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Expression of the mouse ,B-PDGF receptor by gene transfer confers PDGF-dependent and
reversible neuronal differentiation of PC12 pheochromocytoma cells similar to that observed
in response to NGF and basic FGF. A common property of the PDGF, NGF, and basic
FGF-induced differentiation response is the requirement for constant exposure of cells to
the growth factor. To test the hypothesis that a persistent level of growth factor receptor
signaling is required for the maintenance of the neuronal phenotype, we examined the
regulation of the serine/threonine-specific MAP kinases after either short- (10 min) or
long-term (24 h) stimulation with growth factors. Mono Q FPLC resolved two peaks of
growth factor-stimulated MAP kinase activity that coeluted with tyrosine phosphorylated
41- and 43-kDa polypeptides. MAP kinase activity was markedly stimulated (-30-fold)
within 5 min of exposure to several growth factors (PDGF, NGF, basic FGF, EGF, and
IGF-I), but was persistently maintained at 10-fold above basal activity after 24 h only by
the growth factors that also induce PC12 cell differentiation (PDGF, NGF, and basic FGF).
Thus the f-PDGF receptor is in a subset of tyrosine kinase-encoded growth factor receptors
that are capable of maintaining continuous signals required for differentiation of PC12
cells. These signals include the constitutive activation of cytoplasmic serine/threonine
protein kinases.

INTRODUCTION

A significant hallmark of the PC12 cell differentiation
program is the requirement for constant NGF or basic
FGF exposure as indicated by the reversibility of the
neuronal phenotype on removal of the growth factor
from the medium. The implication is that persistent sig-
nals elicited by the growth factors are required to main-
tain the differentiated phenotype. An immediate signal
produced on activation of NGF and basic FGF receptors
that mediate neuronal differentiation of PC12 pheo-
chromocytoma cells is increased tyrosine-phosphory-
lation of specific cellular proteins (Maher, 1988; Mi-
yasaka et al., 1991; Schanen-King et al., 1991) and is
mediated in part by the tyrosine kinase activity intrinsic
to the respective receptor molecules (Lee et al., 1989;
Pasquale and Singer, 1989; Hempstead et al., 1991;
Kaplan et al., 1991; Klein et al., 1991). The v-src tyrosine
kinase mimics the ability of the NGF and basic FGF
receptors to induce neuronal differentiation (Alema et
al., 1985) and the intrinsic kinase activity of these gene

products is critical for all aspects of their signal trans-
duction (Ullrich and Schlessinger, 1990). Thus sus-
tained signaling through these tyrosine kinases is an
obvious mechanism by which NGF and basic FGF could
maintain the differentiation response. However, en-
hanced protein tyrosine kinase activity, per se, is not
sufficient for directing neuronal differentiation of PC12
cells because stimulation of the receptors for EGF or
IGF-I, which are receptor protein tyrosine kinases ex-
pressed on PC12 cells (Huff et al., 1981; Dahmer et al.,
1989), fail to signal neuronal differentiation and instead
induce a modest mitogenic response (Huff et al., 1981;
Dahmer and Perlman, 1988).
The features of the NGF and basic FGF receptors rel-

ative to the EGF and IGF-I receptors that are involved
in signal transduction leading to neuronal differentiation
remain unclear. Elucidation of the key receptor tyrosine
kinase signaling properties related to neuronal differ-
entiation or cell growth of PC12 cells would be facili-
tated by a ligand-regulated receptor tyrosine kinase that
is absent in parental PC12 cells and whose expression
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by gene transfer directs neuronal differentiation. In this
report, we demonstrate that the 3-PDGF receptor directs
reversible differentiation of PC12 cells similar to NGF
and basic FGF receptors after expression by retroviral-
mediated gene transfer.
Although immediate signaling through the growth

factor receptor tyrosine kinases is dependent on their
tyrosine kinase activity (Ullrich and Schlessinger, 1990),
most of the phosphorylation events stimulated in re-
sponse to growth factors occur on serine and threonine
residues, indicating that selective regulation of protein
serine / threonine kinase cascades by the various recep-
tor protein tyrosine kinases offers a mechanism by
which specificity for cellular action could arise. One
family of protein serine / threonine kinases in particular,
referred to as microtubule-associated protein kinases or
mitogen-activated protein kinases (MAP kinases) or
extracellular signal-regulated kinases (ERKs), require
phosphorylation on both tyrosine and threonine for en-
zymatic activation (Anderson et al., 1990; Boulton et
al., 1991; Cobb et al., 1991; Payne et al., 1991; Rosso-
mando et al., 1991). Thus the MAP kinases represent
a component of the protein kinase cascades through
which the protein tyrosine phosphorylation signal elic-
ited by growth factor receptors can be converted to pro-
tein serine / threonine-phosphorylation events. Analysis
of growth factor-regulated serine / threonine kinase
signals indicates that all growth factors (PDGF-BB,
NGF, basic FGF, EGF, and IGF-I) for which receptors
are expressed on PC12 cells can stimulate two MAP
kinase activities. We show in this report that persistent
activation of these MAP kinases was observed only by
those growth factor receptors that mediate neuronal dif-
ferentiation (PDGF-BB, basic FGF, and NGF).

MATERIALS AND METHODS

Materials
Human recombinant forms of PDGF-BB, basic FGF, EGF, and IGF-
I, as well as the monoclonal antiphosphotyrosine antibody, were pur-
chased from Upstate Biotechnology (Lake Placid, NY). NGF was pu-
rified from mouse submaxillary glands by published protocols (Mobley
et al., 1976) and was demonstrated to be free of any contaminating
EGF. All peptide substrates and inhibitors were synthesized by the
peptide synthesis facility at the National Jewish Center and purified
by reverse phase high-pressure liquid chromatography. Myelin basic
protein was purchased from Sigma Chemical (St. Louis, MO).

