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Regulation of PC12 cell differentiation by tyrosine kinases

Monica Vetter

Abstract

Tyrosine kinases regulate many aspects of cell function, but little is

known about the role of tyrosine kinases in controlling differentiation and

differentiated cell function. I have used the PC12 pheochromocytoma cell line

to explore how tyrosine kinases participate in neuronal differentiation.

Stimulation of PC12 cells with NGF results in rapid changes in tyrosine

phosphorylation and ultimately promotes many aspects of neuronal

differentiation, including neurite outgrowth.

In this work I show that phospholipase C-Y1 (PLC-Y1) becomes rapidly

phosphorylated on tyrosine in response to NGF and associates with the NGF

activated receptor tyrosine kinase p140*. This kinase is able to phosphorylate

PLC-y1 on tyrosine in vitro, and tryptic phosphopeptide analysis shows that

the sites phosphorylated in vitro are similar to those phosphorylated in vivo

following NGF stimulation.

In this work I have also shown that PC12 cells ectopically expressing

the 3 subunit of the PDGF receptor differentiate in response to platelet

derived growth factor (PDGF). To understand the importance of specific

tyrosine phosphorylated proteins for receptor tyrosine kinase-regulated

differentiation, I have introduced into PC12 cells two mutant forms of the
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PDGF receptor. The first carries a deletion of the kinase insert domain, and

therefore does not associate with phosphatidylinositol 3-kinase (PI3-kinase),

Ras GTPase-activating protein (RasGAP), or Nck. The second mutant has a

deletion of the carboxy-terminal tail that eliminates the binding sites for PLC

Y1. PC12 cells expressing either type of mutant PDGF receptor differentiate in

response to PDGF, suggesting that PI3-kinase, RasGAP and PLC-Y1 are not

required for PDGF-dependent neurite outgrowth. This differs from the

requirements for PDGF-mediated mitogenesis, where PI3-kinase association

with the receptor appears to play an important role.

Finally, I show that the non-receptor tyrosine kinase Src is targetted to a

specialized intracellular membrane population, the synaptic vesicle-like

vesicle, suggesting a role for Src in PC12 cell function that is independent of

growth factor signal transduction.

J. Michael Bishop

Thesis Advisor
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INTRODUCTION



Oncogenes, proto-oncogenes and cell signalling:

Throughout the life of an organism cells respond to numerous

external cues that regulate such diverse processes as proliferation,

differentiation and cell survival. Insight into the intracellular mechanisms

governing cellular proliferation was provided by the discovery of oncogenes

and their normal cellular counterpart, proto-oncogenes. Retroviral

oncogenes, the transforming elements of RNA tumor viruses, were found to

represent normal cellular genes (proto-oncogenes) that had been transduced

by retroviruses and dominantly mutated in the process. A proto-oncogene is

now defined as a gene that acquires the capacity to oncogenically transform

cells when mutated or aberrantly expressed (4). The protein products of most

proto-oncogenes appear to participate in the biochemical pathways regulating

proliferation. For example, the cellular counterpart of the v-sis oncogene

encodes the B-subunit of platelet-derived growth factor, a polypeptide growth

factor that acts as a mitogen for many cell types (67). Proto-oncogenes have

been shown to encode proteins acting at virtually every step of the signal

transduction pathway connecting extracellular signals to intracellular changes

required for cell division. This includes growth factors, growth factor

receptors, cytoplasmic proteins responsible for transducing signals from the

receptor, and nuclear transcription factors that regulate growth factor

stimulated changes in gene expression (8).

There is now evidence that the same proto-oncogenes also participate

in the pathways regulating differentiation (69). Many proto-oncogenes are

expressed at high levels in differentiated, post-mitotic tissues. As will be

discussed in this thesis, some extracellular signals involved in initiating and



maintaining differentiated phenotypes activate similar intracellular

signalling pathways as mitogenic growth factors. This raises important

questions about the specificity of signalling molecules in promoting different

phenotypic outcomes.

Protein Tyrosine Kinases:

Tyrosine kinase activity has been implicated in many of the early

events following growth factor stimulation of cells. Protein tyrosine kinases

can be categorized into three types: i) transmembrane growth factor receptor

tyrosine kinases, ii) intracellular membrane-associated Src family tyrosine

kinases, and iii) soluble intracellular tyrosine kinases. All of these proteins

show homology in the conserved tyrosine kinase domain. Within this

domain exists a consensus sequence for the catalytic domain of protein

kinases in general, including the ATP binding pocket (Gly-X-Gly-X-X-Gly

followed by a lysine 15-20 residues downstream). In addition, protein tyrosine

kinases are distinguished by the presence of at least one autophosphorylation

site, consisting of a tyrosine surrounded by acidic amino acids (26).

Growth factor receptor tyrosine kinases

Many polypeptide growth factors exert their effects on a cell by binding

to receptors possessing intrinsic protein tyrosine kinase activity (70). The

tyrosine kinase activity of these receptors is essential for the ability of growth

factors to promote either cell proliferation or differentiation. Oncogenic forms

of growth factor receptors include v-erbB, v-fms, v-kit and trk (49). The

distinguishing structural feature of most growth factor receptor tyrosine



kinases (RTK's) is the presence of a single transmembrane domain, dividing

the protein into a glycosylated extracellular ligand-binding domain and an

intracellular tyrosine kinase catalytic domain (65). This RTK superfamily can

be subdivided into at least nine different sub-families based on amino acid

homology and shared structural features (16). For example, members of a

subfamily share common motifs in the extracellular ligand binding domain,

such as cysteine-rich repeats, immunoglobulin-like domains, acid box

domains, and fibronectin type III domains. Several subfamilies of RTK's also

possess a kinase insert domain, which is an insertion of hydrophilic

sequences of varying length within the conserved tyrosine kinase domain (16,

65).

Following ligand binding, RTK's dimerize, resulting in activation and

trans-autophosphorylation on intracellular tyrosine residues (65). These

autophosphorylated residues serve as binding sites for a number of

cytoplasmic signalling molecules that possess Src-homology 2 (SH2) domains.

This motif of approximately 100 amino acids was originally identified in non

receptor tyrosine kinases, such as c-Src, but has now been shown to be present

in molecules ranging from RasGAP and PLC-Y1 to tensin. SH2 domains bind

with high affinity to phosphorylated tyrosine residues, with specificity being

determined by flanking amino acids (37). SH2-dependent interactions are

responsible for recruiting many proteins to activated RTK's to form a

signalling complex capable of transducing the growth factor signal to the cell.

When SH2-containing proteins bind to autophosphorylated growth factor

receptors, at least three potential mechanisms exist for activating signal

transduction pathways: i) the associated protein may be phosphorylated by the

growth factor receptor, altering its activity, ii) an associated protein may be



brought in proximity to the plasma membrane, making potential substrates

or regulatory proteins available, or iii) binding to the receptor may induce a

conformational change, resulting in activation of the protein (37).

These points are best illustrated by examining signalling from the B

subunit of the receptor for platelet-derived growth factor (PDGF). Many SH2

containing signalling proteins are recruited to specific phosphotyrosine

residues in the intracellular domain of the PDGF receptor. These proteins

include phosphatidylinositol 3-kinase (PI3K), phospholipase C-Y1 (PLC-Y1), a

GTPase-activating protein for Ras (RasGAP), the SH2/SH3-containing adaptor

protein Nck, three members of the Src family of non-receptor tyrosine

kinases, Src, Yes, and Fyn, and an SH2-containing protein tyrosine

phosphatase Syp (16). Most of these proteins are substrates for the tyrosine

kinase activity of the PDGF receptor, with the activity of PLC-Y1 and c-Src

being increased by tyrosine phosphorylation (29, 32). In addition, PI3K and Syp

are both activated by binding to the receptor, and this can be mimicked by

peptides containing the appropriate phosphotyrosine-containing sequence

(33,58). Finally, PI3K and PLC-Y1 both utilize lipid substrates whose

accessibility is enhanced by recruitment of these enzymes to the plasma

membrane. The importance of these associated proteins for PDGF receptor

signalling will be discussed at length in the thesis.

The mechanisms coupling these primary signalling molecules to

downstream signalling events are beginning to be understood. An important

component of RTK signalling is the ability to activate the GTP-binding

protein Ras. Ras activation appears to be critical for the ability of the RTK to

initiate a mitogenic response; microinjection of antibodies against Ras or

expression of dominant-negative forms of H-Ras (Ser-to-Asn mutation at



position 17) blocks mitogenesis in response to growth factors (17,41). Ras

interacts with the Serine-threonine kinase Raf, which becomes activated and

phosphorylates the dual-specificity kinase MEK(40). This kinase then

phosphorylates and positively regulates the MAP kinases (13). Upon

activation, MAP kinases translocate to the nucleus where they phosphorylate

and positively regulate transcription factors, such as c-jun and pé2TCF

(ternary complex factor) (52). This kinase cascade provides one link between

growth factor stimulation at the cell surface and changes in transcriptional

activity. MAP kinases also have cytoplasmic targets, such as pp90RSK and

phospholipase A2. pp.90RSK also translocates to the nucleus where it

phosphorylates c-jun, c-fos and the phosphatase PP1, while phospholipase A2

activation by MAP kinases leads to the production of arachidonic acid (52).

Precisely how these second messenger pathways influence cell proliferation

has yet to be explained.

Ras activation by RTK's appears to be regulated by multiple parallel

pathways. In the case of the PDGF 3 receptor, at least four receptor-associated
proteins potentially play a role in regulating Ras activity. 1) The protein

tyrosine phosphatase Syp becomes phosphorylated on tyrosine residues

following association with the activated PDGF receptor. Phosphotyrosine

residues on Syp serve as binding sites for the SH2/SH3-containing adaptor

protein Grb2, a protein that is constitutively bound to the guanine nucleotide

exchange factor mSOS (35). This series of interactions brings mSOS in

proximity to membrane bound Ras, where it acts to increase the percent of

Ras that is in the GTP-bound or active form (5). 2) The PDGF receptor

interacts with c-Src and increases its activity by phosphorylation. One

potential substrate for c-Src is SHC, an SH2-containing protein that associates



with Grb2 when phosphorylated on tyrosine residues (38). Grb2 could then

couple to mSOS and regulate Ras activity, as described above. 3) Activation of

PLC-Y1 results in hydrolysis of phosphatidylinositol 4,5-bisphosphate into

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 leads to calcium

mobilization and DAG activates protein kinase C (PKC) (3). In some cell types,

PKC activation by phorbol ester treatment leads to an increase in the percent

of GTP-bound Ras (14, 27). 4) Interaction of the PDGF receptor with PI3K

and/or Nck is critical for PDGF-dependent Ras activation in some cell types

(56), although it is not known how either of these molecules might influence

Ras activity. In summary, there is the potential for considerable redundancy

in the control of Ras activity by this RTK. It is not known to what extent each

of these potential pathways contributes to Ras activation in response to PDGF.

This rather simplistic explanation of signalling from the cell surface to the

nucleus will likely be complicated by the discovery of additional components

of the pathway that act in concert with those described above to regulate cell

proliferation.

Growth factors also cause changes in transcriptional activity utilizing

pathways that are Ras-independent. For example, in response to EGF or PDGF

stimulation, the transcription factor SIF (sis-inducible factor) is activated and

regulates transcription of genes such as c-fos by binding to an element termed

the sis-inducible element (SIE) (39). Some forms of SIF contain the DNA

binding protein p91, originally identified as a component of the interferon

regulated transcription factor complex known as ISGF-3. P91 is a cytoplasmic

protein, but following EGF or PDGF stimulation it becomes phosphorylated

on tyrosine and translocates to the nucleus (53,55, 60). It is not known which

growth factor-dependent tyrosine kinase is responsible for phosphorylating



p91. The presence of an SH2 domain on p91 suggests that it may interact

directly with activated growth factor receptors, although there is no evidence

to support this idea. Since p91 becomes tyrosine phosphorylated following

cytokine receptor activation as well as growth factor receptor activation, it

could be phosphorylated by a cytoplasmic tyrosine kinase that is activated by

both types of signals. Interestingly, the cytoplasmic tyrosine kinase JAK1,

which has been implicated in interferon signalling, becomes tyrosine

phosphorylated in response to EGF and may be responsible for

phosphorylating p91 in response to EGF and cytokine stimulation (59). The

SH2 domain of p91 may mediate association with tyrosine phosphorylated

JAK1 or may promote homomeric interactions between tyrosine

phosphorylated p91 monomers. There is some evidence that SH2-dependent

dimerization is essential to the ability of p91 to bind DNA: the DNA-binding

activity of p91 in growth factor-stimulated extracts is inhibited by addition of

excess phosphotyrosine (55). By combining with different transcription

factors, p91 may contribute to the specificity of growth factor responses.

RTK's are involved in controlling not only cell proliferation, but also

differentiation. For example, neurotrophic factors regulate the differentiation

and survival of neuronal cells, and they act by binding to the Trk subfamily of

RTK's (20, 47). The first neurotrophic factor to be identified was nerve growth

factor (NGF), and more recently the related proteins brain-derived

neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5

(NT-4/5) have been added to the family. Each neurotrophin binds at least one

member of the Trk family of RTK's. NGF preferentially binds TrkA, BDNF

and NT-4/5 preferentially bind TrkB, and NT-3 preferentially binds TrkC.

NT-3 also binds with lower affinity to TrkB (20). In addition, each of the



neurotrophins also interacts with p75, the low-affinity NGF receptor,

although it is currently a point of controversy whether this protein directly

contributes to signal transduction in response to neurotrophin binding (20,

47).

NGF stimulation of cells expressing TrkA receptors results in the rapid

phosphorylation of several proteins on tyrosine. As will be discussed in this

thesis, many of these proteins are similar to those phosphorylated by

activation of mitogenic RTK's, such as the EGF or PDGF receptors (69). For

example, PLC-Y1 and PI3K are recruited to the Trk receptor complex and

phosphorylated in response to NGF (61, 66). Downstream of these primary

signalling events, NGF promotes Ras activation, as well as MAP kinase

activation (6, 42, 43). As was true for the mitogenic RTK's, Ras function is

essential for signal transduction by the Trk tyrosine kinase; expression of

dominant-negative forms of Ras in the PC12 cell line inhibits the ability of

NGF to promote neuronal differentiation (31,63). Similar effects were

obtained by injection of PC12 cells with antibodies directed against Ras (23).

Since RTK's regulate both mitogenesis and differentiation, and similar

signal transduction pathways are activated in both cases, how is the

phenotypic outcome specified? In some cases the reponse to RTK activation

depends upon the cell type in which it is expressed. For example, the Trk

tyrosine kinases are expressed in post-mitotic neurons, where they support

differentiation and survival (47). However, when TrkA is expressed in NIH

3T3 cells, NGF is able to act as a mitogen (12). Conversely, when the receptor

for the mitogen PDGF is expressed in the PC12 cell line, these cells now

repond to PDGF by differentiating in a manner similar to that seen with NGF

(24). However, it is not always the case that cell context dictates the phenotypic
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outcome of RTK activation. NGF and FGF (fibroblast growth factor) promote

neuronal differentiation of PC12 cells, while EGF, insulin and IGF-1 elicit a

mitogenic response. All these growth factors activate RTK's, resulting in

activation of similar signal transduction pathways. This raises the interesting

question of how specificity is determined when the same cell must respond

differently to signals from different RTK's (9).

Src family tyrosine kinases

The Src family of protein-tyrosine kinases is represented by nine

related proteins, namely Src, Yes, Lyn, Fyn, Lck, Blk, Fgr, Hck, and Yrk (50).

