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The nerve growth factor (NGF) induces neuronal
differentiation and neurite outgrowth of PC12 cells, whereas
epidermal growth factors (EGKF) stimulate growth and
proliferation of the cells. In spite of this difference, NGF-or
EGF-treated PC12 cells share various properties in cellular-
signaling pathways. These include the activation of the
phosphoinositide (PI)-3 kinase, 70 kDa S6 kinase, and in the
mitogen-activated protein (MAP) kinase pathway, following
the binding of these growth factors to intrinsic receptor
tyrosine kinases (RTKs). Therefore, many studies have been
attempted to access the critical signaling events in
determining the differentiation and proliferation of PC12
cells. In this study, we investigated the cytosolic
phospholipase A, (cPLA,) in neurite behavior in order to
identify the differences of signaling pathways between the
NGF-induced differentiation and the EGF-induced
proliferation of PC12 cells. We have showed here that the
cPLA, was translocated from cytosol to membrane only in
NGF-treated cells. We also demonstrated that this
translocation is associated with NGF-induced activation of
phospholipase C~y (PLC-~y), which elevates intracellular Ca™
concentration. These results reveal that the translocation of
cPLA, may be a requisite event in the neuronal
differentiation of PCI12 cells. Various phospholipase
inhibitors were used to confirm the importance of these
enzymes in the differentiation of PC12 cells. Neomycin B, a
PL.C inhibitor, dramatically inhibited the neurite outgrowth,
and two distinct PLA, inhibitors, 4-bromophenacyl bromide
(BPB) and arachidonyltrifluoro-methyl ketone (AACOCF3)
also suppressed the neurite outgrowth of the cells, as well.
Taken together, these data indicated that cPLA, is involved
in NGF-induced neuronal differentiation and neurite
outgrowth of PCI12 cells.
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Introduction

Growth factors are known to induce a great variety of cellular
regulations such as cell growth, differentiation, and metabolic
homeostasis of individual cells. During the last decade, many
growth factors, such as the nerve growth factor (NGF) and the
epidermal growth factor (EGF), have been discovered, and the
cell surface receptors that mediate their biological functions
have been characterized (Eppstein et al., 1985; Godfrey and
Shooter, 1986; Levi-Montalcini, 1987; Marchetti and Perez-
Polo, 1987; Buxer er al., 1990).

NGF is a neurotropic agent thought to be provided by
peripheral tissues for the guidance and substance of
outgrowing embryonic, sympathetic and sensory neurons
(Server and Shooter, 1977). NGF induces the formation of
neurite-like filaments from chick embryo dorsal root ganglia
and from rat pheochromocytoma (PC12) cells (Greene and
Tischler, 1976). In vivo, NGF may be involved in fetal
development (Ayer-Lelievre et al., 1983; Taniuchi et al., 1986)
and nerve regeneration (Thomburn, 1985). NGF may also
play a physiological role within the central nervous system
(Ayer-Lelievre et al., 1983; Dreyfus, 1989; Ebendal, 1989).
The epidermal growth factor (EGF) is a 6 kD polypeptide
discovered by Cohen and Levi-Montalcini. The biological role
of EGF includes the inhibition of gastric acid secretion
(Gregory, 1975), the support of growth and differentiation
during fetal development (Thornburn, 1985), and
neuromodulation in the central nervous system (Brown ef al.,
1989). Stimulation of PC12 cells with EGF, which activates
the EGF receptor tyrosine kinases, also leads to the induction
of cell growth and proliferation (Chao, 1992).

PC12 cells are established from a transplantable rat adrenal
pheochromocytoma (Greene and Tischler, 1976). These cell
lines serve as a useful model system for examining
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mechanisms underlying neuronal- differentiation and signal
transduction. Exposure of PC12 cells to NGF results in
differentiation of the cells, ie. the conversion from a
chromaffin-like phenotype into a sympathetic-neuron-like
phenotype (Green and Tischler, 1982). Yet, stimulation of
PC12 cells with EGF, which activates the EGF receptor
tyrosine kinases, leads to the induction of cell growth and
proliferation (Edelman et al., 1987; Czech et al., 1988). NGF-
and EGF-treated PC12 cells share several common properties
including rapid membrane ruffling, flatting of cells, and
increases in cell adhesion (Connolly et al., 1984). However,
NGF but not EGF stimulates neurite outgrowth. EGF
functions as a typical mitogen for PC12 cells, including the
same early responses with NGF, but none of the late
differentiation-associated responses (Chao, 1992). Much
experimental attention has been paid to examine the
differences of the signaling pathway in the NGF-induced
differentiation and EGF-induced proliferation of PC12 cells
(Traynor, 1984; Kim et al, 1991; Vetter et al., 1991;
Hashimoto et al., 1994; Mark er al., 1995; Marshall, 1995;
York et al., 1998).