Retroviral-Mediated Gene Transfection
The retrovirus packaging cell line, GP+E-86 (Markowitz et al., 1988),
was transfected by electroporation with the LXSN retroviral expression
vector (Miller and Rosman, 1989) into which the 5.2-kb murine 1l-
PDGF receptor cDNA (a generous gift from Dr. Lewis T. Williams,
UC San Francisco) had been inserted at the unique EcoRI site. A
stable virus-producing GP+E-86 clone was isolated, and growth me-
dium into which the #-PDGF receptor-transfected clone had secreted
virus for -16 h was supplemented with polybrene (8 ,ig/ml) and
then incubated with PC12 cells for 16 h. Similarly, PC12 cells were
infected with retrovirus produced by a GP+E-86 clone that had been
transfected with the pMV-7 retroviral expression vector (Kirschmeier
et al., 1988), lacking a cDNA insert as a control for neo-resistance

selection. The virus-infected PC12 cells were seeded onto poly-L-ly-
sine-coated dishes and selected for resistance to G-418 (250 jAg/ml)
in regular serum-containing growth medium Dulbecco's modified Ea-
gle's medium ([DMEM] containing 5% horse serum and 5% fetal
bovine serum) or in plasma-derived serum-containing growth medium
(DMEM containing 5% plasma-derived horse serum and 5% plasma-
derived newborn calf serum from Cocalico Biologicals, Reamstown,
PA). Three to four weeks later, colonies resistant to G-418 were picked
and then routinely propagated in plasma-derived serum-containing
medium that lacked G-418. The results described in this report are
representative of wild-type PC12 cells, two independent PC-Neo
clones, and four independent PC-PDGFR clones.

Immunoblot Analyses
For immunoblot analysis of plasmid-expressed fl-PDGF receptors in
the PC12 clones, plasma membrane fractions of the PC-PDGFR
clones were dissolved in reducing sodium dodecyl sulfate (SDS)
sample buffer (2% sodium dodecyl sulfate, 5% glycerol, 62.5 mM
tris(hydroxymethyl)aminomethane [Tris] -Cl (pH 6.8), 5% f-mer-
captoethanol, 0.001% bromphenol blue), resolved by 7.5% SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred to nitro-
cellulose. The filter was blocked with 5% bovine serum albumin and
0.1% Tween-20 in Tris-buffered saline (pH 7.4) and probed with a
1:500 dilution of a rabbit anti-PDGF receptor antiserum (#538, kindly
provided by Dr. Tom Daniels, Vanderbilt University). The filter was
washed, and bound antibodies were detected with [1251] protein A.
For phosphotyrosine immunoblot analysis of Mono Q fast protein
liquid chromatography (FPLC) fractions, 900 jil of the fractions were
mixed for 18 h at 4°C with 100 Al of 72% trichloroacetic acid and
0.15% sodium deoxycholate. The precipitated proteins were collected
by microcentrifugation and washed twice with acetone. The pelleted
proteins were resolved on 8% SDS-PAGE gels and transferred to
nitrocellulose. The filters were blocked with 3% Cohn-crystallized
bovine serum albumin (ICN Biomedicals, Costa Mesa, CA) in Tris-
buffered saline and probed with monoclonal antiphosphotyrosine
antibodies which were visualized by ["25I] protein A.

Mono Q FPLC
Anion exchange chromatography of cell extracts was performed at
4°C with a Pharmacia LKB Biotechnology FPLC system and a Mono
Q HR5/5 column. Soluble extracts were prepared from two 10-cm
dishes of cells per treatment by collecting the attached cells into 600
Al of 50 mM i3-glycerophosphate (pH 7.2), 100 jiM sodium vanadate,
2 mM MgCl2, 1 mM ethylene glycol-bis(f-aminoethyl ether)-
N,N,N',N',tetraaceticacid (EGTA), 0.5% Triton X-100, 2 ,ig/ml leu-
peptin, 2 ,ug/ml aprotinin, and 1 mM dithiothreitol. After centrifu-
gation in a microcentrifuge for 5 min, soluble extracts (0.5 ml, 0.5-1
mg protein) were applied to a Mono Q FPLC column equilibrated in
50 mM ,-glycerophosphate (pH 7.2), 100 AM sodium vanadate, 1
mM EGTA, and 1 mM dithiothreitol. The column was washed with
3 ml of buffer and then bound proteins were eluted with a 30-ml
linear 0-0.4 M NaCl gradient in the equilibration buffer. Aliquots (20
Al) of 1-ml fractions were mixed with 20 j,l of 50 mM 13-glycero-
phosphate (pH 7.2), 100 ,iM sodium vanadate, 20 mM MgCl2, 200
AM [_y-32]ATP (2000-5000 cpm/pmol), 50 Ag/ml IP-20 (TTYAD-
FIASGRTGRRNAIHD), 1 mM EGTA, and either 400 jiM EGFR662681
peptide (RRELVEPLTPSGEAPNQALLR, Takishima et al., 1991) or
0.66 mg/ml myelin basic protein. After a 15-min incubation (30°C),
10 AI of 25% trichloroacetic acid was added (10,l of 250 mM EDTA
for reactions containing myelin basic protein), and the phosphorylated
substrates were quantified as described (Heasley and Johnson,
1989a,b).

