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AChE

bFGF

CNS

Abbreviations

acetylcholinesterase
basic fibroblast growth factor

central nervous system

CPTcAMP  8-(4-chlorophenylthio)-cyclic adenosine 3,5-monophosphate

BW248C51 1,5-bis(4-allyldimethyl-ammoniumphenyl)-pentan-3-one-dibromide

DMEM

EGF

EDTA

ERK

GFAP

HEPES
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MAP

MAP2

MBP
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NGF
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Dulbecco's modified Eagle's medium
epidermal growth factor

ethylenediamine tetraacetic acid

extracellular signal-regulated kinase

glial fibrillary acidic protein
2-[4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic acid

horse serum

mitogen-activated protein

microtubule-associated protéin 2
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Summary

Epidermal growth factor (EGF), a conventional mitogenic factor, stimulates
the proliferation of various types of cells including epithelial and fibroblast cells.
in a rat pheochromocytoma PC12 cell line, EGF also promotes cell proliferation.
On the other hand, nerve growth factor (NGF), a well-known neurotrophic factor,
induces neuronal differentiation. EGF and NGF bind to and activate receptor
tyrosine kinases, the EGF receptor and p140"* | respectively. The both activated
receptor tyrosine kinases are autophosphorylated on tyrosine residues and initiate
intracellular signalling. EGF and NGF activate identical s»ignalling elements
including phospholipase C y (PLC v ), phosphatidylinositol-3 (PI-3) kinase, p217°,
and mitogen-activated protein (MAP) kinases.

PC12h-R is a variant isolated from long-term cultured PC12h cells, a
subclone of PC12 celis. | found that PC12h-R cells exhibited a neuron-like
phenotype, including neurite outgrowth, attenuation of cell proliferation, and
increased level of tyrosine hydroxylase protein synthesis and of acetylcholinester-
ase activity, in response to EGF as well as to NGF. PC12h cells do not show
EGF-induced neuronal differentiation. | found that EGF evoked prolonged
tyrosine phosphorylation and activation of MAP kinases in PC12h-R cells,
compared with those in PC12h cells. EGF induced sustained tyrosine phosphory-
lation and a decreased rate of down-regulation of the EGF receptor in PC12h-R,
but not in PC12h cells. Therefore, decreased down-regulation of the EGF

receptor might result in its prolonged activation, leading to the sustained activation

7



of MAP kinases and neuronal differentiation in PC12h-R cells. | suggest that the
PC12h-R cell line is a useful model for elucidating the molecular mechanisms of
the neurotrophic action of EGF.

In addition, the duration of NGF-induced tyrosine phosphorylation of p140"
in PC12h cells was much longer than that of EGF-induced tyrosine phosphoryla-
tion of the EGF receptor in PC12h cells, although the duration of NGF-induced
phosphorylation of p140"™* in PC12h cells was similar to that of EGF-induced
tyrosine phosphorylation of the EGF receptor in PC12h-R cells. The duration of
the activation of MAP kinases was basically dependent on that of the activation
of the EGF receptor or p140™™, | suggest that the sustained activation of the
receptor tyrosine kinase results in the sustained activation of MAP kinases and
also the neuronal differentiation of PC12 cells. Namely, the duration of the
receptor tyrosine kinase activity is thought to determine the cellular responses
between the differentiation and the proliferation in the PC1‘2 cell lineage.

In the central nervous system, EGF acts as a neurotrophic factor on cultured
cerebral cortical, subneocortical telencephalic and cerebellar neurons, enhancing
neurite-outgrowth and cell survival. | found that EGF prevented the death of rat
cerebral cortical neurons cultured in 50% oxygen atmosphere. The oxygen-
induced neuronal death showed the features of apoptotic cell death; that is,
chromatin condensation in nuclei and blockade by inhibitors of RNA or protein
synthesis. As | found in PC12h-R cells, the cortical neurons showed the
EGF-induced sustained tyrosine phosphorylation of the EGF receptor and the

sustained activation of MAP kinase. EGF might exert the neurotrophic effect



through the sustained activation of the EGF receptor which leads to the prolonged

activation of MAP kinase.

Duration of EGF- and NGF-induced signalling in
PC12h and PC12h-R cells and cerebral cortical neurons

PC12h PCi2h-R Cix
EGF NGF EGF NGF EGF

Tyrosine phosphoryiation of
EGF receptor or p140r ° + H H 4

Response

Activation of MAP kinases” + +H +H+ +H+ 4+

Neuronal differentiation” — + + +

a cultured cerebral cortical neurons
» 4 transient; H-, sustained; +H+, strongly sustained
< —, does not induce; +, induce



Part 1:
PC12h-R Cell, a Subclone of PC12 Cells,
Shows EGF-induced Neuronal Differentiation

and Sustained Signalling
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Abstract

Epidermal growth factor (EGF) does not induce neuronal differentiation
unlike nerve growth factor but promotes the growth of the rat pheochromocytoma
PC12 cells. | found that PC12h-R, a subclone of PC12 cells, differentiated into
neuron-like cells in response to EGF as well as to NGF. PC12h-R cells treated
with EGF extended neurites, attenuated cell proliferation, and increased the levels
of tyrosine hydroxylase protein synthesis and of acetylcholinesterase activity as
those treated with NGF. The EGF-induced differentiation of PC12h-R cells was
not mediated by the indirect activation of p140"* by EGF. | found that EGF
induced the sustained tyrosine phosphorylation of the EGF receptor, Shc proteins
and mitogen-activated protein (MAP) kinases, and the prolonged activation of
MAP kinases in PC12h-R cells compared with those in the parent PC12h, which
does not show EGF-induced differentiation. In addition, the rate of EGF-induced
down-regulation of the EGF receptor was decreased compared with that in PC12h
cells. Furthermore, | found that the duration of EGF-induced tyrosine phosphory-
lation of the EGF receptor in PC12h-R cells was similar to that of NGF-induced
p140"™* in PC12h cells. The EGF-induced phosphorylation of the EGF receptor
in PC12h cells was less sustained than that of p140™* by NGF. These findings
suggest that the EGF-induced neuronal differentiation of PC12h-R cells is due to
the sustained signalling, resulting from the decreased down-regulation of the EGF
receptor, and that the duration of the receptor tyrosine kinase activity determines

the cellular responses of the PC12 cell lineage. | conclude that the sustained
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activation of the receptor tyrosine kinase induces neuronal differentiation in the

PC12 cell lineage, whereas the transient activation promotes proliferation.
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introduction

Nerve growth factor (NGF) is known to be a neurotrophic factor for
sympathetic, sensory, basal forebrain cholinergic, and striatal cholinergic neurons
(Thoenen and Barde, 1980; Hartikka and Hefti, 1988; Hatanaka etal., 1988; Abiru
et al., in press). Various peptide growth factors, including epidermal growth factor
(EGF), basic fibroblast growth factor and insulin-like growth factor, also act as
neurotrophic factors, enhancing the survival and differentiation of post-mitotic
neurons, as well as do as mitogens on mitotic cells (Hefti et al., 1993). For
example, EGF, a potent mitogen in a variety of cell types (Carpenter and Cohen,
1979), promotes the survival and process outgrowth of cultured subneocortical
telencephalic, cerebral cortical and cerebellér neurons (Morrison et al., 1987;
Morrison et al., 1988; Kornblum et al., 1990). Studie_s of mechanisms by which
these growth factors act on the neurons are proceeding, however the effects of
neurotrophic factors are relatively well understood.