Oncogenic forms exist for Src, Yes and Fgr as part of oncogenic retroviruses,

suggesting that these proteins are capable of influencing the pathways

controlling cell proliferation. Src family tyrosine kinases share several

common structural features (51). All possess a highly conserved tyrosine

kinase domain (Src homology 1 or SH1 domain), as well as two stretches of

conserved amino acids termed Src homology 2 (SH2) and Src homology 3

(SH3) domains. The tyrosine kinase activity is regulated by carboxy-terminal

sequences that contain a conserved tyrosine. When this tyrosine is

phosphorylated the kinase activity of the Src family tyrosine kinases is

suppressed, probably due to autoinhibition through interaction with the

amino-terminal SH2 domain (8). SH2 domains mediate association with

specific sequences containing phosphorylated tyrosine residues (discussed

above). SH3 domains, roughly 50 amino acids in size, have been implicated in

mediating protein-protein interactions, and appear to show some affinity for

proline-rich hydrophobic sequences (37). All Src family tyrosine kinases are

myristylated at their amino terminus, and this fatty acid modification is

necessary, but not sufficient for membrane association (49). In addition,
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amino-terminal palmitylation has been reported for forms of Lck and Fyn,

with seven of nine Src family members containing the consensus sequence

for this modification (50). In addition to these conserved elements, Src family

tyrosine kinases also possess an amino-terminal unique region that shows

little sequence homology between family members. This unique domain may

regulate association of different family membranes with different membrane

proteins (51).

Although the function of many of the Src family tyrosine kinases is

still unknown, several have been shown to play a role in intracellular

signalling by associating with the cytoplasmic tails of cell-surface receptors

and participating in the recruitment of additional intracellular signalling

molecules. In some cases this leads to change in cell proliferation. For

example, three Src family members, Src, Yes, and Fyn associate with the

activated PDGF receptor through an interaction dependent upon their SH2

domains (32). Src function appears to be important for the ability of the PDGF

receptor to promote a mitogenic response; injection of NIH 3T3 cells with

either dominant-negative forms of Src and Fyn or antibodies specific for Src,

Yes and Fyn inhibits PDGF-stimulated DNA synthesis (64). These Src family

proteins may be important for regulating Ras activity in response to PDGF, as

described above. Alternatively, they may phosphorylate other proteins critical

for cell proliferation.

In another example, Lck associates with the cellular receptors CD4 and

CD8 and participates in the pathways regulating T-cell proliferation in

response to foreign antigen. In addition, a T-cell specific form of Fyn

associates with the CD3 complex of the T-cell receptor (TCR). This complex

synergizes with CD4 and CD8 to promote T-cell proliferation.
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Phosphorylation of the zeta chain of the TCR by Fyn is necessary for the

recruitment of the cytoplasmic SH2-containing tyrosine kinase ZAP-70 (68). It

has not yet been determined how these various tyrosine kinases influence

the signal transduction pathways regulating T-cell proliferation, although

some parallels with RTK signalling can be drawn. Proteins that are recruited

to the T-cell receptor (TCR) signalling complex include PI3K and PLC-y1 (51).

Downstream of receptor activation, there is an increase in the percent of GTP

bound Ras, and activation of MAP kinases (68). Therefore, it appears that

several of the components involved in regulating proliferation in distinct cell

types are conserved. Src family tyrosine kinases appear to participate in

multiple signalling pathways rather than being dedicated to transducing one

type of signal. For example, Lck has been shown to interact not only with CD4

and CD8, but also with the IL-23 receptor (51). Lck and Fyn have also been

shown to co-immunoprecipitate with the GPI-linked proteins CD59, CD55,

and CD48 (51). In addition, engagement of the high affinity IgE receptor FceR1

results in the activation of Lyn and Src (15), and B-cell receptor signalling

involves Lyn, Blk, Fyn, and Lck (68).

Non-receptor tyrosine kinases may participate in the signal

transduction pathways regulating differentiation as well as proliferation. For

example, expression of v-src in the PC12 cell line induces a neuronal

differentiation response very similar to that elicited by nerve growth factor

treatment of these cells (1). In addition, microinjection of PC12 cells with

antibodies specific for Src blocks the ability of NGF to promote neuronal

differentiation, suggesting that Src is a component of the signal transduction

pathway downstream of Trk activation (31).
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Many Src family tyrosine kinases are expressed at high levels in cells

that are post-mitotic. For example, Src is highly expressed in platelets and in

neurons, where two specific alternatively spliced forms of Src are detected (7,

34, 36, 45,46, 48). This type of expression data suggests a role for Src family

proteins in some aspect of differentiated cell function. At the sub-cellular

level, Src is localized almost exclusively to endosomal membranes in

fibroblasts, with little being detected in plasma membranes (28). In platelets

and chromaffin cells Src is localized to secretory vesicles (18, 21,44), and in

neurons, Src is enriched in synaptic vesicle fractions (2, 25). This sub-cellular

localization data suggests a role for Src in regulated secretion or protein

trafficking in addition to its demonstrated role in signalling events at the

plasma membrane. A disruption of the c-Src gene in mice by homologous

recombination results in osteopetrosis, a phenotype that can be attributed to

altered osteoclast function (62). Osteoclasts remodel bone during

development by secreting lysosomal enzymes that dissolve the bone tissue. In

the absence of Src protein this specialized function is compromised,

supporting a role for Src in some aspect of regulated secretion or protein

trafficking. In other secretory cells the loss of Src function may be

compensated by the activity of other Src family members expressed in those

cells.

Src family tyrosine kinases have also been found in association with

the actin cytoskeleton, particularly at points of focal adhesion. The function of

Src in these structures is coupled to its ability to associate with FAK, a

cytoplasmic tyrosine kinase that is specifically targetted to focal adhesions (57).

FAK tyrosine phosphorylation and kinase activity are increased in Src

transformed cells, where a large proportion of FAK is found in a stable
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complex with activated Src. In non-transformed cells, FAK also associates

with the cellular forms of Fyn, although with a lower stoichiometry (11). The

ability to associate with FAK is likely responsible for targeting this Src family

protein to focal adhesions (57). A number of focal adhesion-associated

cytoskeletal proteins are phosphorylated on tyrosine in Src-transformed cells,

including tensin, paxillin, vinculin, talin and the 31 integrin subunit. These

proteins may be substrates for either FAK or Src or both (57).

Soluble Cytoplasmic Tyrosine Kinases

In addition to RTK's and Src family tyrosine kinases there are a

growing number of tyrosine kinases that do not associate with membranes.

These include spleen tyrosine kinase (Syk), the Janus kinases (JAK1 and

JAK2), focal adhesion kinase (Fak), ZAP-70, interleukin-inducible T-cell

kinase (Itk), Fps/Fes, Fer and c-Src kinase (Csk). These tyrosine kinases are

involved in processes a variety of processes including cytokine signalling

(JAK1, JAK2, and Tyk) (30), regulation of the actin cytoskeleton (FAK) (57),

antigen recognition (Syk, ZAP-70) (68), and regulation of Src kinase activity

(Csk). The functions of these kinases are highly diverse and are not further

addressed in this thesis.

Questions addressed in this thesis:

Tyrosine kinase activity has been implicated in controlling

differentiation, as well as cell proliferation. At the time that this work was

initiated, little was known about which tyrosine kinases participated in the

pathways regulating differentiation and which proteins become tyrosine



phosphorylated in response to a differentiation signal. In addition, the

importance of specific substrate proteins in regulating the pathways leading to

differentiation was not known, nor was it clear how signal transduction

pathways regulating differentiation differed from those regulating

proliferation. Using the PC12 cell line as a model system, the work in this

thesis attempts to address the following questions:

1) Which proteins become tyrosine phosphorylated following growth factor

stimulation of PC12 cells?

2) What is the functional significance of specific tyrosine phosphorylated

proteins for differentiation? Are the requirements for differentiation distinct

from those for mitogenesis?

3) Do tyrosine kinases participate in processes other than those involved in

cell proliferation or differentiation?

The Experimental System

The PC12 cell line, derived from a rat pheochromocytoma, has served

as an important model system for understanding how growth factors regulate

neuronal differentiation. When maintained in normal culture conditions the

cells have many features of immature chromaffin cells, containing dense-core

chromaffin-like vesicles and catecholamines (19). Like their normal cell

counterparts, when treated with nerve growth factor (NGF) or fibroblast

growth factor (FGF) PC12 cells undergo neuronal differentiation, resulting in

a sympathetic neuron-like phenotype (22,54). This is most evident by the

:
:

:
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appearance of neuritic processes within 48 hours of growth factor treatment.

PC12 cells also become electrically excitable due to the expression of voltage

sensitive Na+ channels, and express various neuronal markers, such as N

CAM-180, neurofilaments, and GAP-43 (19). The differentiation process

depends upon continuous presence of NGF or FGF, and is reversed if growth

factor is removed.

PC12 cells express several members of the growth factor receptor

tyrosine kinase family. In addition to receptors for NGF (Trk) and FGF, PC12

cells also have receptors for epidermal growth factor (EGF), insulin, and

insulin-like growth factor-1 (IGF-1) (69). Unlike NGF and FGF, these last three

growth factors exert a mitogenic effect on PC12 cells. This is an interesting and

rare example of a situation where different polypeptide growth factors

promote different phenotypic responses within the same cell type. As will be

discussed in the thesis, it appears that all of these growth factors promote

activation of similar downstream signalling molecules. PC12 cells therefore

represent a model system for dissecting the contribution of specific signalling

molecules to either differentiation or mitogenesis.

PC12 cells have also proven useful for the study of intracellular

membranes specialized for secretion, since they contain small synaptic

vesicle-like vesicles (SVLV's). The SVLV's exhibit most of the features of

their counterparts, synaptic vesicles (10). PC12 cells therefore provide an

accessible system for studying the localization of specific proteins to this

intracellular membrane population.



17

References:

1. Alema, S., P. Casalbore, E. Agostino, and F. Tato. 1985. Differentiation of

PC12 phaeochromocytoma cells induced by v-src oncogene. Nature

316:557-559

2. Barnekow, A., R. Jahn, and M. Schartl. 1990. Synaptophysin: a substrate

for the protein tyrosine kinase pp60° in intact synaptic vesicles.

Oncogene 5:1019-1024

3. Berridge, M.J. 1993. Inositol trisphosphate and calcium signalling. Nature

361:315-325

4. Bishop, J. M. 1991. Molecular themes in oncogenesis. Cell 64.235-248

5. Boguski, M. S., and F. McCormick. 1993. Proteins regulating Ras and its

relatives. Nature 366:643-654

6. Boulton, T.G., S. H. Nye, D.J. Robbins, N.Y. Ip, E. Radziejewska, S.

Morgenbesser, R. A. DePhino, N. Panayotatos, M. H. Cobb, and G. D.

Yancopolous. 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

7. Brugge, J. S., P. C. Cotton, A. E. Queral, J. N. Barrett, D. Nonner, and R. W.

Keane. 1985. Neurones express high levels of a structurally modified,

activated form of pp60c-src. Nature 316:554-557



18

8. Cantley, L. C., K. R. Auger, C. Carpenter, B. Duckworth, A. Graziani, R.

Kapeller, and S. Soltoff. 1991. Oncogenes and signal transduction. Cell

64:281-302

9. Chao, M. V. 1992. Growth factor signaling; where is the specificity? Cell

68:995-997

10. Clift-O'Grady, L., A. D. Linstedt, A. W. Lowe, E. Grote, and R. B. Kelly.

1990. Biogenesis of synaptic vesicle-like structures in a

pheochromocytoma cell line PC-12. J. Cell Biol. 110:1693–1703

11. Cobb, B. S., M. D. Schaller, T.-H. Leu, and J. T. Parsons. 1994. Stable

association of pp.50° and p59% with the focal adhesion-associated
protein tyrosine kinase, pp.125F AK. Mol. Cell. Biol. 14:147-155

12. Cordon-Cardo, C., P. Tapley, S. Jing, V. Nanduri, E. O'Rourke, F. Lamballe,

K. Kovary, R. Klein, K. R. Jones, L. F. Reichardt, and M. Barbacid. 1991.

The trk tyrosine protein kinase mediates the mitogenic properties of nerve

growth factor and neurotrophin-3. Cell 66:173-183

13. Crews, C. M., and R. L. Erikson. 1993. Extracellular signals and reversible

protein phosphorylation: what to MEK of it all. Cell 74:215-217

14. Downward, J., J. D. Graves, P. H. Warne, S. Rayter, and D. A. Cantrell.

1990. Stimulation of p21ras upon T-cell activation. Nature 346:719-723

15. Eiseman, E., and J. B. Bolen. 1992. Engagement of the high-affinity IgE

receptor activates src protein-related tyrosine kinases. Nature 355:78-80



19

16.

17.

18.

19.

20.

21.

22.

23.

Fantl, W.J., D. E. Johnson, and L. T. Williams. 1993. Signalling by

receptor tyrosine kinases. Annu. Rev. Biochem. 62:453-481

Feig, L.A., and G. M. Cooper. 1988. Inhibition of NIH 3T3 cell

proliferation by a mutant ras protein with preferential affinity for GDP.

Mol. Cell. Biol. 8:3235-3243

Ferrel, J. E., J. A. Noble, G. S. Martin, Y. V. Jacques, and D. F. Bainton.

1990. Intracellular localization of pp60° sº in human platelets. Oncogene

5:1033-1036

Fujita, K., P. Lazarovici, and G. Guroff. 1989. Regulation of the

differentiation of PC12 pheochromocytoma cells. Envir. Health Perspec.
80:127-142

Glass, D.J., and G. D. Yancopoulos. 1993. The neurotrophins and their

receptors. Trends Cell Biol. 3:262-268

Grandori, C., and H. Hanafusa. 1988. p60c-Src is complexed with a cellular

protein in subcellular compartments involved in exocytosis. J. Cell Biol.

107:21.25–2135

Greene, L.A., and A. Tischler. 1976. Establishment of a noradrenergic

clonal line of rat adrenal pheochromocytoma cells which respond to nerve

growth factor. Proc. Natl. Acad. Sci. U.S.A. 73:2424-2428

Hagag, N., S. Helegoua, and M. Viola. 1986. Inhibition of growth factor

induced differentiation of PC12 cells by microinjection of antibody to ras

p21. Nature 319.680-682



20

24. Heasley, L. E., and G. L. Johnson. 1992. The beta-PDGF receptor induces

neuronal differentiation of PC12 cells. Mol. Biol. Cell 3:545-53

25. Hirano, A. A., P. Greengard, and R. L. Huganir. 1988. Protein tyrosine

kinase activity and its endogenous substrates in rat brain: a subcellular and

regional survey. J. Neurochem. 50:1447–1455

26. Hunter, T. 1987. A thousand and one protein kinases. Cell 50:823-829

27. Izquierdo, M., J. Downward, J. D. Graves, and D. A. Cantrell. 1992. Role of

protein kinase C in T-cell antigen receptor regulation of p21ras: evidence

that two p21ras regulatory pathways coexist in T cells. Mol. Cell. Biol.

12:3305-3312

28. Kaplan, K. B., J. R. Swedlow, V. H.E., and D. O. Morgan. 1992. Association

of p50° with endosomal membranes in mammalian fibroblasts. J. Cell

Biol. 118:321-333

29. Kim, H. K., J. W. Kim, A. Zilberstein, B. Margolis, J. G. Kim, J.

Schlessinger, and S. G. Rhee. 1991. PDGF stimulation of inositol

phospholipid hydrolysis requires PLC-gamma 1 phosphorylation on

tyrosine residues 783 and 1254. Cell 65:435-41

30. Kishimoto, T., T. Taga, and S. Akira. 1994. Cytokine signal transduction.

Cell 76:253–262

31. Kremer, N. E., G. D'Arcangelo, S. M. Thomas, M. DeMarco, J. S. Brugge,

and S. Halegoua. 1991. Signal transduction by nerve growth factor and



21

32.

33.

35.

36.

fibroblast growth factor in PC12 cells requires a sequence of Src and ras

actions. J. Cell Biol. 115:809-19

Kypta, R. M., Y. Goldberg, E. T. Ulug, and S. A. Courtneidge. 1990.

Association between the PDGF receptor and members of the src family of

tyrosine kinases. Cell 62:481-92

Lechleider, R. J., S. Sugimoto, A. M. Bennett, A. S. Kashishian, J. A.