RESULTS
PDGF Mediates Reversible Differentiation of PC12
Clones Expressing ,-PDGF Receptors
Insertion of the mouse fl-PDGF receptor cDNA into the
retroviral expression vector, LXSN (Miller and Rosman,
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1989), followed by packaging into infectious retrovi-
ruses in GP+E-86 cells (Markowitz et al., 1988) per-
mitted high-efficiency introduction and expression of
the fl-PDGF receptor cDNA in PC12 cells. Inspection
of PC12 cell cultures, 7 d after retroviral infection and
before G-418-mediated killing of nontransfected cells
had occurred, revealed a significant number of neuron-
ally differentiated cells when the selection was per-
formed in growth medium containing normal levels of
horse (5%) and fetal bovine serum (5%). Three to four
wk later when only G-418-resistant colonies remained
on the culture dish, numerous colonies selected in me-
dium containing normal serum exhibited a differentiated
phenotype. This morphologic differentiation appeared
to be due to stimulation of the transfected f,-PDGF re-
ceptor by PDGF present in the serum because G-418
selection in growth medium containing plasma-derived
serum, which is low in PDGF, failed to yield PC12 cells
with the differentiated phenotype either at early (7 d)
or later culture times.
A key feature of the PC12 differentiation program

elicited by NGF and FGF is the complete reversibility
after removal of the growth factor from the medium
(Greene and Tischler, 1976; Rydel and Greene, 1987).
The action of PDGF present in serum to differentiate
PC12 cells expressing transfected fl-PDGF receptors was
reversible. Replacement of the serum-containing me-
dium on the differentiated #-PDGF receptor-transfected
PC12 clones with medium containing plasma-derived
serum was accompanied by the withdrawal of their
neurites, permitting putative ,B-PDGF receptor-express-
ing cells to be clonally expanded and propagated for
biochemical analysis. In addition, clones that had been
selected for G-418 resistance in plasma-derived serum
were also randomly picked and screened for the expres-
sion of the f,-PDGF receptor polypeptide. Immunoblot
analysis of the f-PDGF receptor in a PC12 clone selected
in plasma-derived serum (PC-PDGFR-1 11), as well as
a clone that had exhibited a differentiated phenotype
during selection in normal serum (PC-PDGFR-102) is
shown in Figure 1, along with a PC 12 clone transfected
with a retroviral vector lacking a cDNA insert (PC-Neo-
7.2). Note that PC-Neo-7.2 lacks detectable f3-PDGF
receptor whereas PC-PDGFR-102 and -111 express an
immunoreactive f-PDGF receptor polypeptide of
'-190-200 kDa.
When cultured in growth medium containing plasma-

derived serum or in very low levels of fetal bovine serum
(0.3%), the PC-PDGFR clones exhibited a morphology
similar to that of parental PC12 cells (Figure 2). Within
several days of culture in the presence of human re-
combinant PDGF-BB, the cells neuronally differentiated
as indicated by the extension of long neurites (Figure
2). The PDGF-stimulated morphologic differentiation
of PC-PDGFR-102 and -111 cells was as extensive as
that achieved with either basic FGF or NGF (Figure 2)
and was equally reversible. As with parental PC12 cells,
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Figure 1. Immunoblot analysis of f3-PDGF receptors in transfected
PC12 clones. Membrane protein (100 ,ug) from two PC12 clones stably
infected with the LXSN-PDGFR retrovirus (PC-PDGFR-102 and
-111) or from a PC 12 clone transfected with the expression vector
lacking a cDNA insert (PC-Neo-7.2) were dissolved in SDS sample
buffer, resolved on a 7.5% polyacrylamide SDS gel, transferred to
nitrocellulose, and probed for the cytoplasmic domain of the murine
fl-PDGF receptor. The full-length receptor polypeptide (-200 kDa)
and several putative proteolytic fragments are indicated with arrows.

EGF (Figure 2) and IGF-I failed to direct neuronal dif-
ferentiation even though their respective receptors are
expressed at functional levels on PC12 cells (Dahmer
et al., 1989; Dahmer and Perlman, 1988; Huff et al.,
1981). Thus unlike other exogenous gene products that
differentiate PC12 cells such as v-Src and v-Ras, the
3PDGF receptor induces growth factor-regulated and
reversible neuronal differentiation of PC12 cells.

Characterization of 43- and 41-kDa
Tyrosine-Phosphorylated Polypeptides in
Growth Factor-Treated PC-PDGFR Clones as
Activated MAP Kinases
MAP kinases, also known as ERKs (Boulton et al., 1991),
are a family of protein serine/threonine kinases that
have the notable feature of being phosphorylated on
tyrosine and threonine residues when purified in their
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Figure 2. Neuronal differentiation of PC12 cells expressing the 3-PDGF receptor in response to PDGF-BB, basic FGF, and NGF. PC-PDGFR-
102 cells were cultured for 5 d in DMEM containing 0.3% fetal bovine serum alone (E) or medium supplemented with 10 ng/ml EGF (A),
30 ng/ml basic FGF (B), 100 ng/ml NGF (C), or 30 ng/ml PDGF-BB (D). The morphological differentiation response exhibited by this PC-
PDGFR clone is representative of three other independent clones.