In the previous study about the relationship between
phospholipid metabolism and neurite extention, the PLA, is
thought to be involved in NGF-induced neuronal
differentiation of PC12 cells (Traynor, 1984). However, its
signaling pathway is not clarified yet. Therefore, we attempted
to investigate the roles of cPLA,; in neurite outgrowth. cPLA,
has now been implicated to function in various cellular
responses such as mitogenesis (Sa and Das, 1999; Van et al.,
2000), differentiation (Burke et al., 1999; Sjursen et al.,
2000), inflammation (Adam et al., 1998; Fukuda et al., 1999),
and cytotoxicity (Sapirstein ef al., 1996; Huh et al., 1998;
Pirianov et al., 1999). Depending on the tissue or cell type,
cPLA, can play a functional role through its ability to trigger
arachidonic acid release and eicosanoid production (Cristina,
1997).

In this study, we demonstrated the translocation of cPLA,
from cytosol to membrane in the NGF-stimulated PC12 cells,
unlike to the EGF-stimulated PCI12 cells. We also
demonstrated that this translocation is accomplished by the
activity of PLC-y. In addition, we confirm the involvement of
PLC-y and cPLA, in the differentiation of a PC12 cell using
the neurite assay method, showing that various phospholipase-
inhibitors, such as neomycin B sulfate, 4-bromophenacyl
bromide (BPB), and arachidonyltrifluoromethyl ketone
(AACOCF;), dramatically suppressed the NGF-induced
neurite outgrowth of the PC12 cells.

Materials and Methods

Materials PC12 cells were obtained from the American Type
Culture Collection (ATCC). NGF, EGF, neomycin B sulfate, BPB,
anti-rabbit IgG polyclonal antibody(pAb), and rat collagen were
from Sigma (St. Louis, USA). AACOCF; was obtained from
BIOMOL Research Laboratories (Plymouth Meeting, USA).

Anti-PLC-y monoclonal antibody (mAb) mixture, anti-
phosphotyrosine mAb, and anti-mouse IgG pAb were purchased
from Upstate Biotechnology (Lake Placid, USA), and anti- cPLA,
mAb was obtained from the Santa Cruz Biotechnology
(Delaware, USA). Protein G Sepharose, Protein A Sepharose, and
Western blotting-detection reagent ECL™ were obtained from
Amersham Pharmacia Biotech (Buckinghamshire, UK). The
RPMI1640 medium, fetal bovine serum (FBS), and horse serum
were purchased from GIBCO BRL (Gaithersburg, USA).

Cell Cultures PC 12 cells were cultured in a RPMI 1640
medium supplemented with 10% fetal bovine serum and 5%
horse serum. Cells were grown in a 37°C humidified incubator
supplied with 5% CO, and passaged every third day.

Preparation and Treatment of Growth Factors To prepare a
stock solution, reconstitute the growth factors such, as NGF and
EGF, in a solution of tissue culture media containing 0.1% bovine
serum albumin (BSA) to a concentration of 10 pig/ml. This may
be diluted immediately before use to the final working
concentration.

Detection for Tyrosine Phosphorylation of PLC-y Cells were
grown to about 90% confluence on a 10 cm-culture dish and
starved for 24 h in a serum-free defined RPMI 1640 medium
containing 10 pg/ml insulin, 6.7 mg/ml sodium selenite, 5.5 ug/
ml sodium transferrin, 110 pg/ml pyruvate, 0.5% (w/v) glucose,
1 mM glutamine, 20 nM progesterone, and 0.1 mM putrescine.
Cultures were incubated for an additional 10 min in the presence
or absence of NGF (100 ng/ml) or EGF (100 ng/ml). Incubation
was terminated by aspirating the medium, and the cells were
washed with 2 ml portions of ice-cold phosphate-buffered saline.
Each plate was treated with 1 ml of an ice-cold lysis buffer
(20 mM Hepes, pH 7.2, 1% Triton X-100, 10% glycerol, 50 mM
NaF, | mM phenylmethylsulfonyl fluoride, 1 mM Na;VO,, 10 pg/
ml aprotinin), and incubated for 10min at 4°C. After
centrifugation (12,000 rpm, 10 min), the cell extracts were then
treated with 5 pg anti-PLC-y monoclonal antibodies for 6 h, and
then with 30 pl of the protein G-sepharose beads for 2 h., The
immunoprecipitates were recovered by centrifugation in a
microcentrifuge and washed four times with a washing buffer
containing 1% Triton X-100, 1% deoxycholate, 1% SDS,
150 mM NaCl, and 50 mM Tris, pH 8.5. The immunoprecipitated
proteins were dissolved in a 10 ml 6X Laemmli buffer and heated
for 5 min at 95°C. The precipitations were centrifuged for 10 min,
and the proteins present in the supernatant fraction were analyzed
by 7.5% SDS-polyacrylamide gel electrophoresis. For Western
blotting analysis, the gels were transferred to a nitrocellulose
membrane (MSI, Westborough, USA) in a Western blot apparatus
(Hoefer Scientific, San Francisco, USA). The membranes were
blotted with anti-phosphotyrosine mAb for 3 h and horseradish
peroxidase linked with anti-mouse IgG pAb for 30 min. The
phosphorylation of the protein was detected using ECL™.