Cooper, S. E. Shoelson, C. T. Walsh, and B. G. Neel. 1993. Activation of

the SH2-containing phosphotyrosine phosphatase SH-PTP2 by its binding

site, phosphotyrosine 1009, on the human platelet-derived growth factor

receptor b. J. Biol. Chem. 268:21478-21481

. Levy, J. B., T. Dorai, L. H. Wang, and J. S. Brugge. 1987. The structurally

distinct form of pp60c-src detected in neuronal cells is encoded by a unique

c-Src mRNA. Mol. Cell. Biol. 7:4142-4145

Li, W., R. Nishimura, A. Kashishian, A. G. Batzer, W. J. H. Kim, J. A.

Cooper, and J. Schlessinger. 1994. A new function for a phosphotyrosine

phosphatase: Linking GRB2-Sos to a receptor tyrosine kinase. Mol. Cell.

Biol. 14:509-517

Martinez, R., P. B. Mathey, A. Bernards, and D. Baltimore. 1987.

Neuronal pp60c-src contains a six-amino acid insertion relative to its non

neuronal counterpart. Science 237.411-415

37. Mayer, B.J., and D. Baltimore. 1993. Signalling through SH2 and SH3

domains. Trends Cell Biol. 3:8-13



22

38. McGlade, J., A. Cheng, G. Pelicci, P. G. Pelicci, and T. Pawson. 1992. Shc

proteins are phosphorylated and regulated by the v-Src and v-Fps protein

tyrosine kinases. Proc. Natl. Acad. Sci. U.S.A. 89:8869-8873

39. Montminy, M. 1993. Trying on a new pair of SH2s. Science 261:1694-1695

40. Moodie, S.A., and A. Wolfman. 1994. The 3Rs of life: Ras, Raf and

growth regulation. Trends Genet. 10:44-48

41. Mulcahy, L. S., M. R. Smith, and D. W. Stacey. 1985. Requirement for ras

proto-oncogene function during serum-stimulated growth of NIH 3T3

cells. Nature 313:241-243

42. Muroya, K., S. Hattori, and S. Nakamura. 1992. Nerve growth factor

induces rapid accumulation of the GTP-bound form of p21ras in rat

pheochromocytoma PC12 cells. Oncogene 7:277-81

43. Nakafuku, M., T. Satoh, and Y. Kaziro. 1992. Differentiation factors,

including nerve growth factor, fibroblast growth factor, and interleukin-6,

induce an accumulation of an active Ras.GTP complex in rat

pheochromocytoma PC12 cells. J. Biol. Chem. 267:19448-54

44. Parsons, S.J., and C. E. Creutz. 1986. pp60° activity detected in the

chromaffin granule membrane. Biochem. Biophys. Res. Commun.

134:736–742

45. Pyper, J. M., and J. B. Bolen. 1989. Neuron-specific splicing of c-Src RNA

in human brain. J. Neurosci. Res. 24:89-96



23

46. Pyper, J. M., and J. B. Bolen. 1990. Identification of a novel neuronal c-src

exon expressed in human brain. Mol. Cell. Biol. 10:2035-2040

47. Raffioni, S., and R. A. Bradshaw. 1993. The receptors for nerve growth

factor and other neurotrophins. Annu. Rev. Biochem. 62:823-850

48. Raulf, F., S. M. Robertson, and M. Schartl. 1989. Evolution of the neuron

specific alternative splicing product of the c-src proto-oncogene. J.

Neurosci. Res. 24:81-88

49. Resh, M. D. 1993. Interaction of tyrosine kinase oncoproteins with

cellular membranes. Biochim. Biophys. Acta 1155:307-322

50. Resh, M. D. 1994. Myristylation and palmitylation of Src family

members: the fats of the matter. Cell 76:411–413

51. Rudd, C. E., O. Janssen, K. V. S. Prasad, M. Raab, A. da Silva, J. C. Telfer,

and M. Yamamoto. 1993. Src-related protein tyrosine kinases and their

surface receptors. Biochim. Biophys. Acta 1155:239-266

52. Ruderman, J. V. 1993. MAP kinase and the activation of quiescent cells.

Curr. Opin. Cell Biol. 5:207-213

53. Ruff-Jamison, S., K. Chen, and S. Cohen. 1993. Induction by EGF and

interferon-g of tyrosine phosphorylated DNA binding proteins in mouse

liver nuclei. Science 261:1733-1736



24

54. Rydel, R. E., and L. A. Greene. 1987. Acidic and basic fibroblast growth

factors promote stable neurite outgrowth and neuronal differentiation of

PC12 cells. J. Neurosci 7:3639-3653

55. Sadowski, H. B., K. Shuai, J. E. Darnell, and M. Z. Gilman. 1993. A

common nuclear signal transduction pathway activated by growth factor

and cytokine receptors. Science 261:1739-1744

56. Satoh, T., W. J. Fantl, J. A. Escobedo, L. T. Williams, and Y. Kaziro. 1993.

Platelet-derived growth factor receptor mediates activation of ras through

different signaling pathways in different cell types. Mol Cell Biol 13:3706

13

57. Schaller, M. D., and J. T. Parsons. 1993. Focal adhesion kinase: an

integrin-linked protein tyrosine kinase. Trends Cell Biol. 3:258-262

58. Shoelson, S. E., M. Sivaraja, K. P. Williams, P. Hu, J. Schlessinger, and M.

A. Weiss. 1993. Specific phosphopeptide binding regulates a

conformational change in the PI 3-kinase SH2 domain associated with

enzyme activation. Embo J. 12:795-802

59. Shuai, K., A. Ziemiecki, A. F. Wilks, A. G. Harpur, H. B. Sadowski, M. Z.

Gilman, and J. E. Darnell. 1993. Polypeptide signalling to the nucleus

through tyrosine phosphorylation of Jak and Stat proteins. Nature

366:580–583



25

60. Silvennoinen, O., C. Schindler, J. Schlessinger, and D. E. Levy. 1993. Ras

independent growth factor signaling by transcription factor tyrosine

phosphorylation. Science 261:1736-1739

61. Soltoff, S. P., S. L. Rabin, L. C. Cantley, and D. R. Kaplan. 1992. Nerve

growth factor promotes the activation of phosphatidylinositol 3-kinase

and its association with the trk tyrosine kinase. J. Biol. Chem. 267:17472-7

62. Soriano, P., C. Montgomery, R. Geske, and A. Bradley. 1991. Targeted

disruption of the c-src proto-oncogene leads to osteopetrosis in mice. Cell

64:693–702

63. Szeberenyi, J., H. Cai, and G. M. Cooper. 1990. Effect of a dominant

inhibitory Ha-ras mutation on neuronal differentiation of PC12 cells. Mol.

Cell. Biol. 10:5324-32

64. Twamley-Stein, G. M., R. Pepperkok, W. Ansorge, and S. A. Courtneidge.

1993. The Src family tyrosine kinases are required for platelet-derived

growth factor-mediated signal transduction in NIH 3T3 cells. Proc. Natl.

Acad. Sci. U.S.A. 90:7696–7700
-

65. Ullrich, A., and J. Schlessinger. 1990. Signal transduction by receptors

with tyrosine kinase activity. Cell 61:203-212

66. Vetter, M. L., Z. D. Martin, L. F. Parada, J. M. Bishop, and D. R. Kaplan.

1991. Nerve growth factor rapidly stimulates tyrosine phosphorylation of

phospholipase C-gamma 1 by a kinase activity associated with the product

of the trk protooncogene. Proc. Natl. Acad. Sci. U.S.A. 88:5650-4



26

67. Waterfield, M. D., G. T. Scrace, N. Whittle, P. Stroobant, A. Johnsson, A.

Wasteson, B. Westermark, C. H. Heldin, J. S. Huang, and T. F. Deuel. 1983.

Platelet-derived growth factor is structurally related to the putative

transforming protein p28* of simian sarcoma virus. Nature 304:35-39

68. Weiss, A., and D. R. Littman. 1994. Signal transduction by lymphocyte

antigen receptors. Cell 76:263-274

69. Wood, K. W., and T. M. Roberts. 1993. Oncogenes and protein kinases in

neuronal growth-factor action. Biochim. Biophys. Acta 1155:133-150

70. Yarden, Y., and A. Ullrich. 1988. Growth factor receptor tyrosine kinases.

Annu. Rev. Biochem. 57:443-478



27

CHAPTER ONE

Nerve growth factor rapidly stimulates tyrosine phosphorylation of

phospholipase C-gamma 1 by a kinase activity associated with the product

of the trk proto-oncogene
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The text of this chapter is a reprint of the material as it appears in the

Proceedings of the National Academy of Science USA, 1991,

Volume 88, pages 5650-5654.

Nerve growth factor (NGF) promotes the survival and differentiation of

specific populations of neurons. The molecular mechanisms by which cells

respond to NGF were poorly understood, but two clues had emerged. First,

NGF rapidly stimulates tyrosine phosphorylation of several unidentified

proteins in the NGF-responsive pheochromocytoma cell line, PC12. Second,

the protein-tyrosine kinase encoded by the proto-oncogene trk (p140trk), a

member of the receptor class of tyrosine kinases, becomes activated and

phosphorylated on tyrosine following NGF treatment of PC12 cells. We report

that NGF rapidly induces tyrosine phosphorylation of phospholipase C-Y1

(PLC-Y1), and we present evidence that the responsible tyrosine kinase is

either p140trk or a closely associated protein. Treatment of responsive cells

with NGF elicited phosphorylation of PLC-y1 on tyrosine and serine. PLC-Y1

immunoprecipitated from NGF stimulated cells was phosphorylated in vitro

by coprecipitating protein kinase activity, and the phosphorylations occurred

principally on tyrosine. The responsible kinase could be depleted from

cellular lysates by antibodies specific for p140trk. This procedure also depleted

a 140kD protein that normally coprecipitated with PLC-Y1 and became

phosphorylated on tyrosine in vivo in response to NGF. Analysis of tryptic

peptides from PLC-Y1 indicated that the residues phosphorylated in vitro by

p140trk-associated kinase activity were largely congruent with those

phosphorylated in vivo after NGF treatment. Our findings identify PLC-Y1 as

a likely substrate for the trk tyrosine kinase, and provide a link between



29

NGF-dependent activation of p140trk and the stimulation of intracellular

second messenger pathways.
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ABSTRACT Nerve growth factor (NGF) promotes the
survival and differentiation of specific populations of neurons.
The molecular mechanisms by which cells respond to NGF are
poorly understood, but two clues have emerged recently. First,
NGF rapidly stimulates tyrosine phosphorylation of several
unidentified proteins in the NGF-responsive pheochromocy
toma cell line PC12 [Maher, P. (1988) Proc. Natl. Acad. Sci.
USA 85, 6788–6791]. Second, the protein-tyrosine kinase en
coded by the protooncogene trk (p140*), a member of the
receptor class of tyrosine kinases, becomes activated and
phosphorylated on tyrosine after NGF treatment of PC12 cells
[Kaplan, D. R., Martin-Zanca, D. & Parada, L. F. (1991)
Nature (London) 350, 158–160). We now report that NGF
rapidly induces tyrosine phosphorylation of phospholipase
C-yl (PLC-y1), and we present evidence that the responsible
tyrosine kinase is either p140* or a closely associated protein.
Treatment of responsive cells with NGF elicited phosphoryla
tion of PLC-y1 on tyrosine and serine. PLC-y1 immunopre
cipitated from NGF-stimulated cells was phosphorylated in
vitro by coprecipitating protein kinase activity, and the phos
phorylations occurred principally on tyrosine. The responsible
kinase could be depleted from cellular lysates by antibodies
specific for p140*. This procedure also depleted a 140-kDa
protein that normally coprecipitated with PLC-y1 and became
phosphorylated on tyrosine in vivo in response to NGF. Anal
ysis of tryptic peptides from PLC-yl indicated that the residues
phosphorylated in vitro by plao"-associated kinase activity
were largely congruent with those phosphorylated in vivo after
NGF treatment. Our findings identify PLC-y1 as a likely
substrate for the trk-encoded tyrosine kinase, and they provide
a link between NGF-dependent activation of p140* and the
stimulation of intracellular second messenger pathways.

Nerve growth factor (NGF) is a neurotrophic polypeptide
required for the survival and differentiation of specific pop
ulations of vertebrate neurons (1–3). PC12 cells, cloned from
a rat pheochromocytoma, have served as an important cell
culture system for studying NGF action. When treated with
NGF, PC12 cells differentiate, acquiring phenotypic proper
ties characteristic of sympathetic neurons (4).

The molecular mechanisms that Subserve NGF action on

its target cells have not been well characterized, but evidence
suggests that activation of a tyrosine kinase may be an
important early component of the cellular response to NGF.
Maher (5) demonstrated that NGF treatment of PC12 cells
rapidly stimulates tyrosine phosphorylation of several uni
dentified proteins. To assess the role of protein-tyrosine

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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kinase activation in mediating the cellular response to NGF
we began identification of substrate proteins for the NGF
activated protein-tyrosine kinase. One clue to potential sub
strates was provided by the report that NGF stimulates
inositolphospholipid hydrolysis in PC12 cells, suggesting
activation of phospholipase C (6, 7). It has been shown that
the phospholipase C-yl (PLC-yl) isozyme becomes enzy
matically activated when phosphorylated on tyrosine resi
dues by the receptor for epidermal growth factor (EGF) (8).
In this report we present evidence that NGF induces rapid
phosphorylation of PLC-yl on tyrosine, in accord with a
recent report from Kim et al. (9). In addition, after NGF
stimulation PLC-yl coprecipitates with protein kinase activ
ity and is phosphorylated in vitro predominantly on tyrosine
residues.

We were interested in identifying the tyrosine kinase that
phosphorylates PLC-y1 in vivo and in vitro in response to
NGF stimulation. Recently, the product of the protoonco
gene trk (p140*) has been shown to become activated and
phosphorylated on tyrosine after NGF treatment of PC12
cells (10). p140* belongs to the receptor class of tyrosine
kinases exemplified by the receptors for platelet-derived
growth factor (PDGF) and EGF (11). In response to ligand
binding, these receptors associate with and phosphorylate a
number of cellular proteins, presumably regulating their
activity (12, 13). We have found that PLC-yl coprecipitates
with p140* after NGF stimulation and is phosphorylated in
vitro by tyrosine kinase activity associated with p140*. The
sites of PLC-yl that become phosphorylated after NGF
stimulation in vivo are largely consistent with those phos
phorylated by pla0"-associated activity in vitro, confirming
that PLC-yl is likely a substrate for plao" both in vivo and
in vitro. These results elucidate some of the biochemical
consequences of tyrosine kinase activation in NGF
responsive cells, and they support a critical role for the trk
tyrosine kinase in mediating the cellular response to NGF.

MATERIALS AND METHODS

Materials. Murine monoclonal antibodies to PLC-y1 were
obtained from S. G. Rhee (14). The phosphotyrosine mono
clonal antibody 4G10 was provided by D. Morrison, B.
Drucker, and T. Roberts (15). p140* antiserum was directed
against a synthetic peptide corresponding to the 14 carboxyl
terminal amino acid residues of the trk-encoded protein (11).

Abbreviations: NGF, nerve growth factor: EGF, epidermal growth
factor: PDGF, platelet-derived growth factor; FGF, fibroblast
growth factor: PLC-yl, phospholipase C-y1; NP-40, Nonidet P-40.
$Present address: Departamento de Microbiologia, Universidad de
Salamanca, 37008 Salamanca, Spain.
To whom reprint requests should be addressed.
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Biochemistry: Vetter et al.

Nerve growth factor was obtained from Collaborative Re
search or from L. Reichardt (16) and was used at a concen
tration of 100 ng/ml.

Cell Culture and Extracts. PC12 cells and LA-N-5 cells
were grown as previously described (17. 18). Cells were
stimulated for the indicated times at 37°C by adding NGF
directly to the growth medium, then lysed in 1% Nonidet P-40
(NP-40) lysis buffer as previously described (15). One hun
dred dorsal root ganglia were prepared by dissection from
14.5-day mouse embryos. Dorsal root ganglia were treated
for 5 min with NGF in Hanks' salt solution, washed, and
disrupted by treatment with a Dounce homogenizer in 1%
NP-40 lysis buffer.