activated forms (Anderson et al., 1990; Payne et al.,
1991). Because of this characteristic, these protein ki-
nases are thought to serve, in part, as the switching
mechanism between the activated receptor tyrosine ki-
nases and the protein serine / threonine kinase cascades
that they regulate in cells. Similar to recent reports of
MAP kinase activation in fibroblasts (Ahn et al., 1991)
and PC12 cells (Boulton et al., 1991; Miyasaka et al.,
1991; Schanen-King et al., 1991), we observed highly
inducible tyrosine phosphorylation of putative MAP
kinase polypeptides after stimulation of either wild-type
PC12 cells or the PC-PDGFR clones with NGF, basic
FGF, PDGF-BB, EGF, and IGF-I. To assess the activity
of MAP kinases in PC-PDGFR cells after incubation
with various growth factors, extracts from PC-PDGFR

cells treated with or without growth factors were frac-
tionated by Mono Q FPLC, and the fractions were as-
sayed for MAP kinase. Figure 3A shows that the ma-
jority of the EGFR662-681 peptide kinase activity from
cells treated for 10 min with PDGF-BB resolved into
two peaks centered at fraction 14 (0.16 M NaCl) and
17 (0.2 M NaCl) with a minor peak of activity eluting
in the flow-through fractions (fractions 1-6). Identical
chromatographic profiles were observed with NGF and
basic FGF as well as with EGF (Fig. 3A) and IGF-I. The
growth factor-stimulated increase in fractionated MAP
kinase activity compared with activity present in frac-
tions from untreated control cells was -2- to 3-fold for
the flow through fractions and greater than 30-fold in
the peaks eluting at 0.16 and 0.2 M NaCl.
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Figure 3. Anion exchange chromatography of growth factor-stim-
ulated MAP kinases in PC-PDGFR cells. PC-PDGFR-1 11 cells (two
10-cm dishes per treatment) cultured for 16 h in DMEM containing
0.1% bovine serum albumin were incubated for 10 min with the in-
dicated growth factors, rinsed with ice-cold phosphate-buffered saline,
and lysed in 0.6-ml lysis buffer (see MATERIALS AND METHODS).
Aliquots (20 ,l) of the Mono Q-fractionated extracts were assayed
(15 min, 30°C) for MAP kinase activity with EGFR662-681 peptide (A
and B) or myelin basic protein (B). The data in A and B are from
different experiments.

The growth factor-regulated MAP kinase activity that
eluted from the Mono Q FPLC column at 0.16 and 0.2
M NaCl coeluted with growth factor-stimulated myelin
basic protein (MBP) kinase activity (Fig. 3B) where my-
elin basic protein is an excellent in vitro substrate for
MAP kinase (Erickson et al., 1990). The kinase assay
buffer contains inhibitors that exclude the activities of
other protein kinases known to phosphorylate myelin
basic protein (cAMP-dependent protein kinase, protein
kinase C, Ca ++/ calmodulin-dependent kinases). It is
noteworthy that growth factor-stimulated MBP kinase
activity in Swiss 3T3 cells and PC12 cells also resolves
into two peaks on Mono Q FPLC (Ahn et al., 1990,
1991; Boulton et al., 1991; Miyasaka et al., 1991). Thus
the MAP kinase activities stimulated by growth factors
in PC-PDGFR cells exhibit chromatographic properties
similar to previously described MAP kinases.

The growth factor-regulated MAP kinases eluting at
0.16 and 0.2 M NaCl are related to two phosphotyro-
sine-containing polypeptides of -41 and 43 kDa as
evidenced by their strict coelution on Mono Q FPLC
(Figure 4). The molecular weight of the polypeptides

S as indicated by SDS-PAGE and phosphotyrosine im-
u munoblotting is consistent with the apparent molecular
Z size of the EGFR662-681 peptide-detected MAP kinase

activity (35-50 kDa) as estimated by Superose gel ex-
clusion FPLC, as well as MAP kinase and MBP kinase
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Figure 4. Coelution of EGFR662-681 peptide-detected MAP kinase ac-
tivities and tyrosine-phosphorylated polypeptides of 41 and 43 kDa
on anion-exchange columns. PC-PDGFR-1 11 cells (two 10-cm dishes
per treatment) were incubated (37°C) for 10 min with or without 30
ng/ ml PDGF-BB and soluble extracts were prepared and chromato-
graphed on Mono Q FPLC as described in MATERIALS AND METH-
ODS. Aliquots (20 ,ul) of each fraction were assayed for MAP kinase
activity with the EGFR662-681 peptide (A) or for phosphotyrosine con-
tent by immunoblotting (see MATERIALS AND METHODS). Au-
toradiographs of immunoblots from control (B) and PDGF-treated
samples (C) are shown.
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activities observed in Swiss 3T3 cells and PC12 cells
(Ahn et al., 1990; Schanen-King et al., 1991). Thus the
MAP kinase activities stimulated by growth factors in
PC-PDGFR clones behave identically to previously de-
scribed MAP kinases and correlate with two phospho-
tyrosine-containing polypeptides of 41 and 43 kDa that
represent the catalytic MAP kinase activities.

Acute exposure (5 min) of PC12 cells to EGF results
in similar activation and phosphorylation of MAP ki-
nases as that observed with NGF (Gotoh et al., 1990;
Miyasaka et al., 1991) or PDGF (Figures 3 and 4). These
findings indicate that the intrinsic activity of the EGF
receptor responsible for acute MAP kinase activation is
similar to that observed with the NGF, basic FGF, and
f3-PDGF receptors. The EGF receptor fails to induce
PC12 cell neuronal differentiation, whereas the NGF,
basic FGF, and f-PDGF receptors strongly induce dif-
ferentiation. The results indicate that the inability to
induce PC12 cell differentiation is not due to a lesser
intrinsic activity of the EGF receptor to acutely regulate
signal transduction pathways relative to the NGF, basic
FGF, or f-PDGF receptors.

