen et al., 1994,
1996a) indicate that PLC-y1 is required for EGF-de-
pendent cell migration. Given these data and the fact
that migration is part of the proliferation response, we
have assessed the migration capacity of Plcgl*/* and
Plcgl~/~ cells in a wound-healing assay. Monolayers
of both cell types were “wounded” with a pipette tip
(Figure 7, top panel). The cells were then treated with
or without EGF and their capacity to migrate into the
wound was determined after 11 h and 22 h. In this
experiment, Mitomycin C was added at 0 h to prevent
cell division. Hence, the movement of cells into the
wounded areas depends only on cell migration. As
shown at both time points, migration was enhanced
by the presence of EGF in both cell lines and by 22 h
the wounded areas of Plcg1™/* and Plcgl™/~ cell
monolayers were nearly completely occupied for each
cell type incubated in the presence of EGF. Therefore,
the capacity of cells to migrate under these conditions
is not attenuated by the absence of PLC-vl1.
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Figure 6. Induction of c-fos mRNA in Plcg1*/* and Plcgl~/~ cells.
Confluent cells were incubated in media containing 0.5% fetal bo-
vine serum for 72 h before the addition of EGF (50 ng/ml) for the
indicated times. At each time point, total RNA was isolated and c-fos
mRNA was detected by Northern blotting as described in MATE-
RIALS AND METHODS. The blot was also probed for glyceralde-
hyde-3-phosphate dehydrogenase as a control for loading variation
(lower panel).

DISCUSSION

Nearly all growth factor receptor tyrosine kinases pro-
duce, when activated, tyrosine phosphorylation and
activation of PLC-y1, which gives rise to a transient
increase in IP;, followed by the IP;-dependent mobi-
lization of intracellular free Ca®>*. Immortalized MEF
prepared from Plcg1~/~ mice fail to mobilize intracel-
lular Ca?* when provoked with EGF (Ji et al., 1997).
No growth factor-dependent increase in intracellular
free Ca®" is produced in Plcgl~/~ cells in the presence
or absence of extracellular Ca?*. When exposed to 1%
fresh serum, however, Ca?" is mobilized in these
cells—presumably due to serum components such as
lysophosphatidic acid, which activate PLC-f isoforms.
Therefore, Plcgl~/~ cells do have a functional system
for the mobilization of intracellular Ca?*.

Although a sphingosine-dependent, IP;-indepen-
dent mechanism has been reported to mobilize Ca**
in response to PDGF (Spiegel et al., 1996), we have not
observed Ca?"* mobilization in Plcgl~/~ MEF treated
with PDGF (our unpublished results). Also, PLC-y2,
which is tyrosine phosphorylated and activated when
expressed in fibroblasts (Sultzman et al., 1991; Totzke
et al., 1992a, 1992b) or smooth muscle cells (Homma et
al., 1993) treated with PDGF, is not detectable by im-
munoblotting in Plcgl =/~ cells. Therefore, we have
not observed a PLC-yl-independent mechanism for
Ca?* mobilization in Plcgl~/~ cells when either EGF
or PDGF is used as the activating agent.

Intracellular Ca®>* mobilization occurs at both the
G;—S and G,—M transitions in the cell cycle (Ber-
ridge, 1995). Little is known of the latter, but various
indirect experiments suggest a putatively important
role for Ca** in the G, —S transition (Berridge, 1995).
More specifically, various approaches have been em-

Molecular Biology of the Cell



ployed to assess the role of PLC-y1, a ubiquitous ty-
rosine kinase substrate, in mitogenic responses. How-
ever, conflicting results have been reported. Initially,
mutagenesis of PLC-yl-specific phosphotyrosine as-
sociation sites in the FGF receptor, expressed in L6
myoblasts (Mohammadi et al., 1992; Peters et al., 1992),
and PDGF receptors, expressed in aortic endothelial
cells (Ronnstrand et al., 1992), showed no decrease in
growth factor-dependent entry of quiescent cells into
DNA synthesis. Mutagenesis of these specific auto-
phosphorylation sites did prevent growth factor-in-
duced PLC-v1 tyrosine phosphorylation and stimula-
tion of phosphoinositide turnover. These results lead
to the conclusion that PLC-y1 was a dispensable sig-
naling element for the mitogenic response. Others,
however, have reported dissimilar conclusions in
terms of whether PLC-v1 is dispensable for this mito-
genic response. Two groups (Valius et al., 1993; Ali-
mandi et al., 1997) have reported that mutagenesis of
PLC-y1 association sites on the PDGF receptor de-
creases DNA synthesis when receptors are expressed
in a kidney epithelial cell line or the FDC-P2 myeloid
progenitor line. Also, microinjections of antibody to
PLC-y1 (Smith et al., 1990; Roche et al., 1996) or GST-
SH2 fusion proteins, which would be expected to act
as dominant negative competitive inhibitors of
PLC-y1 (Roche et al., 1996; Wang et al., 1998), are
reported to block PDGF or serum induction of DNA
synthesis in a manner specific for PLC-y1. These re-
ports have argued that PLC-v1 is essential for growth
factor induction of DNA synthesis. Reconciling these
divergent approaches, results, and conclusions is com-
plicated by the fact that none is entirely specific for
PLC-v1, and the extent of interference in the PLC-y1
activation is difficult to judge. Our analysis of
Plcgl~/~ cells, which have no capacity for PLC-y1
functions, known or unknown, support the view that
this signaling molecule is dispensable for mitogenesis,
at least in immortalized cell lines.