Immunoprecipitation, Western Blotting, and in Vitro Kinase
Assay. PLC-yl was immunoprecipitated by using monoclonal
antibodies specific for PLC-yl as previously described (15).
Proteins were separated through an SDS/8% polyacrylamide
gel, transferred to nitrocellulose, and probed for phosphoty
rosine as previously described (15). p140" was immunode
pleted from PC12 cell lysates by two sequential immunopre
cipitations with p140* antiserum prior to immunoprecipita
tion of PLC-y1. p140* immunoprecipitations were carried
out in the presence or absence of a competing peptide
representing the epitope for the antiserum. For in vitro kinase
assays, PLC-yl immunoprecipitates were washed, then in
cubated for 5 min at room temperature with 40 ul of kinase
buffer (20 mM Tris-HCl, pH 7.6/5 mM MnCl2/10 u M ATP)
and 20 uCi of [y-*P)ATP (1 Ci = 37 GBq). The phosphoryl
ated proteins were separated through an SDS/8% polyacryl
amide gel, then transferred to Immobilon-P (Millipore).

Cell Labeling, Two-Dimensional Tryptic Peptide Mapping,
and Phosphoamino Acid Analysis. PC12 cells were labeled
with [*P]orthophosphate (Amersham) at 2 mci■ ml for 5 hr in
phosphate-free Dulbecco's modified Eagle's medium
(DMEM) supplemented with 2.5% dialyzed fetal calf serum.
Where indicated, cells were stimulated for 5 min with NGF
prior to lysis in 1% NP-40 lysis buffer and immunoprecipi
tation of PLC-y1. *P-labeled proteins were separated
through an SDS/8% polyacrylamide gel, then transferred to
Immobilon-P. For two-dimensional tryptic peptide mapping,
*P-labeled PLC-yl bands were excised and digested with
trypsin, and the phosphopeptides were separated on thin
layer cellulose plates by electrophoresis and chromatography
as previously described (15). For phosphoamino acid analy
sis, the *P-labeled PLC-yl bands were excised and hydro
lyzed in 6 M HCl at 110°C for 90 min, and the phosphoamino
acids were separated by electrophoresis on thin-layer cellu
lose plates as previously described (19). *P-labeled phos
phoamino acids were quantitated by using a Phosphorimager
(Molecular Dynamics, Sunnyvale, CA). Unlabeled phos
phoamino acid standards were visualized with ninhydrin.

RESULTS

NGF Induces Phosphorylation of PLC-y1 on Tyrosine.
Treatment of PC12 cells with NGF induced tyrosine phos
phorylation of proteins with molecular masses of approxi
mately 42, 45, 50, 60, 140, and 150 kDa (10). The 150-kDa
tyrosine-phosphorylated band was of particular interest be
cause PLC-y1, a well-characterized substrate for the PDGF.
EGF, and fibroblast growth factor (FGF) tyrosine kinase
receptors, has a molecular mass of 148 kDa (20, 21). In
addition, NGF is known to rapidly stimulate hydrolysis of
inositol phospholipids in PC12 cells, suggesting activation of
phospholipase C (6, 7).

To determine whether NGF treatment of PC12 cells in
duced tyrosine phosphorylation of PLC-y1, we used a col
lection of monoclonal antibodies to immunoprecipitate
PLC-y1 from lysates of untreated and NGF-treated PC12
cells, then probed the immunoprecipitates by Western blot
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ting with antibodies directed against phosphotyrosine. In
duction of tyrosine phosphorylation in PLC-y1 was detect
able within 1 min of NGF treatment, reached a maximum at
2–5 min, decreased only slightly after 1 hr, and persisted at
a diminished level after 5 days of continuous NGF treatment
(Fig. 1A and data not shown). Approximately equal amounts
of PLC-yl were present in all lanes, as demonstrated by
immunoblot analysis with monoclonal antibodies specific for
PLC-yl (data not shown).

The phosphorylation of PLC-yl on tyrosine in response to
NGF was not specific to PC12 cells but appeared to be a
general consequence of NGF action on responsive cells. For
example, NGF elicited tyrosine phosphorylation of PLC-yl in
the NGF-responsive human neuroblastoma cell line LA-N-5
(Fig. 1A), and PLC-yl was phosphorylated on tyrosine in
sensory neurons from the dorsal root ganglia of mouse em
bryos maintained in the presence of NGF (Fig. 1A).

Phosphorylation of tyrosine residues in PLC-y1 was con
firmed by phosphoamino acid analysis of protein that had
been immunoprecipitated after NGF treatment of PC12 cells
labeled with [*P]orthophosphate (Fig. 1B). NGF increased
the incorporation of [*Plphosphate into PLC-yl by 50%, as
determined by scintillation counting (data not shown). Prior
to NGF treatment, PLC-yl was phosphorylated exclusively
on serine residues, whereas after NGF addition, PLC-y1
became phosphorylated on tyrosine in addition to more
extensive phosphorylation on serine (Fig. 10). Half of the
increased incorporation of *P into PLC-y1 after NGF treat
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NGF 0 1 5 d O 5mn min day ºpa min kDa

-200 … . - 200

- <- PLC-y1 , - • *-PLC-y1
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* . –96

-68 * : {
. -68
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- - - * P.

- -: -97 r P-Tyr

-66 +NGF
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ºw
Fig. 1. NGF stimulates rapid tyrosine phosphorylation of

PLC-y1 in responsive cells. (A) Anti-phosphotyrosine immunoblot of
PLC-yl immunoprecipitated from lysates of PC12 cells, LA-N-5
cells, and mouse dorsal root ganglia (DRG). Cells were stimulated
with NGF for the indicated times. PLC-yl band is indicated. (B)
*P-labeled PLC-yl immunoprecipitated from lysates of NGF
treated (+) or untreated (–) PC12 cells labeled in vivo for 5 hr with
[*P]orthophosphate. PLC-yl band is indicated. (C) Phosphoamino
acid analysis of *P-labeled PLC-yl before (–) and after (+) NGF
treatment. The positions of phosphoserine (P-Ser), phosphothreo
nine (P-Thr), and phosphotyrosine (P-Tyr) are indicated.
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ment could be accounted for by the appearance of phospho
tyrosine and half by the increase in phosphoserine.

To determine the proportion of PLC-yl phosphorylated on
tyrosine after NGF treatment of PC12 celis, we compared the
amount of PLC-yl recovered by clearing lysates with anti
phosphotyrosine antibodies to that recovered by using anti
bodies specific for PLC-yl. This procedure reproducibly
indicated that approximately 10–15% of PLC-yl in PC12 cells
became phosphorylated on tyrosine in response to NGF (data
not shown).

To ascertain whether NGF stimulates tyrosine phosphor
ylation of PLC-y1 at physiologically relevant concentrations
of NGF, a dose-response experiment was performed. Max
imal phosphorylation of PLC-y1 was seen at NGF concen
trations of 50–100 p.M (data not shown). Concentrations of
NGF in this range are able to elicit complete differentiation
of PC12 cells (4).

PLC-y1 Is Phosphorylated in Vitro by Coprecipitating Ki
nase Activity. Recently it has been observed that some
substrates coprecipitate with protein kinase activities after
growth factor treatment of cells (13. 15, 22). Therefore, we
immunoprecipitated PLC-y1 from lysates of NGF-stimulated
or unstimulated PC12 cells and incubated the immunopre
cipitates with [y-*P)ATP in an attempt to detect protein
kinase activity. Immunoprecipitates prepared from NGF
treated cells phosphorylated PLC-yl in vitro, whereas those
from untreated cells did not (Fig. 2A, lanes 1 and 2). Similar
results were obtained when PLC-yl was immunoprecipitated
from lysates of NGF-stimulated LA-N-5 cells (data not
shown). No other substrates for the coprecipitating protein
kinase activity were detected. Although other phosphory
lated proteins were often apparent (Fig. 2A), their phosphor
ylation was variable and did not depend upon NGF stimu
lation.

Phosphoamino acid analysis of the PLC-yl labeled in vitro
showed prominent phosphorylation on tyrosine residues
(Fig. 2B). In addition, weaker phosphorylation of serine and
threonine was detected. We conclude that both protein
tyrosine and protein-serine/threonine kinases coprecipitated
with PLC-yl. Although PLC-y1 became phosphorylated on
threonine in vitro, phosphothreonine residues were not ap
parent in vivo (Fig. 1C). We cannot presently explain this
discrepancy.

Tyrosine Kinase Activity Associated with the trk-Encoded
Protein Phosphorylates PLC-y1 in Vitro. We wished to deter
mine the identity of the tyrosine kinase activity that copre
cipitated with PLC-y1. Since a 140-kDa protein coprecipi
tated with PLC-y1 and was apparent in Western blots probed
for phosphotyrosine (Fig. 1A and Fig. 2C, lane 2), a possible
candidate was p140", a transmembrane tyrosine kinase that
becomes activated and phosphorylated on tyrosine after
NGF treatment of PC12 cells (10). To explore this possibility,
we used immunoprecipitation to deplete plao" from lysates
of PC12 cells that had been stimulated with NGF, then
immunoprecipitated PLC-y1 and either performed a kinase
reaction with the precipitate or probed for phosphotyrosine.
This procedure greatly reduced both the phosphorylation of
PLC-yl in vitro (Fig. 2A, lane 4) and the recovery of the
140-kDa protein (Fig. 2C, lane 4). Immunodepletion of both
the 140-kDa protein and the kinase activity was prevented by
a peptide representing the epitope for the pla()* antiserum
(Fig. 2A, lane 3, and Fig. 2C, lane 3).

The most direct interpretation of these results is that
p140* itself is responsible for the phosphorylation of PLC-yl
on tyrosine in response to NGF. Alternatively, the respon
sible kinase might be tightly associated with p140*, as
reported previously for the PDGF receptor and several
cytoplasmic protein-tyrosine kinases (23). This is likely to be
the case for the serine/threonine kinase that we observe
coprecipitating with PLC-y1, since virtually all phosphory
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FIG.2. NGFelicits coprecipitation of PLC-y1 with protein kinase
activity associated with p140*. (A) In vitro kinase assay of PLC-yl
immunoprecipitates. Lanes 1 and 2, PLC-y1 was immunoprecipitated
directly from lysates of unstimulated (lane 1) or NGF-stimulated (lane
2) PC12 cells. Lanes 3 and 4, prior to the immunoprecipitation of
PLC-y1, NGF-stimulated PC12 cell lysates were incubated with
antibodies specific for plº" either in the presence (lane 3) or in the
absence (lane 4) of a competing peptide representing the epitope for
the antiserum. The PLC-yl band is indicated. (B) Phosphoamino acid
analysis of the *P-labeled PLC-yl band from lane 2 in A. The positions
of phosphoserine (P-Ser), phosphothreonine (P-Thr), and phospho
tyrosine (P-Tyr) are indicated. (C) Anti-phosphotyrosine Western blot
of PLC-yl and p140" immunoprecipitates. Lanes 1 and 2, PLC-yl
was immunoprecipitated directly from lysates of unstimulated (lane 1)
or NGF-stimulated (lane 2) PC12 cells. Lanes 3 and 4, prior to the
immunoprecipitation of PLC-yl. NGF-stimulated PC12 cell lysates
were incubated with antibodies specific for pl.0" (11) either in the
presence (lane 3) or in the absence (lane 4) of a competing peptide
representing the epitope for the antiserum. Lanes 5 and 6, tyrosine
phosphorylated protein recovered by immunoprecipitation of p140*
in the presence (lane 5) or absence (lane 6) of a competing peptide
representing the epitope for the antiserum. The PLC-yl and p140*
bands are indicated.

lation of PLC-yl in vitro was eliminated by immunodepletion
with antibodies specific for p140*.

Comparison of the Sites of PLC-y1 Phosphorylated in Vivo
and in Vitro. Tryptic peptide mapping of PLC-yl was per
formed to compare the sites of PLC-yl phosphorylated in
vivo and in vitro. PLC-yl isolated from unstimulated PC12
cells gave rise to seven phosphopeptides (Fig. 3A). The
pattern of phosphopeptides resembled that found previously
for PLC-yl isolated from mouse NIH-3T3 cells, so we have
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A

-

Fig. 3. Tryptic phosphopeptides of PLC-y1 labeled in vivo and in vitro. Peptides were analyzed on thin-layer cellulose plates by
electrophoresis (horizontal axis) and chromatography (vertical axis). (A) Tryptic phosphopeptides of PLC-y1 immunoprecipitated from lysates
of unstimulated PC12 cells labeled in vivo for 5 hr with [*P]orthophosphate. (B) Tryptic phosphopeptides of PLC-yl immunoprecipitated from
lysates of PC12 cells labeled in vivo for 5 hr with [*Porthophosphate then stimulated for 5 min with NGF. (C) Tryptic phosphopeptides of
PLC-yl phosphorylated in vitro. PLC-yl immunoprecipitates from lysates of NGF-treated PC12 cells were used for an immune complex kinase
assay in the presence of 20 uCi of [y-”PATP. (D) Mixture of samples from B and C.
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designated four of the prominent peptides according to pre
vious convention (19) (peptides e and 1–3; peptide fis unique
to the present pattern). NGF treatment resulted in the
enhanced phosphorylation of two of these peptides (e and f)
and the appearance of a novel phosphopeptide (d) (Fig. 3B).
The changes in peptides d and e appear to correspond to those
reported previously after activation of the EGF and PDGF
receptors (15, 19), whereas the increased phosphorylation of
peptide f does not. PLC-yl phosphorylated in vitro contained
two prominently labeled phosphopeptides (e and c) (Fig. 3C)
and three additional phosphopeptides (2, 3, and d) observed
only in longer exposures (data not shown). One of the
prominently labeled peptides (e) and the three minor phos
phopeptides (2, 3, and d) comigrated with peptides from
PLC-yl phosphorylated in vivo (Fig. 3D and data not shown).

Phosphoamino acid analysis of peptide e phosphorylated in
vitro detected only phosphotyrosine (data not shown). Pep
tide c labeled in vitro was also phosphorylated on tyrosine,
but it did not correspond to any of the phosphopeptides
labeled in vivo. Phosphopeptide f. which was prominent after
NGF treatment in vivo, was not apparent in vitro; none of the
phosphopeptides from in vivo were sufficiently labeled to
permit analysis of phosphoamino acids. These discrepancies
are not surprising, since additional protein kinases that do not
coprecipitate with PLC-yl may phosphorylate PLC-yl in
vivo. It is also possible that the behavior of the tyrosine
kinase in vitro differs from its behavior in vivo due to the

effects of solubilization or loss of accessory cellular compo
nents. Nevertheless, the sites of PLC-yl phosphorylated in

response to NGF in vivo were largely congruent with those
phosphorylated by pla0"-associated kinase activity in vitro.

DISCUSSION

The data presented here indicate that binding of NGF to cell
surface receptors elicits phosphorylation of PLC-yl on ty
rosine and serine, a finding in accord with the recent work of
Kim et al. (9). Immunodepletion experiments with antibodies
specific for p140* indicate that the enzyme responsible for
tyrosine phosphorylation is likely to be pla0" or a closely
associated kinase. This is in accord with the ability of NGF
to activate the kinase of p140* (10). Further experiments
with purified components will be necessary to confirm that
the trk-encoded tyrosine kinase phosphorylates PLC-yl di
rectly. NGF also induces serine phosphorylation of PLC-yl,
although the kinase responsible has not yet been identified.

NGF induces tyrosine phosphorylation of p140* (10), an
event that from precedent seems likely to be autocatalytic
(24). Yet no NGF-dependent in vitro phosphorylation of a
140-kDa protein was observed in the PLC-yl immunopre
cipitates from PC12 cells (see Fig. 2A, lane 2). Two possible
explanations come to mind. First, autophosphorylation of
p140" may be relatively feeble in the presence of substrate
and, thus, may be below the level of detection in our assay.
Second, most of the susceptible tyrosine residues in p140*
may have been phosphorylated in vivo, prior to preparation
of the immunoprecipitates.

i
i
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We presume that the phosphorylation of PLC-yl in re
sponse to NGF facilitates intracellular signaling by the break
down of inositolphospholipids. First, PLC-yl is activated
when phosphorylated by the EGF receptor at sites that are
largely congruent with those found here (8). Second, appli
cation of NGF to PC12 cells elicits both a rapid increase in the
turnover of inositolphospholipids (6, 7) and activation of
protein kinase C (25–27). We have yet to confirm the suspi
cion by direct analysis of phospholipase C activity.