Persistent Activation ofMAP Kinase Activities by
Growth Factors that Differentiate PC-PDGFR Cells
The differentiated PC12 phenotype elicited by NGF,
basic FGF, and PDGF is readily reversed on removal of
the growth factors from the culture medium (Greene
and Tischler, 1976; Rydel and Greene, 1987; see above).
The requirement for continuous culture with growth
factor indicates that persistent signal transduction by
the receptors is required to maintain the neuronal phe-
notype. In a previous study, we showed that several
protein serine / threonine kinase activities including
protein kinase C were only transiently activated despite
the continuous presence of NGF or EGF in the growth
medium (Heasley and Johnson, 1989a,b). In contrast,
persistent elevation of S6 peptide phosphorylation was
observed in response to NGF or EGF. Although the S6
peptide kinases are unlikely to represent pathways
unique to the differentiation program because they are
activated by both NGF and EGF, S6 peptide kinases
are examples of persistent signals elicited by growth
factors in PC12 cells. The MAP kinase activities detected
in Mono Q-fractionated extracts from cells treated for
24 h with NGF, PDGF-BB, or basic FGF (Fig. 5A) were
elevated 10-fold over control. In contrast, the level of
MAP kinase activity in fractionated extracts from PC-
PDGFR cells treated for 24 h with EGF (Fig. 5A) or
IGF-I was only marginally elevated over control (-2-
fold). The EGF and IGF-I-stimulated MAP kinase re-
turned to near basal levels within 3-5 h of the initial
stimulation. Coincident with the persistent increase of
MAP kinase activity observed in fractionated extracts
from NGF, basic FGF, and PDGF-BB-treated cells (Fig.
5A) was the increased phosphotyrosine content of the

43- and 41-kDa MAP kinase polypeptides in fraction-
ated extracts from NGF, basic FGF, and PDGF-treated
cells compared with extracts from control cells and cells
treated with EGF (Fig. 5B). Thus, NGF, basic FGF, and
PDGF-BB, which stimulate neuronal differentiation of
PC12 cells, persistently elevated p43- and p41-MAP
kinase phosphorylation and activity whereas EGF and
IGF-I caused only transient activation and tyrosine
phosphorylation of this protein serine/threonine kinase
activity.

DISCUSSION

In this report, we have compared the cellular actions of
five growth factors whose receptors are functional li-
gand-regulated tyrosine kinases expressed in PC12 cells.
Receptor tyrosine kinases for NGF, basic FGF, EGF, and
IGF-I are endogenous, whereas the f-PDGF receptor
was exogenously expressed. Although the five growth
factor receptors stimulated tyrosine phosphorylation of
41- and 43-kDa cellular MAP kinase proteins and
acutely activated MAP kinases, receptors for NGF, basic
FGF, and PDGF provided a persistent elevation of MAP
kinase activity compared with EGF and IGF-I receptors.
In addition, persistent tyrosine phosphorylation of the
43- and 41-kDa MAP kinases after 24 h of growth factor
treatment was specifically observed in response to NGF,
basic FGF, and PDGF-BB (Figure 5B). Thus receptor
tyrosine kinases that promote neuronal differentiation
persistently elevated MAP kinase activity, consistent
with the requirement for selective but continuous pro-
tein kinase signaling by NGF, FGF, and PDGF receptors
to maintain the differentiated phenotype. The fact that
EGF and IGF-I, which fail to differentiate PC12 cells,
can only transiently activate the same MAP kinase
pathways indicates that persistent MAP kinase activa-
tion is probably vital to the differentiation response by
growth factors.

Recently, a number of other reports have appeared
concerning growth factor-regulated MAP kinase activ-
ities in PC12 cells (Gomez et al., 1990; Gotoh et al.,
1990; Miyasaka et al., 1990; Tsao et al., 1990; Boulton
et al., 1991; Miyasaka et al., 1991; Schanen-King et al.,
1991). In general, the findings of these reports are sup-
portive of our results with respect to chromatographic
properties and molecular size. However, kinetics of ac-
tivation beyond 3 h were not investigated, although
Gotoh et al. (1990) showed a slower rate of decay in
MAP kinase activity after NGF-treatment relative to
EGF at early time points. Similar to our findings, Tsao
et al. (1990) observed selective activation of a protein
kinase in PC12 cells by NGF and FGF that phosphor-
ylated high molecular weight MAPs. In these studies,
however, NGF and FGF elevated MAP kinase activity
15-20-fold whereas EGF, insulin, and TPA were poor
activators even after relatively short treatments. Thus
the kinetics of MAP kinase activation reported by Tsao
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Figure 5. Persistent activation and tyrosine phosphorylation of MAP kinases in PC-PDGFR cells incubated for 24 h with NGF, basic FGF,
or PDGF-BB. PC-PDGFR-111 cells (two 10-cm dishes per treatment) were incubated for 24 h with medium alone, 100 ng/ml NGF, 30 ng/
ml PDGF-BB, 30 ng/ml basic FGF, or 10 ng/ml EGF and lysed at 4'C in 600 Al of lysis buffer. Centrifuged extracts (0.5 ml, 1 mg protein)
were fractionated on Mono Q FPLC as described in MATERIALS AND METHODS. (A) Column fractions were assayed for EGFR662-681 peptide
phosphorylation. (B) The proteins in the indicated column fractions were precipitated with trichloroacetic acid and immunoblotted with anti-
phosphotyrosine antibody as described in MATERIALS AND METHODS. Phosphotyrosine content of MAP kinase polypeptides qualitatively,
but not quantitatively, correlates with enzyme activity determined in A. This difficulty in quantitative correlation has been previously observed
(Cobb et al., 1991; Rossomando et al., 1991). However, the phosphotyrosine content and activity of MAP kinase is reproducibly and significantly
greater in extracts from PDGF, NGF, and basic FGF-treated cells compared with control or EGF-treated cells and was observed in three
independent experiments. The somewhat lower phosphotyrosine content of the MAP kinase polypeptides from the basic FGF-treated cells
relative to NGF- and PDGF-treated cells was related to incomplete transfer to nitrocellulose in the corresponding region of the SDS gel and
was not observed in two other independent experiments.