The rat pheochromocytoma PC12 cell line is a useful model system with
which to elucidate the mechanisms of action of neurotrophic factors (Greene and
Tischler, 1976). PC12 cells differentiate into sympathetic neuron-like cells in
response to NGF. PC12 cells treated with NGF show dramatic cellular changes,
including extension of neurites, cessation of mitosis, increased neurotransmitter
biosynthesis, and development of Na* and Ca?* channels (Halegoua et al., 1991).
On the other hand, EGF promotes cell growth but does not induce neuronal

differentiation in PC12 cells (Huff et al., 1981).
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NGF and EGF bind to their receptors, p140"* and the EGF receptor,
respectively, which possess the tyrosine kinase domains (Schlessinger and
Ullrich, 1992). Their binding to these receptors is essential for their functions.
These tyrosine kinase receptors activated by ligand binding initiate intracellular
signalling, activating several enzymes and effectors, including phospholipase C y
(PLC y) (Kim et al., 1991; Vetter et al., 1991), phosphatidylinositol-3 (PI-3) kinase
(Ohmichi et al., 1992; Soltoff et al., 1992), Shc proteins, p217, Raf protein, S6
kinase, and mitogen-activated protein (MAP) kinases or extracellular sig-
nal-regulated kinases (ERKs) (Blenis, 1993; Nishida and Gotoh, 1993;
Schiessinger, 1993). Shc protein, Grb2 protein, Sos protein, p217°, Raf protein,
MAP kinase kinase, and MAP kinase compose the Ras-MAP kinase cascade
initiated by the tyrosine kinase receptors. Shc protein and MAP kinase are
phosphorylated on tyrosine residues by tyrosine kinase receptors and on
tyrosine/threonine residues by MAP kinase kinase, respectively. Although NGF
and EGF activate almost the same signals including the Ras-MAP kinase
cascade, they exert quite different effects on PC12 cells as described above
(Chao, 1992; Schlessinger and Ullrich, 1992). Recently, it has been reported that
the NGF-induced activation of p2172° and MAP kinase is sustained as compared
with that induced by EGF (Qiu and Green, 1992; Traverse et al.,, 1992). In
addition, PC12 cells exhibit neuronal differentiation when the Ras-MAP kinase
cascade is constitutively activated (Guerrero et a/.,l 1988; Wood et al., 1993;
Cowley et al., 1994). These results indicate that the duration of the factor-induced

signalling determines the cellular response of PC12 cells between cell prolifera-
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tion and neuronal differentiation.

PC12h is a subclone of PC12 cells, which differentiates into neuron-like cells
in response to NGF but not to EGF, as PC12 cells do (Hatanaka, 1981). Here,
| report that PC12h-R (Hatanaka and Tsukui-Tamagawa, 1984; lkenaka et al.,
1990; Yamada et al., 1994), a subclone isolated from long-term cultured PC12h
cells, shows neuronal differentiation in response to EGF as well as to NGF. | also
found that EGF induced the sustained tyrosine phosphorylation of the EGF
receptor, Shc proteins and MAP kinases, and the sustained activation of MAP
kinases in PC12h-R cells in comparison with those in PC12h cells. In this study,
| examined relationship between the factor-induced neuronal differentiation and

the duration of the induced signalling in the PC12 cell lineage.
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Materials and Methods

Cell culture

PC12h and PC12h-R cells were maintained in 75 cm? flasks (Costar) using
Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 5% (v/v)
precolostrum newborn calf serum (PNCS, Mitsubishi Kagaku) and 5% (v/v)
heat-inactivated (56°C, 30 min) horse serum (HS, Gibco). The cells were cultured
in 100-mm collagen-coated Falcon dishes (surface area, 55 cm?; to examine the
tyrosine phosphorylation and the amount of p140**4), 60-mm collagen-coated
Falcon dishes (surface area, 21 cm?; to detect the tyrosine phosphorylation of
total cellular proteins and MAP kinase, to assay MAP kinase activity, to determine
the number of viable cells, vand to examine the amount of TH protein),‘35-mm
collagen-coated Falcon dishes (surface area, 9 cm?; to determine the number of
neurite-bearing cells, to assay AChE activity, and to examine the amount of EGF
receptor protein), or in collagen-coated 24-well Costar plates (surface area, 2 cm?;
to observe neurite outgrowth). Cells were cultured in DMEM supplemented with
5 pg/ml human transferrin, 5 pg/ml bovine insulin, and 20 nM progesterone
(TIP/DMEM) (Hatanaka, 1983) (to observe neurite outgrowth, to determine the
number of neurite-bearing cells, to examine the level of TH protein, and to assay
AChE activity), or in the DMEM containing serum (to detect protein tyrosine
phosphorylation and MAP kinase, to assay of MAP kinase activity, to determine
the number of viable cells, and to examine the amounts of EGF receptor protein
and p140"™A). To detect protein tyrosine phosphorylation and MAP kinase, and
to assay MAP kinase activity, the medium was changed to that without serum 2
hr before adding NGF. TH protein and p140"™* were metabolically labeled with
[3*S]methionine by incubating PC12h and PC12h-R cells at 37°C for 2.5 hr in
methionine-free DMEM containing 100 u« Ci/ml [*S]Translabel (ICN).
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Antibodies, factors, and reagents

Anti-p140"* antiserum was raised in rabbits against a synthetic peptide
corresponding to the 14 carboxyl-terminal amino acids of human p140",
conjugated to keyhole limpet hemocyanin (Calbiochem) using glutaraldehyde
according to Harlow and Lane (1988). Affinity-purified anti-p140"™* antibodies
were obtained by applying the anti-p140™ antisera to Affi-Gel 10 (BioRad)
coupled with the antigen peptide. The énti-TH monoclonal antibody, PCTH-7,
was generated as described previously (Hatanaka and Arimatsu, 1984).
Anti-phosphotyrosine monoclonal antibody (4G10) and anti-EGF receptor
antibody were purchased from Upstate Biotechnology Inc. Anti-MAP kinase
antibody was obtained from Santa Cruz Biotechnology Inc. NGF (2.5S-form) was
prepared from male mouse submandibular glands according to the method of
Bocchini and Angeletti (1969) with the modification of Suda et al (1978). EGF
from mouse submaxillary grands and human recombinant transforming growth
factor o« (TGF o) were purchased from Toyobo Co., Ltd. and Otsuka pharmaceu-
tical Co., Lid., respectively. 8-(4-chlorophenylthio)-cAMP (CPTcAMP) and 1,5-
bis(4-allyldimethyl-ammoniumphenyl)-pentan-3-one-dibromide (BW248C51) were

purchased from Sigma.

Viable cell counting

The number of viable PC12h and PC12h-R cells cultured in the absence or
presence of 50 ng/ml NGF or EGF was determined in a hemocytometer by means
of nigrosin dye exclusion. The cultured cells were completely dissociated with

0.1% trypsin (Difco) for a few minutes .

Acetylicholinesterase assay.

The cells were washed once with phosphate-buffered saline and lysed in ice-
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cold 20 mM Tris-HCI pH 7.5 containing 0.5% Triton X-100, 10 mM MgCl. and 150
mM NaCl. The lysates were assayed for acetylcholinesterase (AChE) activity,
using 0.5 mM acetylthiocholine (Sigma) and 0.4 mM 5,5'-dithio-bis (2-nitrobenzoic
acid) (Ellman et al., 1961). The enzyme reaction proceeded at 37°C and was
stopped with an equal volume of 5% SDS. The absorbance was measured
photometrically at 412 nm. The specific activity was calculated on the basis of
protein concentrations in the enzymatically assayed samples determined by the

BCA protein assay (Pierce).