Detection for Translocation of cPLA, The cells were grown in
the same conditions as in the mobility-shift assay. Each plate was
treated with 1 ml of an ice-cold, detergent-free lysis buffer
(20 mM Hepes, pH 7.2, 10% glycerol, 50 mM NaF, 1 mM



Involvement of Cytosolic Phospholipase A, in Nerve Growth Factor-Mediated Neurite Outgrowth of PC12 Cells 527

phenylmethylsulfonyl fluoride, 1mM Na,VO,, 10 ug/ml
aprotinin), incubated for 10 min at 4°C, and sonicated for 30. The
nuclei, organelles, and unbroken cells were pelleted by
centrifugation at 1,000xg for 10min. The postnuclear
supernatant was centrifuged at 100,000 x g for 60 min to separate
cytosolic and membrane fractions, and both fractions were
adjusted to the same volume. Both fractions were then treated
with 5 g anti-cPLA, mAb for 6 h, and then with 30 pl of the
protein  G-sepharose beads 1:1 slurry for 2 h. The
immunoprecipitates were recovered and analyzed by 7.5% SDS-
polyacrylamide gel electrophoresis as described above. After
transferring the gels to nitrocellulose membranes, the membranes
were blotted with anti-cPLA, monoclonal antibodies (Santa Cruz
Biotechnology, USA) for 3 h and anti-mouse Ig, horseradish
peroxidase linked with whole antibodies for 30 min. The cPLA,
in each fractions were detected using ECL™,

Neurite Assay For the evaluation of the neurite outgrowth,
following neurite assays were performed. The PC12 cells were
cultured with the growth medium described above for 24 h in
60 mm-culture dishes. Before treatment of growth factors to the
cells, the medium was changed to a serum-free defined medium
and incubated for an additional 12 h. A portion of the cells were
pretreated various phospholipase inhibitors for the indicated times
before and during 60 min of treatment with 100 ng/ml NGF
Controls which received 0.1% dimethyl sulphoxide (DMSO) were
also perforemed. DMSO by itself, however, had no effect. After
incubation in various conditions, the cells were washed with a
phosphate-buffered saline (PBS) and then fixed with 4%
formaldehyde in PBS for the neurite outgrowth measurement.
Cells in two culture dishes, with 5 counting areas on each dish,
were examined for each experimental groups to calculate the ratio
of neurite-bearing cells observed per area. Neurite was defined as
such if its length was longer than a diameter of the cell body. All
the data are reported as meantstandard error of the mean (S.E.M).

Results

NGF Stimulates Phosphorylation of Phospholipase C-y in
PC12 Cells To investigate whether or not the NGF or EGF
treatment of PC12 cells induced phosphorylation of PLC-y,
we used a mixture of anti-PLC-y mAbs to immunoprecipitate
PLC-y from lysates of untreated, NGF-treated, and EGF-
treated PC12 cells. After immunoprecipitation was performed,
immunoprecipitates were probed by Western blotting analysis
with antibodies directed against phosphotyrosine. Although
serine or threonine residues are also present at the
phosphorylation sites of the protein in addition to tyrosine, it
is well known that tyrosine is the major phosphorylation
residue of PLC-y (Vetter er al, 1991). The tyrosine
phosphorylation of PLC-y was increased significantly by the
NGF treatment. On the other hand, the increase in
phosphorylation of PLC-y was not observed when cells were
treated with EGF or left untreated (Figure 1).