et al. (1990) is significantly different from our results
where we observe marked activation of MAP kinase
activities after short exposures (10 min) to all growth
factors, but persistent activation only by NGF, basic
FGF, and PDGF-BB. Significant differences exist in
chromatography systems, cell lysis buffers, and protein
kinase substrates so that further investigation will be
required for accurate comparison of our study to that
of Tsao et al. (1990).
MAP kinases and their kinetics of activation have

been largely defined in mitogen-stimulated fibroblasts
where transient activation during the GO-Gi transition
is observed (Ahn et al., 1990). The observations in fi-
broblasts are similar to the transient activation of MAP
kinases we measure in PC12 cells treated with EGF or

IGF-I, where EGF and IGF-I are established mitogens
(Huff et al., 1981; Dahmer and Perlman, 1988). In con-

trast to mitogenic stimuli, NGF causes PC12 cells to
arrest in Gi during differentiation (Rudkin et al., 1989).
A similar G 1 arrest appears to occur with basic FGF and
PDGF-BB in PC-PDGFR clones (Heasley and Johnson,
unpublished observations). Thus, a role for persistently

elevated MAP kinase activity would be predicted in re-

sponse to differentiating agents if MAP kinases are in-
volved in controlling progression through Gi. In fact,
there is precedent for a role of MAP kinase-like enzymes
controlling cell cycle progression in the yeast, Saccha-
romyces cerevisiae, where two protein kinases, referred
to as FUS3 (Elion et al., 1990) and KSS1 (Courchesne
et al., 1989) are -50% identical to the cloned mam-

malian MAP kinases (Boulton et al., 1991) and mediate
the response to pheromones. Specifically, the FUS3-en-
coded protein kinase is required for pheromone-induced
cell cycle arrest in Gl (Elion et al., 1990) whereas the
KSS1 protein kinase promotes reentry into the cell cycle
after pheromone-induced cell cycle arrest (Courchesne
et al., 1989). The persistent MAP kinase activity in re-

sponse to NGF, basic FGF, and PDGF-BB may function
in arresting PC12 cells in Gi during neuronal differ-
entiation analogous to the role of FUS3 in the yeast
pheromone response.
We have previously demonstrated that perturbation

of normal cell cycle control in PC12 cells by expression
of adenovirus ElA proteins inhibits the ability of NGF
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and basic FGF to induce neuronal differentiation (Ma-
ruyama et al., 1987; Heasley et al., 1991). The E1A-
mediated inhibition of neuronal differentiation was ob-
served even though the protein kinase signals, including
MAP kinase activation, were normal. With the use of a
series of ElA deletion mutants, we demonstrated that
the inhibitory effect on differentiation was due to the
binding of ElA to the p300 nuclear protein. The p300
nuclear protein undergoes phosphorylation/dephos-
phorylation during different stages of cell cycle pro-
gression (Yaciuk et al., 1991), and the binding and pre-
sumed inhibition of the p300 protein by ElA stimulates
DNA synthesis in fibroblasts, suggesting that it is a neg-
ative regulator of cell cycle progression. The ability of
the MAP kinases to regulate directly or indirectly the
activity of nuclear gene products such as p300 would
be one mechanism to induce G1-growth arrest involved
in PC12 cell differentiation, similar to that observed with
the role of FUS3 in the yeast pheromone response. We
are presently testing the ability of MAP kinases to
phosphorylate p300, as well as other nuclear proteins
that might be involved in cell cycle and differentiation
control.
NGF, basic FGF, and PDGF-BB stimulate neuronal

differentiation of PC12 cells and persistently elevate
MAP kinase activity by interaction with specific receptor
tyrosine kinases. However, the features of these receptor
kinases that are lacking in the EGF and IGF-I receptors
that account for their selective signaling functions re-
main undefined. One possibility is that profound
downregulation of the EGF and IGF-I receptors occurs
relative to NGF, basic FGF, and PDGF receptors such
that a significant level of persistent signaling by EGF or
IGF-I is not achieved. However, the fact that both EGF
and NGF can maintain for .24 h an equivalent acti-
vation state of S6 peptide kinases in PC12 cells (Heasley
and Johnson, 1989a) argues against selective down-
regulation of the EGF or IGF-I responses as the sole
mechanism for their failure to persistently activate MAP
kinases or direct PC12 cell differentiation. Instead, a
selective loss of EGF and IGF-I receptor signaling, pos-
sibly by feedback regulation of the receptors, seems
more likely. The EGF receptor is unable to direct PC12
cell differentiation even when significantly overex-
pressed (Yan et al., 1991), indicating that the differ-
entiation response is driven by specific tyrosine kinases.
This infers that it is the selective regulation of specific
gene products such as PLCy, P13 kinase, and GAP by
different tyrosine kinase encoded receptors (Lev et al.,
1991) that initiates and maintains the differentiation
response. Our finding that transfected PDGF receptors
mimic the endogenous NGF and FGF receptors permits,
for the first time, a genetic approach for defining the
effectors necessary for reversible, growth factor-me-
diated PC12 cell differentiation. Wild-type and mutant
PDGF receptors (Kazlauskas et al., 1991) can be used

to define the effector systems initially regulated by re-
ceptors to induce neuronal differentiation.