Immunoblotting

Celis were washed once with ice-cold Tris-buffered saline (TBS), lysed in a
buffer containing 1% SDS, 5 mM EDTA, 10 mM NaF, 2 mM NasVOs, 10 mM
Tris-HCI pH 7.5, and 1 mM PMSF to detect EGF-induced tyrosine phosphoryla-
tion, or in that containing 1% SDS, 5 mM EDTA, 10 mM Tris-HCI pH 7.5 and 1mM
PMSF to quantify the EGF receptor, and boiled for 5 min. The protein concentra-
tion was determined using the BCA protein assay, then 20 g (for detection of
the tyrosine phosphorylation and MAP kinase) or 40 u g (for detection of the EGF
receptor) of protein were resolved by electrophoresis on 9.5% (for detection of the
tyrosine phosphorylation), 10% (for detection of MAP kinase) and 7.5% (for
detection of the EGF receptor) polyacrylamide gels according to Laemmli (1970).
Proteins were transferred to a nitrocellulose membrane in 0.1 M Tris base, 0.192
M glycine, and 20% (v/v) methanol using a semi-dry electrophoretic transfer
system. The membrane was blocked with 5% (w/v) nonfat dry milk and 0.1%
Tween 20 in TBS at room temperature for at least 1hr, washed three times in
0.1% Tween 20/TBS (T-TBS), then incubated with 1 1 g /ml anti-phosphotyrosine
antibody 4G 10, 25 ng/ml anti-MAP kinase antibody or 1 x g /mi anti-EGF receptor
antibody in T-TBS at room temperature for 1-2 hr. After 3 washes with T-TBS, the
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membrane was incubated with horseradish peroxidase-coupled sheep anti-mouse
IgG secondary antibody (Amersham) (for detection of tyrosine phosphorylation)
or horseradish peroxidase-coupled goat anti-rabbit IgG secondary antibody
(Cappel) (for detection of MAP kinase) diluted to 1:1,000 with T-TBS at room
temperature for 1 hr. The EGF receptor was detected by means of the ABC kit
(Vector Labo.) after the incubation with the primary antibody. The membranes
were then washed four times with T-TBS, and visualized using the ECL

chemiluminescence system (Amersham).

Immunoprecipitation and WGA-agarose precipitation

PC12 cells were washed once with ice-cold TBS, and lysed in a buffer
containing 1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 2 mM
NasVOs, 20 mM Tris-HCI pH 7.5, 1 mM PMSF, and 5 w g/ml aprotinin to detect
p140"™A tyrosine phosphorylation, or in a buffer containing 1% Triton X-100, 150
mM NaCl, 5 mM EDTA, 20 mM Tris-HCI pH 7.5, 1 mM PMSF, and 5 ug/ml
aprotinin to quantify the EGF receptor, p140"™*, and TH proteins. Lysates were
centrifuged at 10,000 X g at 4°C for 30 min, then the protein concentration of the
clarified lysate was determined by the BCA protein assay. To quantify p140t*
and TH proteins, the clarified lysates were rotated with Protein G-Sepharose
(Pharmacia) for 1 hr at 4°C, then separated by centrifugation at 10,000 X g at4C
for 1 min. Antibodies were added to the lysates at an excess amount; il.e., anti-
EGF receptor antibody (5 wg) for detection of EGF receptor tyrosine phosphory-
lation, anti-p140"™* antiserum (10 w ) for detection of p140™* tyrosine phosphory-
lation, affinity-purified anti-p140™* antibody for quantification of p140"™* protein,
or the anti-TH monoclonal antibody (20 «g) were added and incubated at 4°C for
1-3 hr. Protein G-Sepharose (10-15 ul) was then added, and rotated at 4°C for

30-60 min. To immunoprecipitate TH protein, rabbit anti-mouse IgG antibody (40
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1 g 1gG: Cappel) was added prior to the Protein G-Sepharose. The immune
complexes were pelleted by centrifugation at 10,000 X g at 4°C for 1 min, then
washed 3-5 times with the lysis buffer. The immune complexes were eluted with
sample buffer (0.125 M Tris-HCI pH 6.8, 20% (w/v) glycerol, 4% (w/v) SDS, and
10% (v/v) B -mercaptoethanol), boiled for 3 min, then recovered by centrifugation
for 5 min in a microfuge. To precipitate the EGF receptor, the clarified lysate was
incubated with WGA-agarose (25 ul, Vector Labs.) for 2 hr at 4C, then
centrifuged at 10,000 X g at 4°C for 1 min. The precipitated WGA-agarose was
washed five times with the lysis buffer, heated to 56°C for 30 min in the sample
buffer, then the eluates were recovered after centrifugation for 5 min in a
microfuge. The eluates were resolved by electrophoresis on 7.5, 10 and 7%
SDS-polyacrylamide gels to analyze p140"™*, TH and the EGF receptor,
respectively. The gels were then immunoblotted with the anti-phosphotyrosine
antibody to detect p140"* tyrosine phosphorylation, or fluorographed with
EN3HANCE (NEN) to quantify p140"* and TH proteins.

Assay of MAP kinase activity in renatured gels

Samples (20 g of protein) were prepared as described above for the
detection of tyrosine phosphorylation of total cellular proteins. MAP kinase activity
was analyzed by means of the kinase renaturation gel assay according to Gotoh
et al.(1990) with some modifications. Briefly, the samples were resolved by
electrophoresis on a 12.5% SDS-polyacrylamide gel containing 0.5 mg/ml myelin
basic protein (MBP). Thereafter SDS was removed by washing with 20% (v/v) 2-
propanol and 50 mM Tris-HCI pH 8.0, then the gel was denaturated with 6 M
guanidine-HCI in 50 mM Tris-HCI pH 8.0 and 5 mM /[ -mercaptoethanol. The gel
was renatured at 4°C overnight in a buffer containing 0.04% (w/v) Tween 40, 50

mM Tris-HCI pH 8.0, and 5 mM /3 -mercaptoethanol, then incubated at 22°C for
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1hr in 40 mM Hepes-NaOH pH 7.5 containing 0.1 mM EGTA, 20 mM MgClz, 2
mM dithiothreitol, and 25 uM [y -*2P] ATP (25 xCi: Amersham). The gel was
washed with 5% (w/v) trichloroacetic acid and 1% (w/v) sodium pyrophosphate
and dried. The MAP kinase activity was quantified using the FUJIX Bio-imaging
Analyzer (Fuji Film Co. Ltd.), then the gel was exposed to X-ray film (Kodak).
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Results

EGF-induced neurite outgrowth

As shown in Fig. 1, PC12h-R cell, a variant of PC12 cells, extended neurites
in response to EGF as well as to NGF. EGF induced short processes within one
day of exposure, and long, branched processes and neurite networks after five
déys. To examine the dose dependence of this effect of EGF, | measured the
percentage of the cells bearing neurites that were longer than twice the cell body,
following exposure to various concentrations of EGF_ for two days. As a result,
EGF induced neurite outgrowth in a concentration-dependent manner (Fig. 2).
The effect was maximal at an EGF concentration of 1 ng/ml, and half maximal at

0.03 ng/ml.

EGF-induced attenuation of cell proliferation

NGF attenuates the proliferation of PC12 cells when it induces their neuronal
differentiation (Halegoua et al., 1991). To investigate the effect of EGF on the
growth of PC12h-R cells, | counted the number of PC12h-R cells exposed or not,
to NGF or EGF for 6 days. PC12h-R cell proliferation decreased in response to
EGF, as they do to NGF (Fig. 3A). The number of PC12h-R cells treated with

EGF was only half that of the untreated cells.