A variety of growth factors stimulate phosphorylation of
PLC-y1 on tyrosine (15, 19, 28, 29). In PC12 cells the effects
of EGF and basic FGF on the phosphorylation of PLC-yl are
similar to those reported here for NGF (data not shown).
NGF and the mitogenic growth factors, such as PDGF and
EGF, induce a common set of rapid metabolic changes in
responsive cells, including changes in ion flux and intracel
lular pH, cytoskeletal rearrangements, and induction of cel
lular genes, such as c-fos (13, 30). Enzymatic activation of
PLC-yl may be coupled to some or all of these changes in
cellular metabolism.

Although many growth factors elicit similar early re
sponses, the long-term phenotypic responses to these diverse
ligands vary. In PC12 cells, for example, NGF and basic FGF
provoke differentiation of PC12 cells, whereas EGF is mito
genic (4, 31. 32). PLC-yl, to our knowledge, is the first
identified substrate for the NGF-activated tyrosine kinase.
p140*. However, to account for the specificity of the bio
logical response to NGF, additional, potentially unique,
substrates for the trk-encoded tyrosine kinase must be
sought.

We acknowledge H. Varmus for support and advice during the
inception of this project. We thank S. G. Rhee for a generous supply
of anti-PLC-yl antibodies; D. Morrison, B. Drucker, and T. Roberts
for 4G10 antibody; L. Reichardt for PC12 cells and NGF: W. Mobley
for NGF; D. Morrison, M. McMahon, and R. Finney for critical
reading of the manuscript; and S. Rabin for technical assistance.
M.L.V. is a Howard Hughes Medical Institute Predoctoral Fellow.
This work was supported by National Institutes of Health Grant CA
44338, by funds from the G.W. Hooper Foundation. and by the
National Cancer Institute under contract N01-C0-74101 with Ad
vanced BioScience Laboratories.

1. Barde, Y.-A. (1989) Neuron 2. 1525–1534.
2. Levi-Montalcini, R. (1987) Science 237, 1154–1162.
3. Thoenen, H., Bandtlow, C. & Heumann, R. (1987) Rev. Phys

iol. Biochem. Pharmacol. 109, 145–171.
4. Greene, L. & Tischler. A. (1976) Proc. Natl. Acad. Sci. USA

73, 2424–2428.

:

Proc. Natl. Acad. Sci. USA 88 (1991)

Maher, P. (1988) Proc. Natl. Acad. Sci. USA 85, 6788-6791.
Contreras. M. L. & Guroff, G. (1987) J. Neurochem. 48,
1466–1472.
Traynor, A. E. Schubert, D. & Allen, W. R. (1982) J. Neu
rochem. 39, 1677–1683.
Nishibe, S., Wahl. M., Hernandez-Sotomayor, S., Tonks, N.,
Rhee, S. & Carpenter, G. (1990) Science 250, 1253–1256.
Kim. U.-H... Fink. D., Jr.. Kim, H. S., Park. D. J., Contreras,
M. L., Guroff, G. & Rhee, S. G. (1991) J. Biol. Chem. 266,
1359–1362.
Kaplan, D., Martin-Zanca, D. & Parada, L. (1991) Nature
(London) 350, 158–160.
Martin-Zanca, D., Oskam, R., Mitra, G., Copeland, T. &
Barbacid, M. (1989) Mol. Cell. Biol. 9, 24–33.
Cantley, L. C., Auger, K. R., Carpenter, C. Duckworth. B.,
Graziani, A. Kapeller. R. & Soltoff. S. (1991) Cell 64, 281-302.
Ullrich, A. & Schlessinger, J. (1990) Cell 61, 203–212.
Suh, P.-G., Ryu, S. H., Cho, K. S., Lee, K. Y. & Rhee, S. G.
(1988) J. Biol. Chern. 263, 14497–14504.
Morrison, D. K. Kaplan, D. R., Rhee, S. G. & Williams, L. T.
(1990) Mol. Cell. Biol. 10, 2359–2366.
Bocchini, V. & Angeletti, P. U. (1969) Proc. Natl. Acad. Sci.
USA 64, 787–794.
Sonnenfeld, K. & Ishii, D. (1982).J. Neurosci. Res. 8. 375–391.
Tomaselli, K., Damsky, C. & Reichardt, L. (1988).J. Cell Biol.
107. 1241–1252.

-

Meisenhelder, J., Suh, P.-G., Rhee, S. G. & Hunter, T. (1989)
Cell 57, 1109–1122.
Stahl, M. L., Ferenz, C. R. Kelleher, K. L., Kriz, R. W. &
Knopf, J. L. (1988) Nature (London) 332, 269–272.
Suh. P.-G., Ryu. S., Moon. K. Suh. H. & Rhee, S. (1988) Proc.
Natl. Acad. Sci. USA 85, 5419-5423.
Williams, L. T. (1989) Science 243, 1564–1570.
Kypta, R. Goldberg, Y., Ulug, E. & Courtneidge, S. (1990)
Cell 62, 481–492.
Yarden, Y. & Ullrich, A. (1988) Annu. Rev. Biochem. 57,
443–478.

Cremins, J., Wagner, J. A. & Halegoua, S. (1986).J. Cell Biol.
103, 887–893.
Hama, T., Huang, K.-P. & Guroff, G. (1986) Proc. Natl. Acad.
Sci. USA 83. 2353–2357.
Heasley, L. E. & Johnson, G. L. (1989) J. Biol. Chem. 264,
8646–8652.
Kumjian, D. A., Wahl, M. I., Rhee, S. G. & Daniel, T. O.
(1989) Proc. Natl. Acad. Sci. USA 86, 8232–8236.
Margolis, B., Rhee, S. G., Felder, S., Mervic, M. Lyall, R.,
Levitzki, A., Ullrich. A. Zilberstein, A. & Schlessinger, J.
(1989) Cell 57, 1101–1107.
Fujita, K., Lazarovici, P. & Guroff, G. (1989) Environ. Health
Perspect. 80, 127–142.
Huff. K. End, D. & Guroff, G. (1981).J. Cell Biol. 88, 189–198.
Stemple, D., Mahanthappa, N. & Anderson, D. (1988) Neuron
1, 517–525.



35

CHAPTER TWO

The platelet-derived growth factor receptor promotes PC12 cell differentiation

independent of signalling through phosphatidylinositol 3-kinase, Ras

GTPase-activating protein or phospholipase C-Y1
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INTRODUCTION

Peptide growth factors are a family of extracellular signalling molecules

that regulate such diverse processes as cell growth, survival and

differentiation. Many of these molecules exert their effects on the target cell by

binding to and activating receptors that possess intrinsic protein tyrosine

kinase activity (RPTK's) (13). Many different types of RPTK's have been

identified; some RPTK's promote proliferation and some support

differentiation and survival, depending both on the type of RPTK and the cell

type that expresses it. Despite this diversity of cellular responses, most RPTK's

have been shown to interact with and phosphorylate similar cytoplasmic

signalling molecules and activate similar downstream signalling pathways in

response to ligand binding (5). Several cytoplasmic signalling molecules have

been shown to be critical mediators of the proliferative response following

RPTK activation, but much less is understood about how differentiation

processes are regulated.

The PC12 cell line, derived from a rat pheochromocytoma, has served

as a model system for investigating how certain growth factors are able to

regulate neuronal differentiation. Within several days of treatment with

nerve growth factor (NGF) or fibroblast growth factor (FGF) the cells

differentiate and acquire features characteristic of sympathetic neurons, such

the ability to extend neuritic processes (19, 60). NGF binds to Trk, a member of

the RPTK family, and this receptor likely mediates most of the biological

responses to NGF (23, 24, 33). Upon ligand binding, Trk associates with a

number of intracellular signalling molecules, including PLC-Y1, PI3-kinase,

Erk1, and Shc (42, 64, 70). However, only a few of the phosphotyrosine
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residues on the intracellular domain of Trk that mediate these association

have been identified and the importance of these associations for the

neuronal differentiation phenotype has not been established (53, 54). We and

others have observed that expression of the 3 subunit of the receptor for

platelet-derived growth factor (PDGF) in PC12 cells renders these cells capable

of responding to PDGF by differentiating and extending neurites (20). Since

many intracellular signalling proteins have been shown to interact with the

PDGF receptor, and the binding sites on the receptor for many of these

proteins mapped, we reasoned that this receptor could provide a means for

determining which signalling pathways are required downstream of RPTK

activation to elicit PC12 cell differentiation.

Following ligand binding, the PDGF receptor interacts with

phospholipase C-Y1 (PLC-Y1) (35, 44, 48), Raf-1 (49), the GTPase-activating

protein for p21ras (ras-GAP) (45, 25, 30), phosphatidylinositol 3-kinase (PI3

kinase) (7), Nck (40, 52), a protein tyrosine phosphatase (Syp) (31, 14), three

src-family tyrosine kinases (Src, Yes and Fyn) (36), and an unidentified 120kd

protein (28). By deleting or mutating the phosphotyrosine residues on the

PDGF receptor that mediate association with many of these signalling

molecules it has been possible to assess the significance of these interactions

for the ability of the receptor to promote cell proliferation in fibroblast and

epithelial cell lines.

The kinase domain of the PDGF receptor is interrupted by a stretch of

approximately 100 amino acids known as the kinase insert (KI) domain.

Within this region two phosphotyrosine residues at positions 708 and 719

mediate the binding of PI3-kinase, a lipid kinase that phosphorylates the 3

position of inositol phospholipids (10, 12, 29, 32, 27). Nck, a molecule of
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unknown function consisting of one SH2 domain and three SH3 domains,

also depends upon phosphorylation of Y719 for its interaction with the PDGF

receptor (52). Phosphorylation of tyrosine residue 739 within the kinase insert

region of the PDGF receptor promotes association with ras-GAP, an enzyme

that enhances the hydrolysis of GTP to GDP by p21ras (12, 27, 32). Deletion of

82 amino acids from the kinase insert region renders the PDGF receptor

incapable of promoting a mitogenic response in most fibroblast and epithelial

cell lines even though kinase activity is retained (11). Of the three known

phosphotyrosine residues in the kinase insert region, the integrity of the PI3

kinase/Nck binding sites seem to be most critical for PDGF-mediated

mitogenicity (12,32).

Two phosphotyrosine residues at positions 977 and 989 in the carboxy

terminal tail of the PDGF receptor mediate association with the protein

tyrosine phosphatase Syp and PLC-Y1 respectively (31, 26, 57,68). PLC-Y1

catalyzes phosphatidylinositol hydrolysis and the products of this reaction

stimulate calcium mobilization and activation of protein kinase C. Tyrosine

phosphorylated residues on Syp serve as binding sites for Grb2, a molecule

consisting of one SH2 and two SH3 domains (41). Grb2 stably interacts with

the guanine nucleotide exchange protein mSOS, which is able to regulate the

amount of "activated" or GTP-bound p21ras (4, 6, 9, 16, 39, 56, 58,62). This

series of interactions therefore provides one means by which the PDGF

receptor could couple to p21ras. Mutation of tyrosine 989 or both tyrosines 977

and 989 of the PDGF receptor results in a normal or slightly reduced

mitogenic response to PDGF stimulation in most fibroblast and epithelial cell

lines (26, 57, 68).
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Two tyrosines in the juxtamembrane region of the PDGF receptor at

positions 557 and 559 appear to mediate association with three members of

the src family of non-receptor tyrosine kinases, Src, Yes and Fyn (47).

However when both tyrosines corresponding to Y557 and Y559 in the human

3 PDGF receptor are mutated to phenylalanine, the kinase activity of the

receptor is compromised, hindering assessment of the role of this association

in mitogenesis. Injection of NIH 3T3 cells with either dominant-negative
forms of Src and Fyn or antibodies specific for Src, Yes and Fyn inhibits PDGF

stimulated DNA synthesis, suggesting that these tyrosine kinases play an

important role in mediating the mitogenic signal following PDGF binding to

its receptor (67).

Although RPTK's interact with similar cytoplasmic signalling

molecules when regulating both cell proliferation and differentiation, it is not

yet clear whether the requirements for both processes will be the same or

distinct. We have therefore introduced several mutant forms of the PDGF

receptor into PC12 cells in an attempt to understand which cytoplasmic

signalling molecules must interact with a RPTK in order to promote a

differentiation response. We show that PC12 cell differentiation by this

receptor does not depend upon association with PI3-kinase, ras-GAP or PLC

Y1. These results suggests that the PDGF receptor utilizes distinct signalling

pathways to promote two different phenotypic responses, namely mitogenesis

and differentiation.
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MATERIALS AND METHODS

Materials. Polyclonal antibodies specific for the platelet-derived growth factor

receptor 3 subunit were obtained from Lewis T. Williams (Abé5) or from

Upstate Biotechnology Inc. (catalog{06-131). The following antisera were also

obtained from Upstate Biotechnology Inc. polyclonal antisera specific for

ras.CAP (catalog{06-153), mixed monoclonal antibodies recognizing

phospholipase C-Y1 (catalog{05-163), and polyclonal antisera specific for

phosphatase Syp (catalog{06-118). A monoclonal antibody recognizing Syp

was obtained from Transduction Laboratories (catalog #P17420). The

phosphotyrosine monoclonal antibody 4G10 was provided by D. Morrison, B.

Drucker and T. Roberts. Nerve growth factor (Boehringer Mannheim) was

used at a concentration of 50 ng/ml and human recombinant platelet derived

growth factor-BB (Upstate Biotechnology Inc.) was used at a concentration of

40 ng/ml.

Cell culture and neurite outgrowth assays. PC12 cells were maintained in

Dulbecco's Modified Eagle's medium (DMEM) supplemented with 5% horse

serum derived from platelet poor plasma (Sigma). For analysis of neurite

outgrowth, PC12 cells were seeded into 24-well collagen IV biocoat plates

(Collaborative Biomedical Products), and cultured in the presence of 50ng/ml

NGF or 40 ng/ml PDGF BB for several days.

PDGF receptor cDNA constructs and expression in PC12 cells. All mouse

PDGF B receptor cDNA's were a generous gift from Lewis T. Williams. The

AKI PDGF receptor has a deletion of the 82 amino acids from the kinase insert

region (amino acids 716–797) (11). The Trunc PDGF receptor is truncated at the

carboxy-terminal tail, eliminating 90 amino acids. This was achieved by
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mutating the codon encoding tyrosine 977 to a stop codon. The 5.2-kb clNAs

encoding murine B-PDGF receptor as well as the AKI and Trunc forms of the

receptor were cut with EcoR1 and EcoM1 and the 3.6-kb fragment containing

the coding region cloned into the CMV expression vector pCEN (a generous

gift from John Majors). Plasmid was introduced into PC12 cells by

electroporation and the cells then plated onto poly-D-lysine-coated dishes and

selected in G418 (300ug/ml). When selection was complete multiple G418

resistant colonies were picked and expanded, then screened for PDGF receptor

expression by western blot analysis of cell lysates using an antibody specific for

the B-PDGF receptor (Ab 65 - a gift from Lewis T. Williams). Two independent

cell lines expressing each PDGF receptor construct were analyzed further.