ACKNOWLEDGMENTS
This research was supported by NIH grant DK37871, NIH Program
Project grant AI29903, and the Juvenile Diabetes Foundation, Inter-
national.

REFERENCES

Ahn, N.G., Seger, R., Bratlien, R.L., Diltz, C.D., Tonks, N.K., and
Krebs, E.G. (1991). Multiple components in an epidermal growth
factor-stimulated protein kinase cascade. J. Biol. Chem. 266, 4220-
4227.

Ahn, N.G., Weiel, J.E., Chan, C.P., and Krebs, E.G. (1990). Identi-
fication of multiple epidermal growth factor-stimulated protein serine/
threonine kinases from Swiss 3T3 cells. J. Biol. Chem. 265, 11487-
11494.

Alema, S., Casalbore, P., Agostini, E., and Tato, F. (1985). Differ-
entiation of PC12 phaeochromocytoma cells induced by v-src onco-
gene. Nature 316, 557-559.

Anderson, N.G., Maller, J.L., Tonks, N.K., and Sturgill, T.W. (1990).
Requirement for integration of signals from two distinct phosphory-
lation pathways for activation of MAP kinase. Nature 343, 651-653.

Boulton, T.G., Nye, S.H., Robbins, D.J., Ip, N.Y., Radziejewska, E.,
Morgenbesser, S.D., DePinho, R.A., Panayotatos, N., Cobb, M.H.,
and Yancopoulos, G.D. (1991). ERKs: a family of protein-serine/
threonine kinases that are activated and tyrosine phosphorylated in
response to insulin and NGF. Cell 65, 663-675.

Cobb, M.H., Boulton, T.G., and Robbins, D.J. (1991). Extracellular
signal-regulated kinases: ERKs in progress. Cell Regulation 2, 965-
978.

Courchesne, W.E., Kunisawa, R., and Thorner, J. (1989). A putative
protein kinase overcomes pheromone-induced arrest of cell cycling
in S. cerevisiae. Cell 58, 1107-1119.

Dahmer, M.K., Ji, L., and Perlman, R.L. (1989). Characterization of
insulin-like growth factor-I receptors in PC12 pheochromocytoma cells
and bovine adrenal medulla. J. Neurochem. 53, 1036-1042.

Dahmer, M.K., and Perlman, R.L. (1988). Insulin and insulin-like
growth factors stimulate DNA synthesis in PC12 pheochromocytoma
cells. Endocrinology 122, 2109-2113.

Elion, E.A., Grisafi, P.L., and Fink, G.R. (1990). FUS3 encodes a
cdc2 + / CDC28-related kinase required for the transition from mitosis
into conjugation. Cell 60, 649-664.

Erickson, A.K., Payne, D.M., Martino, P.A., Rossomando, A.J., Sha-
banowitz, J., Weber, M.J., Hunt, D.F., and Sturgill, T.W. (1990). Iden-
tification by mass spectrometry of threonine 97 in bovine myelin basic
protein as a specific phosphorylation site for mitogen-activated protein
kinase. J. Biol. Chem. 265, 19728-19735.

Gomez, N., Tonks, N.K., Morrison, C., Harmar, T., and Cohen, P.
(1990). Evidence for communication between nerve growth factor
and protein tyrosine phosphorylation. FEBS Lett. 271, 119-122.

Gotoh, Y., Nishida, E., Yamashita, T., Hoshi, M., Kawakami, M., and
Sakai, H. (1990). Microtubule-associated-protein (MAP) kinase ac-
tivated by nerve growth factor and epidermal growth factor in PC12
cells. Eur. J. Biochem. 193, 661-669.

Greene, L.A., and Tischler, A.S. (1976). Establishment of a norad-
renergic clonal line of rat adrenal pheochromocytoma cells which
respond to nerve growth factor. Proc. Natl. Acad. Sci. USA 73, 2424-
2428.

Molecular Biology of the Cell552



The PDGF Receptor Induces PC12 Cell Differentiation

Heasley, L.E., Benedict, S., Gleavy, J., and Johnson, G.L. (1991). Re-
quirement of the adenovirus ElA transformation domain 1 for inhi-
bition of PC12 cell neuronal differentiation. Cell Regulation 2, 479-
489.

Heasley, L.E., and Johnson, G.L. (1989a). Detection of nerve growth
factor and epidermal growth factor-regulated protein kinases in PC12
cells with synthetic peptide substrates. Molec. Pharmacol. 35, 331-
338.

Heasley, L.E., and Johnson, G.L. (1989b). Regulation of protein kinase
C by nerve growth factor, epidermal growth factor, and phorbol esters
in PC12 pheochromocytoma cells. J. Biol. Chem. 264, 8646-8652.

Hempstead, B.L., Martin-Zanca, D., Kaplan, D.R., Parada, L.F., and
Chao, M.V. (1991). High-affinity NGF binding requires co-expression
of the Trk proto-oncogene and the low-affinity NGF receptor. Nature
350, 678-683.

Huff, K., End, D., and Guroff, G. (1981). Nerve growth factor-induced
alteration in the response of PC12 pheochromocytoma cells to epi-
dermal growth factor. J. Cell Biol. 88, 189-198.

Kaplan, D.R., Martin-Zanca, D., and Parada, L.F. (1991). Tyrosine
phosphorylation and tyrosine kinase activity of the Trk proto-oncogene
product induced by NGF. Nature 350, 158-160.