EGF-induced increase of TH protein synthesis

We previously reported that NGF induces the increase of protein synthesis
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of TH in PC12h-R cells (Yamada ef al., 1994). | examined whether EGF also
induces the increase of synthesis of TH protein. Using the anti-TH monoclonal
antibody, TH protein was immunoprecipitated from lysates of biosynthetically

[35S] methibnine-labeled PC12h-R cells cultured in the absence or presence of
EGF or NGF for 5 days (Fig. 3B). There was one radio-labeled protein with an
apparent molecular weight of 60 kDa, which agreed with that of TH protein. The
level of TH protein increased in response to EGF as well as to NGF in PC12h-R
cells. The amount of TH proteins in EGF- and NGF-treated PC12h-R cells was

about 1.8 times more than that in the untreated cells.

cAMP-induced neurite outgrowth
In PC12 cells, analogs of cyclic AMP (cAMP) or cAMP-enhancing reagents
‘ induce only short processes which are diffe'rent from those induced by NGF
(Greene and Shooter, 1980). PC12h-R cells extended long neurites in response
to 8-(4-chlorophenylthio)-cAMP (CPTcAMP), an analog of cAMP (Fig. 4).
However, CPTcAMP-induced morphological change was distinct from that

induced by NGF or EGF. Many of PC12h-R cells incubated with CPTcAMP

became flat and the number of neurites per cell body increased.

EGF-induced increase of acetylcholinesterase activity.
In PC12 cells, acetylcholinesterase (AChE) activity increases in response to
NGF (Greene and Rukenstein, 1981). AChE activities in PC12h-R cells incubated

with NGF, EGF, or CPTcAMP also increased (Fig. 5A). However, the amount of
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AChE activity was increased more by NGF or EGF than by CPTcAMP. The AChE
activity measured in PC12h-R cells was almost entirely due to true AChE, since
over 94% of the activities disappeared in the presence of a specific inhibitor of
AChE, BW248C51.

EGF induced the increase of AChE activity in a dose-dependent manner
(Fig. 5B). The effect was half maximal at an EGF concentration of 0.03 ng/ml,
and the concentration-dependence curve was similar {o that of neurite outgrowth
induced by EGF.

These results indicate thét PC12h-R cells incubated with EGF extende
neurites and increase AChE activities in a similar manner to those exposed to
NGF, but differently from those incubated with CPTcAMP. In summary, EGF
induced extension of neurites, attenuation of cell growth, and increase of TH
protein synthesis and AChE activity in PC12h-R cells in a similar manner to that
of NGF, and the PC12h-R cells treated with EGF differentiated into neuron-like

cells.

Participation of p140"* in the response of PC12h-R cells to EGF

The activation of p140™*, the NGF receptor pbssessing a tyrosine kinase
domain, is essential to the NGF response in PC12 cells (Barbacid, 1993). p140
is autophosphorylated on tyrosine residues following its activation by
NGF-binding. To examine whether or not the response to EGF in PC12h-R cells
is mediated indirectly by p140™ it was immunopreéipitated with the anti-p140"*A

antiserum from lysates of PC12h-R cells treated or not with EGF or NGF for 5 min
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and 4 hr, and probed using the anti-phosphotyrosine monoclonal antibody in
Western blot analysis (Fig. 6). | observed that p140™* was tyrosine phosphory-
lated in PC12h-R celis treatéd with NGF, but not in those exposed to EGF for 5
min and 4 hr. Therefore, EGF did not induce the tyrosine phosphorylation of
p140"™A in PC12h-R cells.

K252a is a kinase inhibitor of p140"** and it blocks NGF-induced neuronal
differentiation of PC12 cells (Koizumi et al,, 1988; Knisel and Hefti, 1992).
PC12h-R cells were cultured with or without 50 ng/ml NGF or EGF in the
presence or absence of 200 nM K252a (Fig. 7). In PC12h-R cells, K252a
inhibited NGF-induced neurite outgrowth but not that induced by EGF. Inversely,
K252a enhanced EGF-induced neurite extension. PC12h-R cells incubated with
both EGF and K252a showed long and branched processes and a dense network
of neurites compared with those exposed to EGF alone. K252b, an analog of
K252a (Knlsel and Hefti, 1992), also failed to block the EGF-induced neurite
outgrowth like K252a. K252b-induced enhancement of neurite extension in
PC12h-R cells exposed to EGF was much weaker than that induced by K252a
(data not shown). That is, EGF-induced neurite outgrowth of PC12h-R cells was
not due to the activation of p140"™*,

In addition, the EGF-induced neurite extension in PC12h-R cells was not
blocked by anti-NGF serum (data not shown). These results indicated that the

response of PC12h-R cells to EGF is not mediated by either NGF or p140"A,

TGF « -induced neurite outgrowth
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Transforming growth factor « (TGF «) binds to and activates the EGF
receptor (Derynck, 1988). To examine whethere or not TGF « induces neurite
outgrowth of PC12h-R cells as well as EGF does, PC12h-R cells were cultured
with or without TGF « for 5 days (Fig. 8). In PC12h-R cells, TGF « induced
neurite outgrowth, as EGF or NGF did. This result indicated that the EGF-induced

differentiation of PC12h-R cells is elicited by the activation of the EGF receptor.

EGF-induced tyrosine phosphorylation of cellular proteins

The neuronal differentiation of the PC12 cell lineage might require the
sustained activation of the Ras-MAP kinase cascade (Qiu and Green, 1992;
Traverse et al., 1992). in the Ras-MAP kinase cascade initiated by tyrosine
kinase receptor, several proteins including tyrosine kinase receptor, Shc protein
and MAP kinase are phosphorylated on tyrosine residues when they are activated
(Nishida and Gotoh, 1993; Schlessinger, 1993). | investigated whether the
EGF-induced tyrosine phosphorylation signal was sustained in PC12h-R cells.
For comparison, | used PC12h cells (the parent of PC12h-R cells) which are not
induced to differentiate by EGF, as controls. Lysates prepared from PC12h and
PC12h-R cells after exposure to EGF for various periods, were subjected to
Western blot analysis using the anti-phosphotyrosine monoclonal antibody (Fig.
9). EGF induced the tyrosine phosphorylation of at least five cellular proteins
(180, 52, 46, 44, and 42 kDa) in both cell lines and it reached the maximum within

at least 5 min after exposure to EGF. In PC12h cells, the level of tyrosine
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phosphorylation of the 180 kDa protein and that of the 52, 46, 44, and 42 kDa
proteins declined nearly to the basal level within 1 hr and 30 min, respectively.
However, in PC12h-R cells, the tyrosine phosphorylétion of these five proteins
was detected even 3 hr after exposure to EGF. From their molecular weights, it
was thought that the 180 kDa protein was the EGF receptor, the 52 and 46 kDa
proteins were Shc proteins, and the 44 and 42 kDa proteins were MAP kinases
(ERK 1 and 2, respectively). These results show that the tyrosine phosphorylation
of the cellular proteins induced by EGF, is sustained in PC12h-R cells, but not in

PC12h celis.

EGF-induced mobility sift of MAP kinases

When MAP kinases are phosphorylated and activated, they show the shifts
in electrophoretic mobility (Wood et al., 1992; Okumura et al., 1994). | also
investigated time course of the EGF-induced phosphorylation of MAP kinases by
examining their EGF-induced mobility sifts (Fig. 10). In both PC12h and PC12h-R
cells, the mobility sifts of 44 and 42 kDa MAP kinases, ERK 1 and 2, respectively,
were observed by the EGF treatment. The sifts in PC12h-R cells were remark-
ably sustained in comparison with those in PC12h cells. These results indicate
that the EGF-induced phosphorylation of MAP kinases are prolonged in PC12h-R

cells more than in PC12h cells.