NGF Induces Translocation of ¢PLA, from Cytosol to

(A) Blotted with anti-phosphotyrosine

EGF

CON NGF

Fig. 1. Effect of NGF and EGF on the tyrosine
phosphorylation of PLC-y in PC12 cells. Lysates from
unstimulated cells (CON) or from cells stimulated with either
NGF (100 ng/ml) or EGF (100 ng/ml) were immunoprecipitated
with anti-PLC-y Ab and immunoblotted with anti-
phosphotyrosine  Ab (A). After exposure, the nitrocellulose
membrane was stripped and then blotted with anti-PLCy Ab

B).
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Fig. 2. NGF-stimulated translocation of cPLA, from cytosolic .
to membrane fractions (A). PCI12 cells were incubated with
100 ng/ml of NGF at 37°C for 30 min. Lysates were prepared
and the cytosolic (Cyto.) and membrane (Mem.) fractions were
isolated by ultracentrifugation. The fractions were subjected to
immunoprecipitation and immunoblotted with anti-cPLA, mAb.
Inhibition of cPLA, translocation by the PLC inhibitor,
neomycin B (B). To investigate the relationship between PLC
activity and the translocation of cPLA,, PC12 cells were
incubated with 100 ng/ml of NGF and 0.5 uM neomycin B,
inhibitor of PLC.

Membrane in PC12 Cells  Activation of cPLA, requires not
only phosphorylation, but also Ca*-dependent translocation of
the enzyme from cytoplasm to membranes (Kast ef al., 1993;
Lin et al., 1993; Qiu et al., 1993; Marshall, 1995; Cristina,
1997). To specifically demonstrate cPLA, translocation,
membrane and cytosolic fractions from unstimulated, NGF-
treated, and EGF-treated PC12 cells were isolated and
subjected to immunoprecipitation and Western blotting with
anti- cPLA, mAb. The result in Figure 2A shows that the
quantity of cPLA, in the membrane fraction was increased in
response to the NGF treatment. Increases of cPLA, quantity in
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Fig. 3. Effects of various phospholipase inhibitors on the
NGF-induced neurite outgrowth. The various phospholipase
inhibitors pretreated for the indicated times before and during
NGF treatment with concentration of 100 ng/ml (60 min);
Neomycin B (60 min), BPB (30 min), AACOCF; (30 min).
PC12 cells were cultured for more than 3 days in a serum-free
medium with NGF. A control group was cultured without NGF.
A total of over 300 cells were counted by using 2 dishes per
treatment group. Each bar shows the percent of cells bearing
neurite.

the membrane fraction were not detected when the cells were
treated with EGF or untreated. These data clearly show that
¢PLA, is translocated to membrane after stimulation of cells
with NGF, but not with EGF.

Requirement for Phospholipase C-y for Translocation of
cPLA, by NGF To determine whether an increase of
intracellular Ca** concentration upon activation of PLC-y by
NGF treatment was also associated with the translocation of
cPLA,, we investigated the translocation of cPLA, from
cytosol to the membrane after treatment of neomycin B
sulfate, which is a PLC inhibitor that suppresses the enzyme
activity via binding to inositol phospholids (Smalheiser et al.,
1966). In Figure 2B, the translocation of cPLA,, which was
clearly shown in NGF-stimulated cells, was inhibited by
Neomycin B treatment.

Effect of Phospholipase Inhibitors on Neurite Outgrowth

Important effects of PLC-y and cPLA, on NGF-induced
neuronal differentiation and neurite outgrowth was examined
by neurite assay. Treatment of PCI12 cells with 0.5 mM of

PLC inhibitor, neomycin B, for both 1 h before and during
NGF treatment significantly inhibited NGF-induced neurite
outgrowth for the differentiated PC12 cell cultures (Figure 3).

We also treated two distinct PLA, inhibitors to investigate
the relationship between cPLA, activity and neurite behavior.
Treatment with 0.1 uM BPB, one of the generally used as a
PLA, inhibitors, inhibited the NGF-induced neurite outgrowth
dramatically. A similar inhibitory effect was also observed on
the NGF-induced neurite outgrowth with the treatment of 50
UM AACOCF; which is a cell-permeable trifluoromethyl
ketone analog of arachidonic acid and specific inhibitors for
cPLA, on its activity (Figure 3).