Preparation of cell extracts, immunoprecipitation, and immunoblotting. For

preparation of cell extracts, PC12 cells (1 x 107) or confluent Balb C3T3 cells (3

x 106) were stimulated for five minutes at 370C by either adding growth

factors directly to the growth medium (3T3 cells) or by incubating the cells for

two hours at 370C in DMEM containing 1% bovine serum albumin followed

by addition of growth factors (PC12 cells). The cells were then rinsed once

with cold Tris-buffered saline, then lysed at 40C for 20 minutes in 1% Nonidet

P-40 lysis buffer (50mM Hepes buffer, pH74, 150mM NaCl, 10% glycerol,

1.5m M MgCl2, 1mM EGTA, 100mM NaF, 1% Nonidet P-40, 1mM Pefabloc,

10pg/ml aprotinin, 10ug/ml leupeptin, 1mM sodium orthovanadate). The

cell lysates were cleared of insoluble material by centrifugation at 10,000 x g for

10 minutes at 40C. Protein concentration of the cell lysates was determined

using the BCA protein assay kit (Pierce). Immunoprecipitations were carried

out by incubating the cell lysate with primary antibody for several hours at

40C, then recovering the immune complexes on Protein A Sepharose beads.
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The immunoprecipitates were then washed three times with 1% Nonidet P

40 lysis buffer, once with cold H2O, then either boiled for 4 minutes in SDS

PAGE sample buffer or assayed for PI3-kinase activity. For immunoblot

analysis, either 50 to 100 pig of total cell protein or immunoprecipitated

protein was separated through an SDS polyacrylamide gel, transferred to

nitrocellulose and probed with the indicated primary antibodies for one to

two hours. Following several washes in Tris-buffered saline containing

0.5%(v/v) Nonidet P-40 and 0.1%(v/v) Tween-20, the binding of the primary

antibody was detected by incubation of the nitrocellulose blot with a horse

radish peroxidase-conjugated secondary antibody (sheep anti-mouse or goat

anti-rabbit antibody at 1:10,000 dilution) then reacted with the Enhanced

Chemiluminescence (ECL) detection reagent (Amersham).

In-gel myelin basic protein kinase assay and PI3-kinase assay. For the in-gel

myelin basic protein kinase assay 50 to 100 pig of total cell protein was

electrophoresed through a 12.5% SDS polyacrylamide gel containing

500pg/ml myelin basic protein and the assay carried out as previously

described (17). For the PI3-kinase assay, the PDGF receptor was

immunoprecipitated from PC12 or Balb C 3T3 cell lysates and the PI3-kinase

assay carried out as described previously (12).

RESULTS

Expression of the PDGF receptor mutants in PC12 cells

To assess the importance of specific signalling molecules in a

differentiation response we expressed in PC12 cells either the full-length

mouse PDGF receptor B subunit (WT), or one of two mutant versions of the
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Figure 1. PDGF B receptor-associated proteins and mutant forms of the

receptor lacking binding sites for specific associated proteins.

(a) Wild type PDGF 3 receptor (WT) associates with src family tyrosine

kinases, PI3-kinase (PI3K), Nck, RasGAP, phospholipase C-Y1 (PLC-Y1), the

tyrosine phosphatase Syp and thus, indirectly, with Grb2 (b) The AKI form of

the PDGF 3 receptor has a deletion of residues 716 to 797 in the kinase insert

region. AKI lacks the binding sites for PI3-kinase, RasGAP and Nck. (c) The

Trunc form of the PDGF 3 receptor has a truncation of the carboxy terminus

caused by mutation of tyrosine 977 to a stop codon. Trunc lacks the reported

binding sites for PLC-Y1 and Syp.
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receptor. The cDNA construct AKI encodes a form of the PDGF receptor with a

deletion of 82 amino acids in the kinase insert region (11). This deletion

eliminates the binding sites for rasGAP, PI3-kinase and Nck (Figure 1b) (7, 12,

27, 32, 52). The cDNA construct Trunc has a mutation in which the codon

encoding Y977 has been converted to a stop codon. This construct generates a

truncated form of the PDGF receptor that lacks 90 amino acids at the carboxy

terminus, including the two autophosphorylation sites at Y977 and Y989. This

mutation eliminates the binding sites for PLC-Y1 and Syp (Figure 1c) (31, 26,

57, 68).

PC12 cells do not normally express the PDGF receptor (Figure 2a, lane

1). Plasmids carrying cDNAs encoding either the WT, AKI or Trunc forms of

the mouse PDGF receptor 3 subunit, were introduced into PC12 cells by

electroporation and stable G418-resistant clones were isolated. These clones

were screened for PDGF receptor expression by western blot, and two PC12 cell

clones expressing each construct were selected for further analysis (Figure 2a,

lanes 2-4, one example of each shown). The electrophoretic mobility of the

full-length PDGF receptor on SDS polyacrylamide gels is slower from lysates

of PC12 cells (Figure 2a, lane 2) than from lysates of mouse Balb 3T3 cells,

where the receptor is endogenously expressed (Figure 2a, lane 5). This may be

attributed to glycosylation differences in the two cell types, since the

immature receptor (lower band - Figure 2a, lanes 2 and 5) in both cell types is

more similar in electrophoretic mobility. The AKI and Trunc forms of the

receptor both migrate on an SDS-PAGE gel more quickly than the full length

PDGF receptor (WT), as expected. The AKI form of the PDGF receptor was

consistently expressed at lower levels in PC12 cells than either the WT or
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Trunc forms of the receptor, suggesting selection against higher levels of

expression.

To determine whether all three forms of the PDGF receptor are

catalytically active when expressed in PC12 cells, we separated lysates from

each clone of PC12 cells on an SDS-PAGE gel and probed for PDGF-stimulated

changes in protein tyrosine phosphorylation by western blot using an

antibody specific for phosphorylated tyrosine residues (4G10). Untransfected

PC12 cells stimulated with NGF for 5 minutes showed typical changes in total

cell phosphotyrosine (Figure 2b, lanes 1 & 2), but showed no changes in total

cell phosphotyrosine when stimulated with PDGF (Figure 2b). PC12 cells

expressing the WT PDGF receptor (lanes 4 & 5) or either the AKI (lanes 6 & 7)

or Trunc (lanes 8 & 9) versions of the receptor responded to PDGF

stimulation with an increase in the number of tyrosine phosphorylated

proteins. Following NGF stimulation, all PC12 cell clones showed identical

patterns of protein tyrosine phosphorylation, demonstrating that Trk

activation is normal in all the isolated clones (data not shown). The pattern of

tyrosine phosphorylated proteins following PDGF stimulation of receptor

expressing PC12 cells (lanes 5, 7 & 9) was comparable, but not identical to that

seen with NGF stimulation (lane 2). In particular, a tyrosine phosphorylated

protein migrating in the range of the autophosphorylated PDGF receptor

(approx. 180 kD) was quite prominent following PDGF stimulation (lanes 5, 7

& 9). The response to PDGF stimulation of receptor-expressing PC12 cells was

comparable, but also not identical to that seen with PDGF stimulation of Balb

C 3T3 cells (Figure 2b, lanes 10 & 11), which endogenously express the PDGF

receptor.
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Figure 2. Ectopic expression of the PDGF B receptor in PC12 cells and

activation by ligand.

(a) Western blot analysis of PDGF receptor expression in PC12 cells. 50 ug of

cell lysate derived from untransfected PC12 cells (lane 1), PC12 cells

transfected with cDNA's encoding either WT (lane 2), AKI (lane 3) or Trunc

(lane 4) forms of the mouse PDGF 3 receptor, or from Balb C 3T3 cells (lane 5)

were resolved on a 6% SDS-PAGE gel. Following transfer to nitrocellulose,

the blot was probed with an antibody that recognizes the mouse PDGF 3

receptor (Ab 65). (b) Cell lysates were prepared from untransfected PC12 cells

(lanes 1-3), PC12 cells expressing WT (lanes 4 & 5), AKI (lanes 6 & 7) or Trunc

(lanes 8 & 9) forms of the PDGF receptor and Balb C 3T3 cells (lanes 10 & 11).

Prior to lysis, cells were either left unstimulated (-) or stimulated with 50

ng/ml NGF (N) or 40 ng/ml PDGF BB (P) for 5 minutes at 37°C. 50 ug of each

cell lysate was resolved on a 7% SDS-PAGE gel, transferred to nitrocellulose

and the blot probed with 4G10, an antiphosphotyrosine antibody.



:-&~*s
=
■ :
º



48

PC12 WT AKI Trunc 3T3
I TI I T I T I I



º º(■
L; ■ º RA

*
***



49

WT AKI Trunc 3T3PC12

QOGN|

–97

-68

–43

-29

|-

■ u
1-………■ -)■ --1|}■ il-■■■ ----*|-■■■

|----»|-
\!\■…■
…■

,
■■…■
|■

||-
1O 118 92 3 4 5 6 71



* , *

4 º' º

.
* - [.

º,
***
º

7 5
º

º L
* {

tº r

:
**

s



50

Association of the PDGF receptor with RasGAP and PI 3-kinase in PC12 cells

The PDGF receptor has been reported to associate with PI3-kinase

following PDGF treatment of in a variety of cell types, and this association is

dependent upon phosphorylation of the receptor at Y?40 and YZ51 (10, 12, 29,

32, 27). To determine whether this PI3-kinase association with the PDGF

receptor also occurs in PC12 cells with the same receptor sequence

requirements, we immunoprecipitated the PDGF receptor from lysates of

unstimulated and PDGF-stimulated cells and performed a lipid kinase assay

to detect coprecipitating PI3-kinase activity. PI3-kinase activity was detected in

PDGF receptor immunoprecipitates from PDGF-stimulated, but not

unstimulated Balb C 3T3 cells, as previously reported (Figure 3, lanes 7 & 8).

No PI3-kinase activity was detected in receptor immunoprecipitates from

lysates of untransfected PC12 cells (Figure 3, lanes 1 and 2). Following ligand

stimulation, PI3-kinase activity coprecipitated with the PDGF receptor from

lysates of PC12 cells expressing the full length PDGF receptor (Figure 3, lanes 3

and 4). However, the PI3-kinase activity was not detected in PDGF receptor

immunoprecipitates from lysates of PDGF-stimulated PC12 cells expressing

the AKI version of the receptor (Figure 3, lanes 5 and 6), confirming that the

binding sites for PI3-kinase on the PDGF receptor have been lost by deleting

the kinase insert region. Similar results were obtained when the lipid kinase

assay was performed following immunoprecipitation with an

antiphosphotyrosine antibody (data not shown).

The PDGF receptor also interacts with rascAP in a number of cell types

in which the receptor is expressed (45, 25, 30). To determine if ras.CAP is

phosphorylated and associates with the PDGF receptor following PDGF

stimulation of PC12 cells, rascAP was immunoprecipitated from lysates of
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Figure 3. PDGF receptor association with PI3-kinase activity in PC12 cells is

disrupted by deletion of the kinase insert region.

Untransfected PC12 cells (lanes 1 & 2), PC12 cells expressing WT (lanes 3 & 4)

or AKI (lanes 5 & 6) PDGF receptor, or Balb C3T3 cells (lanes 7 & 8) were

either left unstimulated (-) or stimulated with 40 ng/ml PDGF BB (+) for 5

minutes at 37°C prior to lysis. The PDGF receptor was immunoprecipitated,

and a PI3-kinase assay performed on the immunoprecipitates. The products of

the reaction were resolved on a silica gel plate by thin layer chromatography

and the plate then exposed to Xomat AR film (Kodak).
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Figure 4. RasGAP association with the PDGF receptor in PC12 cells is

disrupted by deletion of the kinase insert region.

Untransfected PC12 cells (lanes 1 & 2), PC12 cells expressing WT (lanes 3 & 4)

or AKI (lanes 5 & 6) PDGF receptor, or Balb C 3T3 cells (lanes 7 & 8) were

either left unstimulated (-) or stimulated with 40 ng/ml PDGF BB (+) for 5

minutes at 370C prior to lysis. RasGAP was immunoprecipitated and the

immunoprecipitated proteins were resolved on a 6% SDS-PAGE gel,

transferred to nitrocellulose and probed with an antiphosphotyrosine

antibody (4G10).
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unstimulated or PDGF-stimulated cells. The immunoprecipitates were

separated on an SDS-PAGE gel, transferred to nitrocellulose and probed with

an antibody that recognizes phosphotyrosine residues. Following PDGF

stimulation of Balb C 3T3 cells, rasgap becomes phosphorylated and

coprecipitates with tyrosine phosphorylated PDGF receptor, as reported

(Figure 4, lanes 7 & 8). RasGAP is not detectably phosphorylated following

PDGF stimulation of untransfected PC12 cells (Figure 4, lanes 1 and 2). In

addition, there was no detectable coprecipitating PDGF receptor in the ras.CAP

immunoprecipitates from these cells. However, following PDGF stimulation

of PC12 cells expressing the full length PDGF receptor (WT), rascAP becomes

tyrosine phosphorylated and coprecipitates with tyrosine phosphorylated

PDGF receptor (Figure 4, lanes 3 and 4). Phosphorylation of ras.CAP on

tyrosine and coprecipitation with phosphorylated PDGF receptor was not

evident in ras.CAP immunoprecipitates from PC12 cells expressing the AKI

version of the PDGF receptor (Figure 4, lanes 5 and 6). Therefore, consistent

with the findings of other investigators using other cell types, the wild type

PDGF receptor associates with PI 3-kinase and rasgaP in PC12 cells and these

interactions are disrupted when the kinase insert region is deleted from the

receptor.

Association of the PDGF receptor with PLC-Y1 and SYP in PC12 cells.

Following PDGF stimulation of fibroblast and epithelial cell lines the

PDGF receptor associates with and phosphorylates PLC-Y1, and this association

depends upon phosphorylation of Y989 of the PDGF receptor (26, 57, 68).

Tyrosine phosphorylation of PLC-Y1 and association with the PDGF receptor is

required for PDGF-dependent hydrolysis of phosphatidylinositol 4,5-

bisphosphate to inositol 1,4,5-trisphosphate and diacylglycerol.
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We wanted to determine whether PLC-y1 becomes phosphorylated and

interacts with the PDGF receptor in PC12 cells, and whether this interaction

was dependent upon sequences in the carboxy terminal portion of the PDGF

receptor. We therefore immunoprecipitated PLC-y1 from lysates of

unstimulated or PDGF-stimulated cells, separated the immunoprecipitated

protein on an SDS-PAGE gel and performed a western blot using an

antiphosphotyrosine antibody. Following PDGF stimulation of Balb C 3T3

cells, PLC-Y1 becomes phosphorylated and coprecipitates with tyrosine

phosphorylated PDGF receptor, as reported (Figure 5, lanes 7 & 8). PLC-Y1 is

not detectably phosphorylated following PDGF treatment of untransfected

PC12 cells (Figure 5, lanes 1 and 2). However, in PC12 cells expressing the full

length PDGF receptor (WT), PDGF promotes phosphorylation of PLC-y1 on

tyrosine and coprecipitation with tyrosine-phosphorylated PDGF receptor

(Figure 5, lanes 3 and 4). The phosphorylation of PLC-Y1 on tyrosine and

coprecipitation with the PDGF receptor is disrupted in PC12 cells expressing

the truncated form of the PDGF receptor (Figure 5, lanes 5 and 6), confirming

that the binding sites for PLC-y1 lie within the C-terminus of the receptor, and

are lost by the truncation.

It has recently been reported that a 64-kilodalton protein associates with

the PDGF receptor and is phosphorylated by the receptor in an in vitro kinase

assay. The association of this protein with the PDGF receptor was shown to be

dependent upon phosphorylation of the receptor at Y977 (68). This protein

has since been identified as the SH2-containing protein tyrosine phosphatase

Syp (31, 14). Since Y977 is converted to a stop codon in the truncated form of

the PDGF receptor, we wanted to determine whether this mutation disrupts

the ability of the PDGF receptor to associate with Syp in PC12 cells. The Syp
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Figure 5. PLC-y1 association with the PDGF receptor in PC12 cells is disrupted

by deletion of the carboxy-terminal tail.