EGF-induced activation of MAP kinases

To examine the duration of EGF-induced activation of MAP kinases, lysates
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of PC12h and PC12h-R cells treated with EGF for various periods were analyzed
by means of the kinase renaturation gel assay using myelin basic protein (MBP)
as the substrate (Fig. 11A). | observed three kinases with apparent molecular
weights of 85, 44 and 42 kDa which were activated by EGF in both cell lines. The
activities of the 44 and 42 kDa kinases were not detected in the control kinase
assay in polyacrylamide gel without MBP, but that of the 85 kDa kinase was
detected (data not shown). These results indicate that the 44 and 42 kDa kinases
phosphorylate MBP and that the activity of the 85 kDa kinase reflects its
‘autophosphorylation activity. The 44 and 42 kDa kinases a}e 44 and 42 kDa MAP
kinases (ERK 1 and 2), respectively, but the 85 kDa kinase remains unknown.

| quantified the activities of the 85 kinase and 44 and 42 kDa MAP kinases
using the Fuji Bio-imaging analyzer (Fig. 11B,C,D). In both PC12h and PC12h-R
cells, the activities of these kinases reached the maximum within at least 5 min
of exposure to EGF. In PC12h cells, the activities of them rapidly declined nearly
to the basal level at 30 min after EGF exposure. However, in PC12h-R cells, the
42 and 44 kDa MAP kinase activities were sustained at relatively high level, and
slowly declined (Fig. 11B, C). The activity of the 85 kDa kinase in PC12h-R cells
was remarkably sustained at a high level even 3 hr after exposure to EGF (Fig.
11D). Therefore, EGF induced the prolonged activation of 42 and 44 kDa MAP

kinases and 85 kDa kinase in PC12h-R cells, but not in PC12h cells.

Amount of EGF receptor protein

PC12 cells overexpressing the EGF receptor show EGF-induced neuronal
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differentiation and sustained activation of MAP kinases (Traverse et al., 1994).
To examine whether ér not the responses to EGF in PC12h-R cells are due to
increases in the amount of EGF receptor protein, lysates and wheat germ
agglutinin (WGA) precipitates prepared from PC12h and PC12h-R cells were
analyzed by Western blot analysis using the anti-EGF receptor antibody (Fig. 12).
WGA binds to oligosaccharides on the EGF receptor. There were two Aprotein
bands with molecular weights of 180 and 130 kDa in the lysates and the WGA
precipitates of both cell lines. The band of 130 kDa protein in the WGA
precipitates was much weaker than that in the lysates. The 180 kDa protein was
considered to be the fully glycosylated mature EGF receptor. The 130 kDa
protein might be a non-glycosylation form or a degradation product of the EGF
receptor. Both proteins were present at similar levels in the lysates (and the WGA
precipitates) from PC12h-R cells and PC12h cells. Therefore, | conclude that the

amounts of EGF receptor protein in PC12h and PC12h-R cells are similar.

EGF-induced tyrosine phosphorylation of the EGF receptor

As described above, EGF induced the sustained tyrosine phosphorylation
and activation of MAP kinases in PC12h-R cells. | considered that the prolonged
activation of MAP kinases might be caused by the sustained activation of the EGF
receptor. | examined the time course of EGF-induced tyrosine phosphorylation
of the EGF receptor in PC12h-R and PC12h cells. Lysates prepared from the
cells after exposure to EGF for various periods and immunoprecipitates from the

lysates with the anti-EGF receptor antibody were Western blotted using the anti-
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phosphotyrosine monoclonal antibody (Fig. 13). In both cell lines, tyrosine
phosphorylation of the EGF receptor (a 180 kDa protein) was induced and
reached the maximum within at least 5 min after exposure to EGF. The level of
tyrosine phosphorylation of the EGF receptor was sustained in PC12h-R cells,
whereas it rapidly declined in PC12h cells. The phosphorylation of the EGF
receptor in PC12h-R cells was detected even 1-2.5 hr after EGF addition,

however it declined to the basal level within 1 hr in PC12h cells.

EGF-induced down-regulation of the EGF receptor

The EGF receptor is endocytosed and degraded in lysosomes, following its
activation (Soderquist and Carpenter, 1986). | considered that the prolonged
- activation of the EGF receptor in PC12h-R cells might result from the decreased
rate of the down-regulation of the EGF receptor by internalization. | investigated
the levels of the EGF receptor after adding EGF. The lysates and the
immunoprecipitates with the anti-EGF receptor from PC12h-R and PC12h célls
incubated with EGF for various periods were immunoblotted using the anti-EGF
receptor antibody (Fig. 13). In both cell lines, the amount of the 180 kDa EGF
receptor decreased in response to EGF. The EGF receptor in PC12h cells was
scarcely detected 1 hr after EGF exposure. In contrast, that of PC12h-R cells
remained to be detected even 2.5 hr after exposure to EGF. These results
indicated that the down-regulation of the EGF receptor in PC12h-R cells was
reduced in comparison with that in PC12h cells. These results suggest that the

EGF-induced sustained tyrosine phosphorylation of the EGF receptor is due to the
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decreased rate of down-regulation of the EGF receptor in PC12h-R cells.

NGF-induced tyrosine phosphorylation of p140**

In PC12h-R cells, the EGF-induced tyrosine phosphorylation of the EGF
receptor was sustained. To examine whether or not the prolonged duration of the
signalling in PC12h-R cells is observed only with EGF, | compared the duration
of NGF-induced tyrosine phosphorylation of p140™* in.PC12h-R and PC12h cells.
| produced an anti-p140"™* antibody using the C-terminal 14 amino acid synthetic
peptide of human p140"™* as an antigen. The p140"™* protein immunoprecipitated
with the anti-p140"* antiserum from lysates of both cells exposed to NGF for
various periods was Western blotted with the anti-phosphotyrosine antibody (Fig.
14). NGF-induced tyrosiné phosphorylation of p140"™* was clearly observed even
2.5 hr after NGF exposure in PC12h-R cells, although it declined nearly to the
basal level within 2.5 hr in PC12h cells. That is to say, NGF induced the
prolonged tyrosine phosphorylation of p140™* in PC12h-R cells in compared with
that in PC12h cells. In addition, the duration of NGF-induced tyrosine phosphory-
lation of p140™* was longer than that of EGF-induced tyrosine phosphorylation
of the EGF receptor in both cell lines. However, the duration of the EGF-induced
phosphorylation of the EGF receptor in PC12h-R cells was similar to that of the

NGF-induced p140"* phosphorylation in PC12h cells.

NGF-induced tyrosine phosphorylation of cellular proteins

It is known that tyrosine phosphorylation of several cellular proteins, including

31



PLC y -1 (Kim et al., 1991; Vetter et al., 1991), PI-3 kinase (Ohmichi et al., 1992;
Soltoff et al., 1992) and MAP kinases (Boulton et al., 1991), is induced following
the activation of p140™* by NGF as well as following that of the EGF receptor by
EGF. To investigate whether or not the tyrosine phosphorylation of cellular
proteins lasts as p140"™* in PC12h-R cells, | examined the duration of
NGF-induced tyrosine phosphorylation of total cellular proteins in both PC12h and
PC12h-R cells (Fig. 15). The lysates prepared from both cells after exposure to
NGF were subjected to SDS-polyacrylamide gel electrophoresis and
immunoblotted using the anti-phosphotyrosine antibody 4G10. In these cells,
tyrosine phosphorylation of at least three cellular proteins (54 kDa, 44 kDa and
42 kDa proteins) was induced upon treatment with NGF. The tyrosine phosphory-
lation level of these proteins reached the maximum within 5 min after NGF
treatment. In PC12h cells, the tyrosine phosphorylation level of the 54 kDa, 44
kDa and 42 kDa proteins declined nearly to the basal level at 1 hr after exposure
to NGF. In PC12h-R cells, however, the tyrosine phosphorylation of the 54 kDa,
44 kDa, and 42 kDa proteins was evident even 2 hr after NGF treatment. From
their molecular weights, it was thought that the 52 kDa protein was Shc protein,
and the 44 and 42 kDa proteins were MAP kinases (ERK 1 and 2, respectively).
In addition, sustained tyrosine phosphorylation of 75 kDa and 90 kDa proteins
was also observed following NGF treatment in PC12h-R cells, but not in PC12h
cells. Thus, the NGF-induced tyrosine phosphorylation of the cellular proteins in