Discussion

Many previous studies (Traynor, 1984; Kim et al., 1991;
Vetter et al., 1991; Tsukada et al., 1994; Blumberg et al.,
1995; Marshall, 1995; Smalheiser et al., 1966;York et al.,
1998) were performed to clarify what differences lead to
deciding the fate of cells, such as the differentiation or
proliferation upon NGF- or EGF- stimulated PCI2 cells
respectively, and to identify many differences in the growth
factor-stimulated PC12 cell. Traynor reported that the
difference of phospholipid metabolism was related to neurite
behavior in PC12 cells (Traynor, 1984). In 1991, the
difference of phosphoinositide(P)-hydrolysis in NGF- or
EGF-treated PC12 cells was also observed (Kim et al., 1991).
Therefore, we first attempted to investigate PLC as a
candidate enzyme associated with these differences, since
PLC hydrolyzes various phospholipid in the cells. PC12 cells
have three immunologically distinct PLC isozymes, PLC-B,
PLC-y, and PLC-§, and it is well known that only PLC-y
isozyme is phosphorylated when NGF was treated to PCI12
cells (Kim et al., 1991). Thus, we also attempted to observe
the phosphorylation of PLC-y with NGF- or EGF-treatment to
the cells. As shown in Figure 1, only NGF treatment showed
stimulation of the tyrosine phosphorylation of PLC-y. This
result provides insight into the critical signaling event to
identify the differences between NGF-induced differentiation
and EGF-induced proliferation of PC12 cells. To confirm the
relationship between the activity of this enzyme and NGF-
induced differentiation of PC12 cells, the effect of neomycin
B, a PLC inhibitor on NGF-induced neurite outgrowth, was
investigated by morphological analysis. And the inhibitory
effect of neomycin B on the NGF-induced neurite outgrowth
was shown in Figure 2B. Together, these results represent
convincing evidence that the phosphorylation and activation of
PLC-y play an important role in the NGF-induced
differentiation of PC12 cells.

NGF has been also shown to stimulate arachidonic acid
(AA) release, a product of cPLA, (Tsukada ef al., 1994) in
PC12 cells, however, the functional outcome of cPLA,
activation has not been defined. Therefore, we attempted to
investigate whether cPLA, would related to NGF-induced
neuronal differentiation of PCI12 cells. Accordingly, we
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investigated the extent of translocation of cPLA, from cytosol
to membrane upon NGF stimulation. Since, the process of
translocation of cPLA; and the phosphorylation of cPLA, are
thought to be equally important and necessary for the
activation of the enzyme (Kast et al., 1993; Lin et al., 1993;
Qiu et al., 1993; Marshall, 1995; Cristina, 1997).

As shown in Figure 2A, cPLA, was translocated only with
NGF treatment. In EGF-stimulated PC12 cells, the
translocation of PLA, from cytosol to the membrane was not
detected as in the group of unstimulated PC12 cells.
Therefore, it is clear that the translocation of cPLA, is critical
signaling event in NGF-induced differentiation of PC12 cells.

Translocation of ¢cPLA, is achieved by the binding of Ca
to the calcium-binding (CalLB) domain of the enzyme (Kast et
al., 1993; Qiu et al., 1993). Thus, increasing the level of
intracellular calcium ion is very important for cPLA,
activation. The increase in intracellular Ca** level is closely
related to the activation of PLC that produces diacylglycerol
(DAG) and inositol 1,4,5-triphosphate (IP3). IP3 controls the
Ca* mobilization from the endoplasmic reticulum (ER) to
cytosol, which leads to the elevation of the concentration of
calcium ion in the cytosol (Fay et al., 1994; Fernando and
Barritt, 1994; Vandeheijning et al., 1994). Therefore, the
relationship between the activity of PLC and the translocation
of cPLA, came into our interest, and this relationship was
examined in this study as well. When PCI2 cells were
pretreated with neomycin B, which is a specific inhibitor of
PLC, treatment with NGF to the cells did not stimulate the
translocation of cPLA,, as shown in Figure 2B. This result
confirms that the activity of PLC-y is closely coupled to the
translocation of cPLA,.

To test the importance of cPLA, in NGF-induced neuronal
differentiation, neurite assay was also performed using PLA,
specific inhibitors such as BPB and AACOCF;. AACOCF,; is
especially known to be a specific inhibitor for the cytosolic
form of the PLA, enzyme. Treatment with 0.1 uM BPB,
which inhibits the activity of PLA,, suppressed the NGF-
induced neurite induction. Futhermore, treatment of 50 uM
AACOCF,, which specifically inhibits the cPLA, also
suppressed the neurite outgrowth of PC12 cells to the same
extent as BPB (Figure 3). Based on these data, it is suggested
that the activity of cytosolic forms of PLA, (cPLA,) is
involved in the neurite behavior of PC12 cells.

On the basis of these findings, we suggest that not only the
phosphorylation process, but also translocation of the cPLA,
are the critical signaling events. Also, the activation of cPLA,
is involved in NGF-induced differentiation of PC12 cells.
Perhaps, AA, which was produced by cPLA,, has an intimate
relationship with the neurite behavior of PC12 cells. This
suggestion was also supported by other investigation
regarding the role of AA in neurite sprouting and the effect of
exogenous or endogenous AA in neurite behavior (Smalheiser
et al., 1966).
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