Untransfected PC12 cells (lanes 1 & 2), PC12 cells expressing WT (lanes 3 & 4)

or Trunc (lanes 5 & 6) PDGF receptor, or Balb C3T3 cells (lanes 7 & 8) were

either left unstimulated (-) or stimulated with 40 ng/ml PDGF BB (+) for 5

minutes at 37°C prior to lysis. PLC-y1 was immunoprecipitated and the

immunoprecipitated proteins were resolved on a 6% SDS-PAGE gel,

transferred to nitrocellulose and probed with an antiphosphotyrosine

antibody (4G10).
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protein was immunoprecipitated from cell lysates using an antibody specific

for Syp, then the immunoprecipitates were separated on an SDS-PAGE gel,

transferred to nitrocellulose and probed with an antibody that recognizes

phosphotyrosine residues. By this method we can detect PDGF-dependent

phosphorylation of Syp and the presence of co-precipitating tyrosine

phosphorylated PDGF receptor. Following PDGF stimulation of Balb C 3T3

cells, Syp becomes phosphorylated, and coprecipitates with tyrosine

phosphorylated PDGF receptor, as reported (Figure 6, lanes 8 & 9). In

untransfected PC12 cells Syp does not become phosphorylated in response to

NGF or PDGF (Figure 6, lanes 1-3). Following PDGF stimulation of PC12 cells

expressing the full-length PDGF receptor Syp becomes phosphorylated and

associates with phosphorylated PDGF receptor (Figure 6, lanes 4 and 5). In

cells expressing the truncated form of the PDGF receptor Syp is still

phosphorylated on tyrosine in response to PDGF. When the western blot was

stripped and reprobed with an antibody specific for Syp, equal amounts of Syp

were detected in all PC12 lanes, and the tyrosine phosphorylated forms of the

Syp protein were shifted in mobility (data not shown). Although the reported

binding site for Syp, Y977, has been eliminated in the Trunc form of the PDGF

receptor, tyrosine phosphorylated PDGF receptor was still found to

coprecipitate with Syp (Figure 6, lanes 6 and 7). These results suggest that in

PC12 cells Syp may interact with alternative sites on the PDGF receptor when

the primary binding sites are eliminated.

All forms of the PDGF receptor activate MAP kinase in PC12 cells stimulated

With PDGF

MAP kinase activation is likely an important step in the signal

transduction cascade leading to NGF-dependent differentiation of PC12 cells
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Figure 6. Syp association with the PDGF receptor in PC12 cells is not

disrupted by deletion of the carboxy-terminal tail.

Untransfected PC12 cells (lanes 1-3), PC12 cells expressing WT (lanes 4 & 5) or

Trunc (lanes 6 & 7) PDGF receptor, or Balb C 3T3 cells (lanes 8 & 9) were either

left unstimulated (-) or stimulated with 50 ng/ml NGF (N) or 40 ng/ml PDGF

BB (P) for 5 minutes at 37°C prior to lysis. Syp was immunoprecipitated and

the immunoprecipitated proteins were resolved on a 6% SDS-PAGE gel,

transferred to nitrocellulose and probed with an antiphosphotyrosine

antibody (4G10).



■ º, R
* /

?■

■ º ■ º



61

PC12 WT Trunc 3T3
l■ T■ —lTNTE"TETETE

2OO -

97

68

1 2 3 4 5 6 7 8 9



62

(3). The activation of MAP kinase in response to NGF stimulation of PC12

cells is ras-dependent, since dominant-negative alleles of ras block both PC12

cell differentiation and MAP kinase activation (66, 73). We wanted to

determine whether any forms of the PDGF receptor are compromised for

pp.42/pp.44 MAP kinase activation following PDGF stimulation of PC12 cells.

Lysates of unstimulated and NGF or PDGF-stimulated PC12 cells were

separated on an SDS-PAGE gel containing 0.5 mg/ml myelin basic protein

(MBP). The gel was then further denatured in guanidine hydrochloride,

renatured, and an in-gel kinase assay performed (17). pp42 and pp44 MAP

kinase both phosphorylate MBP upon activation. When this assay was

performed on extracts of unstimulated or PDGF-stimulated Balb C 3T3 cells

we observed activation of both pp42 and pp44 MAP kinases in response to

PDGF stimulation (Figure 7, lanes 10 & 11). We consistently observed stronger

activation of pp42 MAP kinase as compared to pp44 MAP kinase with PDGF

stimulation of these cells. Following NGF stimulation, but not PDGF

stimulation of untransfected PC12 cells both pp42 and pp44 MAP kinases were

activated to a similar extent (Figure 7, lanes 1-3). PDGF stimulation of PC12

cells expressing the full-length PDGF receptor (WT) results in pp42/pp.44

MAP kinase activation, with both forms becoming equally activated (Figure 7,

lanes 4 and 5). Similar MAP kinase activation is apparent following PDGF

stimulation of PC12 cells expressing both the AKI and the truncated forms of

the receptor (Figure 7, lanes 6-9). These results were confirmed by immune

complex kinase assay using soluble MBP as a substrate (M. McMahon,

personal communication). These results suggest that, in PC12 cells, the PDGF

receptor is able to activate pp42/pp.44 MAP kinases in the absence of signalling

through either ras.CAP and PI3-kinase or PLC-Y1.
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Figure 7. PDGF receptor-mediated activation of pp42/pp.44 MAP kinases in

PC12 cells does not depend upon sequences in the kinase insert region or the

carboxy-terminal tail.

Cell lysates were prepared from untransfected PC12 cells (lanes 1-3), PC12 cells

expressing WT (lanes 4 & 5), AKI (lanes 6 & 7) or Trunc (lanes 8 & 9) forms of

the PDGF receptor and Balb C 3T3 cells (lanes 10 & 11). Prior to lysis, cells were

either left unstimulated (-) or stimulated with 50 ng/ml NGF (N) or 40 ng/ml

PDGF BB (P) for 5 minutes at 370C. 50 ug of protein from each cell lysate was

resolved on a 12% SDS-PAGE gel containing 0.5 mg/ml myelin basic protein

and an in-gel myelin basic protein kinase assay performed. The gel was then

dried and exposed to Xomat AR film (Kodak).
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All three forms of the PDGF receptor promote neurite outgrowth in PC12

cells

Untransfected PC12 cells differentiate and extend neurites following

treatment with NGF, but respond to neither PDGF BB nor PDGF AA (Figure

8, A-C). PC12 cells expressing the full-length PDGF B receptor (WT) respond to

PDGF BB treatment by initiating a differentiation response and elaborating

neurites (Figure 8, D and E) (20). The differentiation response is rapid; greater

than 90% of the cells have extended neurites 48 hour following PDGF

addition to the cultures. The neurite outgrowth response is maximal three

days following addition of PDGF, but is not maintained, perhaps due to

negative regulation of the PDGF receptor. PC12 cells expressing either the AKI

PDGF receptor, which associates with neither PI3-kinase nor ras-GAP, or the

Trunc PDGF receptor, which does not associate with PLC-Y1, also extend

neurites in response to PDGF (Figure 8, F-I).

To determine whether the PDGF receptor might be promoting PC12

cell differentiation indirectly by activating Trk, we tested the ability of PDGF

to promote neurite outgrowth in the presence of K252a. This alkaloid blocks

NGF-induced PC12 cell differentiation, by inhibition of Trk tyrosine kinase

activity, but does not inhibit differentiation in response to FGF (1, 65, 55).

PC12 cell differentiation in response to PDGF was not blocked by K252a at

concentrations that completely blocked Trk activation and NGF-dependent

differentiation (data not shown). In fact, in the presence of K252a PDGF

differentiation of PC12 cells was enhanced and stabilized.

Many neurotrophic factors act not only as differentiation factors, but

also as survival factors. In PC12 cells, NGF not only promotes PC12 cell

differentiation and neurite outgrowth, but also supports PC12 cell survival in
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Figure 8. PDGF promotes neurite outgrowth of PC12 cells expressing WT, AKI

and Trunc forms of the PDGF receptor.

Cells were plated onto collagen IV-coated plates and grown in the presence or

absence of growth factor for 3 days. (A) Untreated PC12 cells. (B) PC12 cells

treated with 50 ng/ml NGF. (C) PC12 cells treated with 40 ng/ml PDGF BB. (D)

Untreated PC12 cells expressing the WT PDGF receptor. (E) PC12 cells

expressing the WT PDGF receptor treated with 40 ng/ml PDGF BB. (F)

Untreated PC12 cells expressing the AKI PDGF receptor. (G) PC12 cells

expressing the AKI PDGF receptor treated with 40 ng/ml PDGF BB. (H)

Untreated PC12 cells expressing the Trunc PDGF receptor. (I) PC12 cells

expressing the Trunc PDGF receptor treated with 40 ng/ml PDGF BB.
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serum-free medium (18). Interestingly, although activation of the PDGF

receptor is able to promote neurite outgrowth and differentiation, PDGF is

not able to support PC12 cell survival in the absence of serum (data not

shown).

DISCUSSION

The PDGF receptor promotes neurite outgrowth in PC12 cells in the absence

of signalling through PI3-kinase, GAP or PLC-Y1

We have shown that, when expressed in PC12 cells, the PDGF receptor

displays familiar substrate specificity and associates with Ras-GAP, PI3-kinase,

Syp, and PLC-Y1. Activation of this receptor in PC12 cells promotes PDGF

dependent neurite outgrowth, suggesting that functionally equivalent

intracellular signalling pathways are activated by the PDGF receptor as are

activated by endogenously expressed RPTK's that promote PC12

differentiation.

The association of ras-GAP and PI3-kinase with the PDGF receptor was

disrupted by a deletion of the kinase insert region, consistent with

observations made in other cell types. Since the AKI PDGF receptor still

promotes PDGF-dependent neurite ougrowth, neither ras-GAP nor PI3-kinase

association with the PDGF receptor are required for the differentiation

response in PC12 cells. Nck, an SH2/SH3-containing protein of unknown

function, has also been reported to bind in the kinase insert region of the

PDGF receptor (52), suggesting that the association of this protein with the

receptor may also be dispensible for PC12 cell neurite outgrowth.
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The Trunc PDGF receptor is truncated at the carboxy-terminus and this

mutation eliminates the ability of the PDGF receptor to associate with and

phosphorylate PLC-Y1 in PC12 cells. However, although the reported binding

site for Syp, Y977, has been removed, we still observed an association between

the Trunc PDGF receptor and the protein tyrosine phosphatase Syp. It is

possible that Syp binds to an alternative site in the PDGF receptor when its

primary binding site is removed. The Trunc PDGF receptor promotes PDGF

dependent neurite outgrowth of PC12 cells, demonstrating that PLC-Y1 is not

critical for this differentiation response.

MAP kinase activation by the PDGF receptor

We observed that the pp42/pp.44 MAP kinases were activated in PC12

cells expressing the WT, AKI and Trunc forms of the PDGF receptor.

Therefore, in each case some elements of the signal transduction cascade

leading to activation of these signalling molecules must be intact. RPTK's

likely regulate MAP kinase activity in several ways. One pathway begins with

Grb2, the SH2/SH3-containing protein that is constitutively bound to the

guanine nucleotide exchange factor mSOS (4, 6, 9, 16, 39, 56, 58,62). When

Grb2 associates with activated RPTK's, mSOS is brought in proximity to the

plasma membrane, where it can regulate the amount of GTP-bound Ras.

GTP-bound Ras forms a complex with Raf-1 (15, 34, 46, 69, 71, 72), which

becomes activated and phosphorylates MAP kinase kinase (21, 8,37). This

kinase then phosphorylates and activates the MAP kinases (reviewed in (51)).

In the case of the PDGF receptor, Grb2 has been shown to complex with the

receptor indirectly by binding to phosphotyrosine residues on the receptor

associated protein Syp (41). Since the Trunc PDGF receptor still associated

with Syp, despite lacking the reported binding site for Syp, none of the PDGF
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receptor mutants that we have expressed in PC12 cells disrupt this arm of the

Ras activation pathway.

RPTK's may also couple to Ras by other means. For example, the PDGF

receptor associates with and activates the src family tyrosine kinases, Src, Yes

and Fyn (36). SHC is phosphorylated on tyrosine in v-src transformed cells

and is potentially a direct substrate for the Src tyrosine kinase (43). Therefore,

following PDGF stimulation of cells SHC could become phosphorylated on

tyrosine and would associate with Grb2 (59, 63), thus linking with the same

pathway as described above. Alternatively, Ras may be activated as a

consequence of protein kinase C activation following an increase in PI

turnover. In addition there may be ways of regulating MAP kinase activity

that are independent of Ras or independent of Raf-1, for example through

MEKK (38), although it is not clear how these pathways might couple to

RPTK activation. Whether MAP kinase activation is essential for PC12 cell

differentiation is not known, but elements that block PC12 differentiation,

such as dominant-negative alleles of Ras, also block MAP kinase activation

(66, 73).

The PDGF receptor elements required for differentiation are distinct from

those required for mitogenesis or differ in different cell types

In PC12 cells, neither ras.CAP, PI3-kinase, nor PLC-Y1 are essential for

PDGF-regulated neurite outgrowth. However, the binding sites on the PDGF

receptor for some of these signalling molecules are important for PDGF

mediated mitogenesis. RasGAP enhances the intrinsic GTPase activity of Ras

and has been proposed to act as either a negative regulator of Ras or in some

cases, as an effector of Ras (reviewed in (2)). However, GAP binding to the

PDGF receptor and phosphorylation on tyrosine is not important for PDGF
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stimulated cell proliferation in epithelial and fibroblast cell lines (12, 27, 32).

In addition, GAP association is not required for Ras activation following

stimulation of both CHO cells and BaF3 cells expressing PDGF receptor (61).

Likewise, we have found that in PC12 cells GAP association with the PDGF

receptor is not required for either PC12 cell differentiation or MAP kinase

activation. It is not clear what role GAP may play in mediating the biological

effects of PDGF since it has been shown that the PDGF receptor regulates Ras

activity largely by modulating guanine nucleotide exchange activity (50).

Since activation of Trk, the receptor for NGF, does not lead to

phosphorylation of GAP or its association with Trk, it is perhaps not

surprising that this molecule does not appear to play a role in regulating PC12

cell differentiation.

In some cell types, the PI3-kinase/Nck binding sites on the PDGF

receptor must be intact for PDGF to be able to promote DNA synthesis. When

these residues are deleted or mutated and the PDGF receptor is expressed in

epithelial cells, PDGF no longer activates PI3-kinase, no longer elicits an

increase in the amount of GTP-bound Ras, does not stimulate the activities of

Raf-1 and MAP kinases, and does not promote DNA synthesis (32, 12, 61). It is

unclear how either PI3-kinase or Nck couples to these downstream signalling

events. It has recently been shown that PI3-kinase association with the PDGF

receptor is required for normal endocytic trafficking of the receptor, although

how this influences signalling by the receptor is not known (22). In contrast,

we have shown that in PC12 cells the PI3-kinase binding sites on the PDGF

receptor are not required for neurite outgrowth nor pp42/pp.44 MAP kinase

activation. In this respect, the requirements for PDGF-mediated mitogenesis

are distinct from PDGF-dependent neurite outgrowth. There may be some
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cell-type specificity with respect to how the same receptor communicates with

downstream signalling pathways. For example, when the PDGF receptor is

expressed in the pro-B-cell line BaF3, the integrity of the PI3-kinase binding

sites on the PDGF receptor is not important for stimulation of Ras activity

(61).

When the phosphotyrosine residues mediating PLC-Y1 association with

the PDGF receptor are mutated there is a reduction in the amount of DNA

synthesis detected following PDGF stimulation in some (68), but not all cell

types (57). In PC12 cells PLC-Y1 association with the PDGF receptor is not

essential for the ability of the PDGF receptor to promote MAP kinase

activation and neurite outgrowth, providing another example where the

requirements for PDGF-stimulated mitogenesis and differentiation are

distinct.

Our findings in PC12 cells suggest that the importance of individual

signalling pathways may vary depending on the cell type in which the PDGF

receptor is expressed and the ultimate phenotypic outcome. In addition, the

PDGF receptor may use multiple redundant pathways to exert a biological

effect, and there may be compensation between these pathways when any one

pathway is compromised. At this time, the identity of the critical signal

transduction pathways mediating PDGF-dependent neurite outgrowth in

PC12 cells is unknown. Differentiation may depend upon the activation of

known signal transduction components, such as the MAP kinases, or may

require the activity of novel signalling molecules.
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CHAPTER THREE º,

Specific association of the proto-oncogene product pp60c-src with an

intracellular organelle, the PC12 synaptic vesicle
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The text of this chapter is a reprint of the material as it appears in Journal of

Cell Biology, 1992, Volume 117, pages 1077–1084.