PC12h-R cells was sustained as that of p140"™A,
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NGF-induced activation of MAP kinases

| examined the duration of NGF-induced activation of MAP kinases in PC12h
and PC12h-R cells by means of the kinase renaturation gel assay using MBP as
a substrate (Fig. 16). NGF induced the activation of 44 and 42 kDa MAP kinases
(ERK1 and 2, respectively) in both cells. The activities of these kinases reached
the maximum within at least 5 min after NGF exposure, then declined gradually.
The activities of MAP kinases at 1 hr after exposure to NGF in PC12h-R cells
were higher than those in PC12h cells. Thus, PC12h-R cells showed the NGF-
induced sustained activation of MAP kinases in comparison with PC12h cells. In
addition, the NGF-induced activation of MAP kinases was prolonged compared
with that induced by EGF in PC12h cells. In PC12h-R cells, the duration of the

MAP kinase activation induced by NGF was similar to that induced by EGF.

Amount of p140" protein

It has been reported that PC12 cells overexpressing p140™* showed
prolonged tyrosine phosphorylation of cellular proteins, including p140"™* and
MAP kinase, in response to NGF (Hempstead et al., 1992). To investigate
whether or not the NGF-induced sustained signalling observed in PC12h-R cells
is due to an increased amount of p140"™* protein, | examined the quantity of
p140"™* protein in PC12h and PC12h-R cells (Fig. 17). p140"™* protein was
immunoprecipitated in crude lysates of biosynthetically [**S]methionine-labeled
cells. Radiolabeled proteins with apparent molecular weights of 110 kDa and 130

kDa were observed in both PC12h and PC12h-R cells. Because neither of these
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proteins was detected in immunoprecipitations in the presence of the immunizing
peptides, they were thought to be p140™ or its derivatives. The 130 kDa protein
was considered to be mature p140"™* protein that was‘ fully glycosylated, and the
110 kDa protein was thought to be a precursor of the p140™* protein with lesser
glycosylation (Martin-Zanca et al., 1989). Both proteins were present in nearly the
same amounts in PC12h-R céIIs as in PC12h cells. In order to immunoprecipitate
p140"™* completely and compare the améunt of p140™* exactly,
immunoprecipitation was carried out further from the supernatant of the first
immunoprecipitation. In the second immunoprecipitation, equal amounts of
p140"* protein were also detected. It was thought that p140"™* was almost
completely immunoprecipitated in the first immunoprecipitation, because the
amount of p140"* protein detected in the second immUnoprecipitation was much
less than that in the first. These results indicate that the NGF-induced sustained
tyrosine phosphorylation of p140™* and several cellular proteins, and the
prolonged activation of MAP kinases observed in PC12h-R cells are not simply

due to an increased amount of p140"* protein.
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Discussion

| showed that PC12h-R, a subclone of PC12 cells, differentiates into
neuron-like cells in response to EGF as well as to NGF. It has been reported that
PC12D, a subline of PC12 cells, shows weak neurite outgrowth in response to
EGF (Sano and Kitajima, 1992). In contrast to PC12D cells, PC12h-R cells
started to extend the neurites early, énd elaborated a neurite network consisting
of long and branched processes in response to EGF as well as to NGF. This
neurite network was stable in the presence of EGF. In addition, EGF attenuated
the growth of PC12h-R cells. To my knowledge, PC12h-R is the first of the PC12
cell lineage in which EGF induces the attenuation of cell proliferation. EGF
increased the synthesis of TH protein and AChE activity in PC12h-R cells in the
same manner as NGF did. | consider that EGF induces similar neuronal
differentiation as NGF.

CPTcAMP, an analog of cAMP, evoked neurite outgrowth of PC12h-R cells,
although the cells incubated with CPTcAMP displayed a different morphology
from the cells exposed to EGF or NGF. In addition, CPTcAMP induced little
increase of the AChE activity in comparison With EGF or NGF. These results
suggest that PC12h-R cells possess several independent pathways for the
induction of neurite outgrowth. EGF and NGF are thought to activate a similar
pathway, inducing similar neuronal differentiation in PC12h-R cells. EGF and
NGF activate the receptor tyrosine kinases, but CPTcAMP is thought to activate

protein kinase A. Distinct pathways, including the receptor tyrosine kinase and
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protein kinase A, may induce different phenotypic changes, although they evoke
similar changes in terms of neuronal differentiation. Namely, differences in
neuronal phenotypes induced by neurotrophic agents might be due to the
activated pathways.

The EGF-induced neurite outgrowth of PC12h-R cells was enhanced by
K252a, although that induced by NGF was inhibited. K252a enhances the EGF-
induced increase of ornithine decarboxylase activity and neurite outgrowth in
PC12 cells (Koizumi et al., 1988; Isono et al., 1994). Our results agree with these
reports. Nevertheless, it remains unclear how K252a potentiates the EGF
responses. EGF-induced tyrosine phosphorylation of MAP kinases is prolonged
in the presence of K252a, which may be involved in regulation of MAP kinases
(Isono et al., 1994). K252b, a close analog of K252a (Kniisel and Hefti, 1992), did
not enhance the EGF-induced neurite outgrowth of PC12h-R cells so much as
K252a did, although it blocked that induced by NGF in the same way as K252a.
This may be due to differences in the targets of these compounds. Alternatively,
the weak enhancement of the EGF-induced neurite outgrowth by K252b may
result from its hydrophilicity. Being more hydrophilic than K252a, K252b does not
freely pass the cell membrane. Therefore, the target of K252a that enhances the
EGF-induced neurite éxtension may be found in the cytosol.

The Ras-MAP kinase cascade, consisting of Shc protein, p217s, Raf protein,
MAP kinase kinase, MAP kinase, and so on, is an important signalling pathway
induced by many factors (Nishida and Gotoh, 1993; Schlessinger, 1993). This

cascade participates in the regulation of cell proliferation and differentiation of a
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variety of cells. EGF promotes the proliferation but NGF induces the neuronal
differentiation in PC12 cells, although both factors activate the Ras-MAP kinase
cascade in a similar manner (Chao, 1992; Schlessinger and Ulirich, 1992). The
mechanism of determination of the cellular response between proliferation and
differentiation in PC12 cells has remained unknown. Recently, it has been
reported that NGF-induced activation of p217?, MAP kinase kinase, and MAP
kinase is sustained in comparison with that induced by EGF in PC12 cells (Qiu
and Green, 1992; Traverse et al., 1992). In addition, the constitutively activated
forms of p21™, Raf protein, or MAP kinase kinase induce neuronal differentiation
in PC12 cells (Guerrero et al., 1988; Wood et al., 1993; Cowley et al., 1994).
Here, | found that PC12h-R cell, a subclone of PC12 cells, showed the
neuronal differentiation in response to EGF, as well as the sustained tyrosine
phosphorylation of the EGF receptor, Shc proteins and MAP kinases, and the
sustained activation of MAP kinases. In PC12h-R cells, the duration of tyrosine
phosphoryiation induced by EGF was similar to that induced by NGF. On the
other hand, the NGF-induced tyrosine phosphorylation was sustained more than
that induced by EGF in PC12h cells which did not display EGF-induced neuronal
differentiation. These results indicated that the duration of the factor-induced
activation of Ras-MAP kinase cascade is important for specifying the cellular
response in the PC12 céll lineage. Recently, Traverse et al. (1994) have reported
that in PC12 cells overexpressing the EGF receptor, EGF induces the sustained
activation of MAP kinase kinase and MAP kinase, as well as neuronal differentia-