Interestingly, in some reports DNA synthesis is in-
creased in cells expressing receptors mutated at the
PLC-v1 association site compared with cells express-
ing wild-type receptors (Peters et al., 1992; Ronnstrand
et al., 1992). This observation is not unlike our results
with Plegl~/~ cells. Growth factor induction of DNA
synthesis is not attenuated in the absence of PLC-v1,
but is consistently increased relative to control
Plcg1*/* cells. Similarly, Chen et al. (1996b) concluded
that inhibition of PLC-vy1 activity by a pharmacologic
agent, or overexpression of a PLC-yl SH2-SH2-SH3
fragment, augmented EGF-induced DNA synthesis, as
measured by *H-thymidine incorporation. Additional
experiments are underway to explore the basis of the
enhanced level of growth factor-stimulated DNA syn-
thesis during S phase in Plcgl™/~ cells.

The experiments of Roche et al. (1996) and Wang et
al. (1998) found that PLC-vy1 is required for the PDGF
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Figure 7. Influence of PLC-yl on cell migration. Plcgl™/* and
Plcg1=/~ cells were grown to confluence, incubated overnight in
media containing 0.5% fetal bovine serum, and then the monolayer
was wounded, as described in MATERIALS AND METHODS. The
cultures were washed to remove scraped cells, and DMEM plus
0.1% BSA was added. Mitomycin C (0.5 ug/ml) was also added to
prevent subsequent cell division. The indicated cultures were then
stimulated with EGF (20 ng/ml) or with no addition (control). At
the indicated times, the same wounded area was examined and
photographed as described in MATERIALS AND METHODS. Total
magnification, 100X.

or EGF activation of the c-fos promoter, as measured
by a reporter construct. Previously, Schalasta and
Doppler (1990) have shown that a putative inhibitor
(D609) of phospholipase C activity attenuates EGF-
induced c-fos transcription. Our results, in contrast,
indicate that EGF or PDGF effectively stimulates the
induction of c-fos in quiescent cells in the absence of
PLC-y1 and Ca?* mobilization.

Cell movement is an essential biological process that
growth factors are able to regulate and for which
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phosphoinositides, free Ca?*, and phospholipase C
activity have been implicated as signaling elements to
the cytoskeleton (Stossel, 1993; Lauffenburger and
Horwitz, 1996). Chen et al. (1994) investigated the role
of PLC-v in EGF-induced cell movement or migration
into an acellular area created by wounding a mono-
layer of the NR-6 variant of 3T3 cells. Based on anal-
ysis of transfected EGF receptor deletion mutants,
pharmacological inhibition of PLC activity with the
drug U73122, antisense reduction of PLC-yl levels,
and expression of a dominant negative fragment of
PLC-v1, this group concluded that PLC-vy1 function is
required for cell migration. Subsequently, gelsolin was
identified as a downstream target of EGF-induced
PLC-y1 activity (Chen et al., 1996a). Our assay of cell
migration is similar to that employed by Chen et al.,
and the cell lines used in both studies are mouse
fibroblasts; however, the results are, at least qualita-
tively, discordant. We do not find that PLC-v1 is nec-
essary for EGF-induced migration.

In summary, our results do not indicate that PLC-y1
has an essential role in several physiological responses
to EGF, including receptor activation and internaliza-
tion kinetics, the induction of MAP kinase activity and
c-fos, the stimulation of DNA synthesis, or cell migra-
tion. However, a more general interpretation or ex-
trapolation of the results may have to be limited to
these in vitro conditions for several possible reasons.
Obviously, immortalized cell lines may have a relaxed
requirement for PLC-vy1 signaling compared with the
intact organism. Fibroblasts have been recovered from
the targeted disruption of several signal-transducing
elements and only in the case of c-jun do the nullizy-
gous cells fail to grow in cell culture (Karin et al., 1997).
Perhaps the putative redundancy in signaling ele-
ments is less frequent in vivo than in established cell
lines, due to requirements such as spatial and tempo-
ral relationships. Also, cells in culture may, during
crisis and the immortalization process, adapt to the
absence of a signaling element such as PLC-y1. At this
point, primary cells from Plcg1~/~ embryos have not
been analyzed due to the very small size of the em-
bryos. Obviously, cell culture limits the cell type that
can be examined, and the cell type most affected by the
absence of PLC-vl1 in the organism may not be repre-
sented in cell lines or even in primary cells. Therefore,
the apparent discordance of the PLC-y1 requirement
in vivo and in vitro could reflect the level of its sig-
naling essential for the proliferation of different cell

types.
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