Kazlauskas, A., Durden, D.L., and Cooper, J.A. (1991). Functions of
the major tyrosine phosphorylation site of the PDGF receptor ,B sub-
unit. Cell Regulation 2, 413-425.

Kirschmeier, P.T., Housey, G.M., Johnson, M.D., Perkins, A.S., and
Weinstein, I.B. (1988). Construction and characterization of a retroviral
vector demonstrating efficient expression of cloned cDNA sequences.
DNA 7, 219-225.

Klein, R., Jung, S., Nanduri, V., O'Rourke, E., and Barbacid, M. (1991).
The Trk proto-oncogene encodes a receptor for nerve growth factor.
Cell 65, 189-197.

Lee, P.L., Johnson, D.E., Cousens, L.S., Fried, V.A., and Williams,
L.T. (1989). Purification and complementary DNA cloning of a re-
ceptor for basic fibroblast growth factor. Science 24, 57-60.

Lev, S., Givol, D., and Yarden, Y. (1991). A specific combination of
substrates is involved in signal transduction by the kit-encoded re-
ceptor. EMBO J. 10, 647-654.

Maher, P.A. (1988). Nerve growth factor induces protein-tyrosine
phosphorylation. Proc. Natl. Acad. Sci. USA 85, 6788-6791.

Markowitz, D., Goff, S., and Bank, A. (1988). A safe packaging line
for gene transfer: separating viral genes on two different plasmids. J.
Virol. 62, 1120-1124.

Maruyama, K., Schiavi, S.C., Huse, W., Johnson, G.L., and Ruley,
H.E. (1987). myc and ElA oncogenes alter the responses of PC12
cells to nerve growth factor and block differentiation. Oncogene 4,
361-367.

Miller, A.D., and Rosman, G.J. (1989). Improved retroviral vectors
for gene transfer and expression. BioTechniques 7, 980-990.

Miyasaka, T., Chao, M.V., Sherline, P., and Saltiel, A.R. (1990). Nerve
growth factor stimulates a protein kinase in PC-12 cells that phos-
phorylates microtubule-associated protein-2. J. Biol. Chem. 265, 4730-
4735.

Miyasaka, T., Stemnberg, D.W., Miyasaka, J., Sherline, P., and Saltiel,
A.R. (1991). Nerve growth factor stimulates protein tyrosine phos-
phorylation in PC-12 pheochromocytoma cells. Proc. Natl. Acad. Sci.
USA 88, 2653-2657.
Mobley, W.C., Schenker, A., and Shooter, E.M. (1976). Character-
ization and isolation of proteolytically modified nerve growth factor.
Biochemistry 15, 5543-5552.
Pasquale, E.B., and Singer, S.J. (1989). Identification of a develop-
mentally regulated protein-tyrosine kinase by using anti-phospho-
tyrosine antibodies to screen a cDNA expression library. Proc. Natl.
Acad. Sci. USA 86, 5449-5453.
Payne, D.M., Rossomando, A.J., Martino, P., Erickson, A.K., Her,
J.-H., Shabanowitz, J., Hunt, D.F., Weber, M.J., and Sturgill, T.W.
(1991). Identification of the regulatory phosphorylation sites in pp42/
mitogen-activated protein kinase (MAP kinase). EMBO J. 10, 885-
892.

Rossomando, A.J., Sanghera, J.S., Marsden, L.A., Weber, M.J., Pelech,
S.L., and Sturgill, T.W. (1991). Biochemical characterization of a family
of serine/threonine protein kinases regulated by tyrosine and serine/
threonine phosphorylations. J. Biol. Chem. 266, 20270-20275.
Rudkin, B.B., Lazarovici, P., Levi, B.Z., Abe, Y., Fujita, K., and Guroff,
G. (1989). Cell cycle-specific action of nerve growth factor in PC12
cells: differentiation without proliferation. EMBO J. 8, 3319-3325.
Rydel, R.E., and Greene, L.A. (1987). Acidic and basic fibroblast
growth factors promote stable neurite outgrowth and neuronal dif-
ferentiation in cultures of PC12 cells. J. Neurosci. 7, 3636-3653.

Schanen-King, C., Nel, A., Williams, L.K., and Landreth, G. (1991).
Nerve growth factor stimulates the tyrosine phosphorylation of MAP2
kinase in PC12 cells. Neuron 6, 915-922.
Takishima, K., Griswold-Prenner, I., Ingebritsen, T., and Rosner, M.R.
(1991). Epidermal growth factor (EGF) receptor T669 peptide kinase
from 3T3-L1 cells is an EGF-stimulated "MAP" kinase. Proc. Natl.
Acad. Sci. USA 88, 2520-2524.
Tsao, H., Aletta, J.M., and Greene, L.A. (1990). Nerve growth factor
and fibroblast growth factor selectively activate a protein kinase that
phosphorylates high molecular weight microtubule-associated pro-
teins. J. Biol. Chem. 265, 15471-15480.
Ullrich, A., and Schlessinger, J. (1990). Signal transduction by recep-
tors with tyrosine kinase activity. Cell 61, 203-212.
Yaciuk, P., Carter, M.C., Pipas, J.M., and Moran, E. (1991). Simian
virus 40 large-T antigen expresses a biological activity complementary
to the p300-associated transforming function of the adenovirus ElA
gene products. Mol. Cell. Biol. 11, 2116-2124.
Yan, H., Schlessinger, J., and Chao, M.V. (1991). Chimeric NGF-EGF
receptors define domains responsible for neuronal differentiation.
Science 252, 561-563.

Vol. 3, May 1992 553