tion. Their report may support our conclusion.
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The EGF-induced tyrosine phosphorylation of the EGF receptor was
remarkably sustained in PC12h-R cells. As the level of tyrosine phosphorylation
of the EGF receptor is correlated with the tyrosine kinase activity of the EGF
receptor (Ullrich and Schleséinger, 1991), the activity of the EGF receptor is
thought to be sustained in PC12h-R cells. Some tyrosine residues on the EGF
receptor, the phosphorylation of which ié induced by the EGF binding, are
essential to signal transduction from the EGF receptor to SH2-containing proteins
including Shc protein, PLC v, PI-3 kinase, and so on (Pawson and Schlessinger,
1993). In PC12h-R cells, the sustained tyrosine phosphorylation of the EGF
receptor probably results in the sustained tyrosine phosphorylation of Shc proteins
and MAP kinases, and therefore in the sustained activation of MAP kinases
downstream of the EGF receptor in the EGF-signalling pathway. In this context,
the regulation of the duration of signalling on the EGF receptor is thought to be
important to the duration of the EGF-induced signalling in PC12h-R cells. As
mentioned above, PC12 cells that overexpress the EGF receptor show the
sustained activation of MAP kinase (Traverse et al., 1994). However, the amount
of the EGF receptor protein in PC12h-R was the same as that in PC12h cells.
The sustained signalling in PC12h-R cells was not simply due to an increased
level of the EGF receptor protein. | found that the rate at which the amount of the
EGF receptor decreased after EGF exposure was slower in PC12h-R than in
PC12h cells. This finding suggests that the decreased down-regulation of the
EGF receptor prolongs the activation of the EGF receptor, leading to the

sustained activation of MAP kinases and the neuronal differentiation in PC12h-R
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cells. The EGF receptor to which the ligand binds is internalized in endocytic
vesicles and degraded in lysosomes (Soderquist and Carpenter, 1986). In
PC12h-R cells, a deficiency in the degradétion of the EGF receptor through
endocytosis may change the response to EGF. |n addition, the NGF-induced
tyrosine pHosphoryIation of p140"™ in PCiZh-R cells was also sustained
compared with that in PC12h cells. It remains to be examined whether or not the
sustained phosphorylation of p140™* is also due to a decreased rate of down-
regulation in PC12h-R cells. It appears that the defect in PC12h-R cells is at a
molecule involved in the regulation of both the EGF receptor and p140t
activities.

In PC12 cells, the NGF-induced activation of the Ras-MAP kinase cascade
is sustained in comparison with that induced by EGF (Marshall, 1995). Here, |
found that the NGF-induced tyrosine phosphorylation of p140"™* was sustained
compared with that of the EGF receptor induced by EGF. Therefore, the
prolonged activation of p140™* might lead to the sustained activation of the Ras-
MAP kinase cascade and neuronal differentiation in PC12 cells. In addition, the
EGF-induced tyrosine phosphorylation of the EGF receptor in PC12h-R cells was
prolonged in a similar manner to the NGF-induced phosphorylation of p140"™* in
PC12h cells. These findings indicate that the duration of the receptor tyrosine
kinase activity may determine the cellular response of the PC12 cell lineage.
Namely, the sustained activation of the receptor tyrosine kinase may induce
neuronal differentiation through the sustained activation of the Ras-MAP kinase

cascade in PC12 cells. | do not know and intend to examine how the NGF-
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induced tyrosine phosphorylation of p140"* is sustained. The difference in the
duration of the tyrosine phosphorylation between p140"™* and the EGF receptor
may be due to the presence of tyrosine phosphatase which dephosphorylates the
activated EGF receptor, but not p140™*. Alternatively, it is possible that rate of
down-regulation of p140"™* mediated by endocytosis and degradation in
lysosomes, is slower than that of the EGF receptor. | believe that these studies
on the regulation of the receptor tyrosine kinase activity are important for
elucidating the mechanisms by which the cellular responses of PC12 cells are
determined.

Previously, | reported that PC12h-R cells rapidly differentiate into neuron-like
cells in response to NGF in comparison with PC12h cells (Yamada et al., 1994).
The NGF-induced tyrosine-phosphorylation of the celiular proteins, including
p140"*, Shc protein and MAP kinase, was sustained for longer in PC12h-R, than
in PC12h cells. In addition, it has been reported that PC12 cells that overexpress
p140"*, display a rapid response to NGF and the sustained NGF-induced tyrosine
phosphorylation of p140"™*, PLC v, and MAP kinase (Hempstead et al., 1992).
Therefore, the speed of the differentiation may depend upon the duration of the
signalling. Recently, it has been reported that PC12 cells possess the potential
to differentiate into neuron-like cells in response to EGF, but this process is very
slow in comparison with that induced by NGF (Nakafuku and Kajiro, 1993). | also
observed that PC12h cells and other subclone of PC12 cells extended short
neurites in long-term cultures in the presence of EGF (data not shown). In PC12

cells, the transient signalling induced by EGF may cause the slow response which
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leads to the observation that EGF does not induce neuronal differentiation in the
short-term culture.

In the central nervous system, EGF acts as a neurotrophic factor (Hefti et al.,
1993). For example, EGF promotes the neurite outgrowth and cell survival of
cultured cerebral, subneocortical telencephalic and cerebellar neurons (Morrison
et al., 1987; Morrison et al., 1988; Kornblum et al., 1990). In part 2, | report that
EGF prevents high oxygen-induced apoptosis and induces prolonged tyrosine
phosphorylation of the EGF receptor in primary cultured rat cerebral cortical
neurons. It remains unclear whether or not the phosphorylation of the EGF
receptor in the cortical neurons is sustained by the séme mechanism as that in
PC12h-R cells. | suggest that EGF exerts neurotrophic effects through the
sustained activation of the EGF receptor. PC12h-R cells may be a useful model

to elucidate the molecular mechanisms of the neurotrophic action of EGF.
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Fig. 1. EGF- and NGF-induced neurite extension in PC12h-R cells. PC12h-R
cells were plated on the collagen-coated dishes and cultured in DMEM supple-
mented with 5 xg/ml human transferrin, 5 wg/ml bovine insulin and 20 nM
progesterone (TIP/DMEM). PC12h-R cells were cultured for 9 days in the
absence (A) or presence of 50 ng/ml EGF (B) and 50 ng/ml NGF (C). Bar

represents 100 um.
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Fig. 2. Dependence of neurite extension on EGF dose in PC12h-R cells.
PC12h-R cells were cultured for 2 days with 0, 0.001, 0.01, 0.1, 1, 10 and 100
ng/ml EGF (@) and 100 ng/ml NGF (O) in TIP/DMEM. The percentage of cells
bearing neurites longer than twice the diameter of the cell body is shown. The

values represent the means & S.D. of four individual cultures.
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Fig. 3. EGF-induced attenuation of cell growth and increase of TH protein
synthesis in PC12h-R cells. (A) Attenuation of cell proliferation in PC12h-R cells
treated with EGF. PC12h-R cells were cultured in DMEM supplemented with 5% (v/v)
precolostrum newborn calf serum and 5% (v/v) heat-inactivated horse serum. The
PC12h-R cells cultured without (Con.) or with 50 ng/ml EGF (EGF) and 50 ng/ml NGF
(NGF) for 6 days, were counted as described under “Materials and Methods” . The
values represent the means £ S.D. of four individual cultures. (B) EGF-mediated
increase of TH protein synthesis in PC12h-R cells. PC12h-R cells were cultured without
(Con) or with 100 ng/ml NGF (NGF) and 100 ng/ml EGF (EGF) for 5 days, and labeled
with  [¥S] methionine. The cells were lysed and immunoprecipitated with the anti-TH
monoclonal antibody (PCTH-7). The immunoprecipitates were analyzed on 10% SDS-
polyacrylamide gel. The positions of molecular weight markers are indicated on the left.

The arrowhead indicates TH protein.
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Fig. 4. Neurite outgrowth of PC12h-R cells induced by cAMP. PC12h-R cells
were seeded on collagen-coated plates and cultured in DMEM containing 5% (v/v)
precolostrum newborn calf serum and 5% (v/v) heat-inactivated horse serum.
The cells were cultured without (A) or with 50 ng/ml EGF (B), 50 ng/ml NGF (C)

and 100 M CPTcAMP (D) for 5 days. Bar represents 100 xm.
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Fig. 5. EGF-, NGF-, and cAMP-induced increase of acetylcholinesterase activity
in PC12h-R cells. (A) PC12h-R cells were seeded on collagen-coated plates and
cultured in DMEM containing 5% (v/v) precolostrum newborn calf serum and 5% (v/v)
heat-inactivated horse serum. AChE activities in the cells cultured without (Control) or
with 50 ng/ml EGF (EGF), 50 ng/ml NGF (NGF) and 100 xM CPTcAMP (cAMP) for 5
days were determined in the absence (-) or presence (+) of 10 xM BW248C51 as
described under “Materials and Methods” . The values represent the means % S.D.
of three individual cultures. (B) PC12h-R cells were seeded on collagen-coated plates
and cultured in DMEM containing 5 w« g/ml human transferrin, 5 x g/ml bovine insulin
and 20 nM progesterone (TIP/DMEM). The cells were cultured for 5 days with 0, 0.001,
0.01, 0.1, 1, 10 and 100 ng/ml EGF. AChE activities were determined as described
under “Materials and Methods” . The values represent the means + S.D. of four

individual cultures.
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Fig. 6. Tyrosine phosphorylation of p140"** in PC12h-R cells treated with
EGF and NGF. PC12h-R cells were not exposed (C), or incubated with 100 ng/ml
EGF (+EGF) and 100 ng/ml NGF (+NGF) for 5 min (5m) and 4 hr (4h), and lysed.
The p140™* was immunoprecipitated with the anti-p140"™* antibody, and analyzed
by Western blotting with the anti-phosphotyrosine antibody (4G10). The position
of p140™* is indicated by the arrowhead. Molecular weights are shown on the left

of the immunoblot.
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Fig. 7. Effect of K252a on the EGF- and NGF-induéed neurite outgrowth of
PC12h-R cells. PC12h-R cells were seeded on the collagen-coated plates and
cultured in DMEM containing with 5% (v/v) precolostrum newborn calf serum and
5% (v/v) heat-inactivated horse serum. The cells were cultured without (A, D) or
with 50 ng/ml EGF (B, E) and 50 ng/ml NGF (C, F) in the absence (A, B, C) or

presence of 200 nM K252a (D, E, F) for 6 days. Bar represents 50 pm.
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Fig. 8. TGF a -induced neurite outgrowth in PC12h-R cells. PC12h-R cells
were plated on the collagen-coated dishes and cultured in DMEM supplemented
with 5 xg/ml human transferrin, 5 w g/ml bovine insulin and 20 nM progesterone
(TIP/DMEM). PC12h-R cells were cultured for 5 days in the absence (A) or
presence of 50 ng/ml NGF (B), 50 ng/ml EGF (C), and 25 ng/ml TGF « (D). Bar

represents 100 um.
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Fig. 9. EGF-induced tyrosine phosphorylation of cellular proteins in PC12h
and PC12h-R cells. Lysates were prepared from cells incubated or not (Om) with
100 ng/ml EGF for 5 min (5m), 30 min (30m), 1 hr {1h) and 3 hr (3h), and were
analyzed by Western blotting with the anti-phosphotyrosine antibody (4G10). The
positions of EGF receptor (<), Shc proteins (<1) and MAP kinases (—) are

indicated on the right of the immunoblot. Molecular weights are shown on the left.
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Fig. 10. EGF-induced mobility sifts of MAP kinases. Lysates were prepared
from PC12h and PC12h-R cells incubated or not (Om) with 100 ng/ml EGF for 5
min (5m), 30 min (30m), 1 hr (1h) and 3 hr (3h), and were analyzed by Western
blotting using the anti-MAP kinase antibody. The positions of ERK1 and ERK2
(MAP kinases) are indicated on the right of the immunoblot. Molecular weight is

shown on the left.
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Fig. 11. EGF-induced activation of MAP kinases in PC12h and PC12h-R cells. The
lysates were prepared from cells treated or not (Om) with 100 ng/ml EGF for 5 min (5m),
30 min (30m), 1 hr (1h) and 3 hr (3h), and analyzed by the renaturation gel assay using
myelin basic protein (MBP) as a substrate (A). The positions of 42 kDa (closed arrow
head) and 44 kDa (arrow) MAP kinases and 85 kDa kinase (open arrow head) are
indicated on the right of the gel. Molecular weights are shown on the left. The activities
of 42 kDa (B) and 44 kDa (C) MAP kinases and 85 kDa kinase (D) in PC12h (O) and
PC12h-R (@) cells, were quantified by FUJIX Bio-imaging Analyzer. The activities are
represented as the percentage of the activity in untreated cells (0 min). The values

represent the means & S.D. of four determinations.
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Fig. 12. Level of EGF receptor protein in PC12h and PC12h-R cells. The
lysates (Total) and WGA precipitates (WGAppt) prepared from PC12h (h) and
PC12h-R (R) cells, were analyzed by Western blotting with the anti-EGF receptor
antibody. The positions of mature (closed arrow head) and precursor (open arrow
head) proteins of the EGF receptor are indicated on the right of the immunoblot.

Molecular weights are shown on the left.
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Fig. 13. EGF-induced tyrosine phosphorylation of the EGF receptor in PC12h-R
and PC12h cells. (A) Lysates were prepared from cells incubated without (Om) or with
100 ng/ml EGF for 5 min (5m), 30 min (30m), 1 hr (1h) and 2.5 hr (2.5h), and Western
blotted with the anti-phosphotyrosine antibody (4G10) (upper panel) and the anti-EGF
receptor antibody (lower panel). The position of the EGF receptor (filled arrowhead) is
indicated on the right of the immunoblot. The molecular weight is shown on the left. (B)
Lysates were prepared from PC12h and PC12h-R cells incubated without (Om) or with
100 ng/ml EGF for 5 min (5m), 30 min (30m), 1 hr (1h) and 2.5 hr (2.5h). The EGF
receptors were immunoprecipitated with the anti-EGF receptor antibody, and were
Western blotted using the anti-phosphotyrosine antibody (upper panel) and the anti-EGF
receptor antibody (lower panel). The position of the EGF receptor (filled arrowhead) is

indicated on the right of the immunoblot. The molecular weight is shown on the left.

-
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Fig. 14. NGF-induced tyrosine phosphorylation of p140™ in PC12h and
PC12h-R cells. Cells were incubated without (Om) or with 100 ng/ml NGF for 5
min (5m), 30 min (30m), 1 hr (1h), and 2.5 hr (2.5h), and lysed. The p140™* was
immunoprecipitated with the anti-p140"™* antiserum and Western blotted with the
anti-phosphotyrosine antibody. The position of p140"™* (open arrowhead) is
indicated on the right of the immunoblot. The molecular weights are shown on the

left.
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