The protein product of the proto-oncogene c-src is a membrane-associated

tyrosine kinase of unknown function. Identification of pp60c-src target

membranes may elucidate the function of the c-src protein. The available

evidence indicates that pp60c-src associates with distinct membranes within

single cell types and has different distributions in different cell types. Our

experiments demonstrate targeting of pp60c-Src to an isolatable and

biochemically identified membrane fraction in the neuroendocrine cell line

PC12. The c-src protein was found to be specifically associated with synaptic

vesicles since: (a) the pp60c-src immunofluorescent pattern overlapped with a

synaptic vesicle marker, synaptophysin; (b) a significant proportion (44%) of

the pp60c-src from PC12 but not fibroblast postnuclear supernatants was

recovered in a small vesicle fraction; (c) an anti-synaptophysin cytoplasmic

domain antibody immunodepleted all of the pp60c-src vesicles in this

fraction, and (d) pp60c-src copurified during a 100-fold purification of PC12

synaptic vesicles. These results suggest a role for the c-src protein in the

regulation of synaptic vesicle function.
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Abstract. The protein product of the proto-oncogene
c-src is a membrane-associated tyrosine kinase of un
known function. Identification of pp.60." target mem
branes may elucidate the function of the c-Src protein.
The available evidence indicates that pp60° associ
ates with distinct membranes within single cell types
and has different distributions in different cell types.
Our experiments demonstrate targeting of pp60 “to
an isolatable and biochemically identified membrane
fraction in the neuroendocrine cell line PC12. The

c-src protein was found to be specifically associated
with synaptic vesicles since: (a) the ppó0 “im
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munofluorescent pattern overlapped with a synaptic
vesicle marker, synaptophysin; (b) a significant
proportion (44%) of the pp60°" from PC12 but not
fibroblast postnuclear supernatants was recovered in a
small vesicle fraction; (c) an anti-synaptophysin cyto
plasmic domain antibody immunodepleted all of the
pp60°" vesicles in this fraction, and (d) pp60."
copurified during a 100-fold purification of PC12 syn
aptic vesicles. These results suggest a role for the
c-src protein in the regulation of synaptic vesicle
function.

he gene responsible for the transforming activity of
Rous sarcoma virus was derived from a normal cel

lular gene, c-src (Stehelin et al., 1976). Both genes
encode membrane-associated tyrosine kinases. The c-src
protein, pp.60", has been well characterized but its physi
ological function remains unknown. Although pp60 * is
expressed in all cell types of the mouse, loss of the gene by
targeted disruption does not lead to a defect in general cell
viability (Soriano et al., 1991). The presence of other tyro
sine kinases related to src may make pp60** function un
essential except in unusual circumstances.

Most tyrosine kinases are localized to the plasma mem
brane, whether they are integral membrane proteins such as
the growth factor receptors, or peripheral membrane pro
teins that complex with integral plasma membrane proteins.
This makes sense for proteins that are signaling receptors
themselves or transducers for cell surface receptors. The
c-src protein is also associated with the plasma membrane.
In fibroblasts, for example, pp60 " is recovered in subcel
lular fractions enriched in plasma membrane markers (Court
neidge et al., 1980) and it or its substrates may interact with
gap junction components (Azarnia and Loewenstein. 1987;
Azarnia et al., 1988). In some cell types, pp.60s" is as
sociated with the attachment of the actin-based cytoskeleton
to the cell surface, for example at adherens junctions (Tsukita
et al., 1991) and at growth cones of extended neurites (Maness
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et al., 1988; Sobue, 1990). The location of ppé0" is not
restricted exclusively to the cell surface, however. In plate
lets and chromaffin cells ppó0* is associated with secre
tory granules in addition to the plasma membrane (Ferrell
et al., 1990; Parsons and Creutz, 1986; Grandori and
Hanafusa, 1988), and in neurons, fractions enriched in syn
aptic vesicles contain pp60." (Hirano et al., 1988; Bar
nekow et al., 1990). In fibroblasts pp60. “ is recovered
from intracellular membranes associated with the nuclear
envelope (Resh and Erikson, 1985), and if pp.60" is over
expressed it shows both plasma membrane localization and
accumulation in puncta throughout the cytoplasm (Kaplan
et al., 1990; David-Pfeuty and Nouvian-Dooghe, 1990).
The colocalization of pp.60." and endocytosed Con A in
fibroblasts overexpressing the c-src protein suggests that
pp60." may be associated with endosomes (David-Pfeuty
and Nouvian-Dooghe, 1990). It is possible that the intracel
lular localization reflects mis-sorting of a protein intended
for the cell surface. If, on the contrary, pp60°" is selec
tively targeted to the intracellular organelles it becomes less
likely that pp.50+" is exclusively part of a conventional sig
naling receptor.

Specific targeting of pp.60." to intracellular organelles
could require an interaction with a component enriched in
that organelle. Membrane association of both the viral and
cellular forms of the src gene product is dependent in part
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on covalent attachment of the 14-carbon fatty acid myristate
to the amino terminus of the src proteins (Buss et al., 1986:
Garber et al., 1985; Cross et al., 1984; Kamps et al., 1985).
However, certain deletions of amino-terminal sequences re
sult in myristylated but nonmembrane-associated pp60. “
(Garber et al., 1985; Krueger et al., 1982; Kaplan et al.,
1990). These observations suggest that sequence elements
within the amino-terminal portion of the protein function to
gether with the myristyl moiety in membrane association.
That the membrane association may be mediated by interac
tion with a membrane receptor is further suggested by the
finding that membrane fractions contain saturable binding
sites for myristylated src protein (Resh, 1989). Furthermore,
a 32-kD polypeptide present in fibroblast membrane frac
tions and several proteins present in platelet membrane frac
tions can be specifically cross-linked to myristylated amino
terminal src peptides (Resh and Ling, 1990; Feder and
Bishop, 1991).

To learn if the c-src protein is indeed targeted to intracellu
lar organelles and to estimate the selectively of targeting, we
have quantified the enrichment of pp.60" in synaptic vesi
cles isolated from the neuroendocrine cell line, PC12. We
chose synaptic vesicles because pp60." is naturally en
riched in neural tissue (Cotton and Brugge, 1983; Brugge
1985). A previous attempt to examine the subcellular distri
bution of pp60." activity in the brain found similar levels
of enzymatic activity associated with all membrane fractions
(Hirano et al., 1988). Enrichment was found in crude
microsomal and crude synaptic vesicle fractions but the tyro
sine kinase activity in these fractions was only 30% greater
than the starting homogenate. Brain synaptic vesicles puri
fied by glass bead chromatography contain ppé0“ which
causes the in vitro tyrosine phosphorylation of the synaptic
vesicle protein, synaptophysin (Barnekow et al., 1990). Al
though the highest kinase activity is reported to be in the syn
aptic vesicle fraction, no comparison with other membra
nous organelles was given. If pp60** is present on all
membranes its receptor must be widely distributed in the
cell. If pp.60" is preferentially targeted to synaptic vesi
cles, then they should be enriched in a putative receptor for
pp60 " membrane association. Synaptic vesicles have a
relatively simple biochemical composition, a feature that
could facilitate identification of such a receptor if it is vesicle
specific. Our experiments quantitate the distribution of
pp60. " in PC12 cells, a cell line that contains endocrine
synaptic vesicles (Navone et al., 1986; Wiedenmann et al.,
1988) that have a composition similar to that of brain synap
tic vesicles (Clift-O'Grady et al., 1990). We show that these
PC12 synaptic vesicles are enriched in pp60**, which
should facilitate identification of both the receptor and the
domains involved in targeting.

Materials and Methods

Immunofluorescence
PC12 cells were grown in media containing nerve growth factor (100 ng/ml;
Calbiochem Corp., La Jolla, CA) for at least 5 d before plating on coverslips
coated with poly-D-lysine and laminin. The cells were fixed with 3%
paraformaldehyde for 30 min, washed two times with PBS, and two times
with PBS-glycine (20 mM), and then permeabilized for 20 min with PBS
glycine-saponin (0.1%) (Schweizer et al., 1988). The coverslips were then
inverted on 15 ul PBS-saponin containing either none, one, or both of the
primary antibodies for 30 min. The primary antibodies used were 327 (anti
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src mouse mab) (Lipsich et al., 1983) at 5 ug/ml and an anti-synaptophysin
rabbit polyclonal serum at 1:500 (Linstedt and Kelly, 1991). After five
washes with PBS-saponin the coverslips were inverted on 15 ul PBS
saponin containing one or both of the following antibodies: FITC-labeled
sheep anti-rabbit (dilution 1:400) (Cappel Laboratories, West Chester,
PA), or biotinylated horse anti-mouse antibody (dilution 1:40) (Vector
Laboratories, Burlingame, CA). The biotinylated antibody was detected
with streptavidin-rhodamine (dilution 1:100) (Molecular Probes, Inc., Eu
gene, OR). After five final washes with PBS-saponin the coverslips were
rinsed with water and mounted on glass slides.

Differential Centrifugation
Cells were removed from the plates by scraping in buffer A (150 mM. NaCl.

1 mM EGTA, 1 mM MgCl, and 10 mM Hepes, pH 74) and collected by
centrifugation at 300 g for 7 min. Homogenization was in buffer A, usually
08 ml, containing a protease inhibitor cocktail (pepstatin, chymostatin,
leupeptin, and aprotinin at 10 ng/ml, 1 mM PMSF; 1 ug/ml o-phenan
throline; 10 uM benzamidine) using a Cell Cracker (European Molecular
Biology Laboratory) with 10 strokes and a 12-um clearance. The homoge
nate was separated into a nuclear pellet (P1) and postnuclear supernatant
(Sl) by centrifugation at 1,000 g for 5 min in a SS34 rotor (Sorvall Instru
ments, Newtown, CT). The S1 was centrifuged at 27000 g for 35 min in
the SS34 rotor to obtain a pellet of large membranes (P2) and a high speed
supernatant (S2). The S2 was fractionated into small membranes (P3) and
cytosol (S3) by centrifugation at 127000 g for 60 min in an air centrifuge
(Beckman Instruments, Palo Alto, CA). Pellets were resuspended and as
sayed for ppé0* and synaptophysin by immunoblotting, protein content
by Pierce assay (Pierce Chemical Co., Rockford, IL) with BSA as a stan
dard, and membrane protein content by Pierce assay after extraction with
Triton X-114 as described (Bordier, 1981).

Organelle Immunoisolation
Aliquots of 20 mg of Dynabeads M-450 (DYNAL, Inc., Great Neck, NY),
magnetic polystyrene beads coated with sheep anti-mouse IgG1, were in
cubated with 20 ug of either anti-synaptophysin (SY38) or mouse Y-globulin
(Pel-Freez Biologicals, Rogers, AR) overnight at 4°C then rinsed with
buffer A. Three aliquots of the S2 fraction prepared from two 15-cm plates
of PC12 cells were used. One aliquot was added to the SY38 beads, one
was added to the control beads, and the final was left untreated. Each sample
was rotated for 60 min at 4°C. Using a magnet to retain the beads, the S2
fractions were removed and centrifuged for 60 min at 127000 g in the air
centrifuge. The resulting pellets (P3) were lysed and analyzed by immuno
blotting for ppé0" and synaptophysin. The isolated beads were subjected
to sequential washes in buffer A and after each wash a fraction was extracted
with 1% SDS and the extract was assayed for the presence of ppé0" by
immunoblotting.

Velocity and Flotation Gradients
For velocity gradient analysis, the S1 fraction from either unlabeled or
metabolically labeled cells was layered on 4.4 ml linear 5-20% sucrose, or
5–25% glycerol gradients in buffer A underlayered with a 0.4 ml 50% su
crose pad and centrifuged in a SW55 rotor (Beckman Instruments) at 4°C
for 60 min at 48,000 rpm. For flotation gradient analysis samples pooled
from the sucrose velocity gradients were adjusted to 50% sucrose with a
70% sucrose solution and underlayered on 4 ml linear 20–40% sucrose gra
dients containing 10 mM Hepes, pH 7.4, and 1 mM EGTA and centrifuged
in the SW55 rotor at 4°C overnight at 48,000 rpm. All gradients contained
the protease inhibitor cocktail (see above). Fractions were collected from
the bottom of the tube. Protein content in fractions from unlabeled cells was
determined with BSA as a standard using either the Pierce assay or the
Quantigold assay (Diversified Biotech, Newton Centre, MA). Scintillation
counting was used to determine protein content in fractions from labeled
cells. Antigen content was assayed by immunoblotting from unlabeled cells
or immunoprecipitation from labeled cells.

Labeling and Immunoprecipitation
For metabolic labeling, cells were incubated overnight in DME-H21 media
depleted of cysteine and methionine but supplemented with 2% FCS and
[*S]Translabel (ICN K&K Laboratories Inc., Irvine, CA) at 100 uCi/ml.
Synaptophysin immunoprecipitations were carried out in buffer containing
1% NP-40, 0.4% deoxycholate, 0.3% SDS, 66 mM EDTA, 10 mM Tris, pH
74, with an anti-rat brain synaptic vesicle serum that recognizes synap
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tophysin (Clift-O'Grady et al., 1990). Immunoprecipitation of ppb.0 *
was in RIPA buffer with mab 327 as described previously (Kaplan et al.
1990)

Immunoblotting

Proteins were separated by SDS-PAGE (10% gels) and transferred to
nitrocellulose using a semi-dry electrotransfer apparatus (E&K. Saratoga,
CA). Proteins were visualized by staining in Ponceau S for several minutes
followed by rinses with water. Blocking was for 60 min followed by incuba
tion with SY38 (20 ng/ml) and 327 (3 ug/ml) for 60 min, three 5-min
washes, incubation with *i-goat anti-mouse IgG (Cappel Laboratories,
for 60 min and three final washes. All incubations were in PBS containing
5% non-fat dry milk and 0.05% Tween 20. The nitrocellulose was exposed
to x-ray film at −70°C with an enhancing screen. Autoradiograms were
quantitated using a phosphorimager (Molecular Dynamics)

Results

pp60** and Synaptophysin Immunofluorescent
Patterns Overlap in PC12 Cells
Analysis of the intracellular localization of pp.60. “ in PC12
cells by immunofluorescence microscopy revealed a punc
tate distribution of immunoreactivity. The cells shown in
Fig. 1 were grown for 5 d in nerve growth factor (to promote
neurite extension) and plated on poly-D-lysine and laminin
coated coverslips, then fixed with formaldehyde, saponin
permeabilized and double stained for pp60 " (Fig. 1 B)
and synaptophysin (Fig. 1 C). Puncta of pp60 * immuno
reactivity were scattered throughout the cytoplasm (Fig. 1
B). Intense staining of the plasma membrane was not appar
ent, which contrasts with the staining pattern seen in fibro
blasts overexpressing pp60." (Kaplan et al., 1990: David
Pfeuty and Nouvian-Dooghe, 1990). Staining was present in
neuritic processes, particularly in the growth cone area.
consistent with previous reports of ppó0 " localization to
growth cones (Sobue, 1990). This pattern was very similar
in overall appearance to the synaptophysin pattern (Fig.
1 C). Synaptophysin staining was more intense overall.
and slightly more intense throughout the processes. Many
pp60. “ puncta, particularly in the processes and growth
cone areas, were in alignment with synaptophysin puncta.
Similar antibody-specific distributions were obtained using
other monoclonal or polyclonal antibodies directed against
either antigen. The coincidence of pp60." and synaptophy
sin staining suggested that ppó0** may be localized to
membranes that participate in synaptic vesicle recycling
(such as endosomes or synaptic vesicles or both).

pp60* Is Highly Enriched in Fractions Containing
Small Vesicles

To begin to test whether ppé0“ associates with PC12 syn
aptic vesicles we used a simple differential centrifugation
scheme that has proved useful for studying the distribution
of synaptophysin-containing membranes (Clift-O'Grady et
al., 1990; Linstedt and Kelly, 1991). Synaptophysin is recov
ered in both the pellet (P2) and supernatant of a 27000-g
centrifugation of PC12 lysates. The synaptophysin in the su
pernatant, which can be concentrated in a 127000-g pellet
(P3), is mostly in synaptic vesicles, while that in the P2 is
present in larger membranes (Clift-O'Grady et al., 1990:
Linstedt and Kelly, 1991). In contrast, an endosome marker,
the low density lipoprotein receptor, is recovered in the P2,

Linstedt et al. Association of pp.60." with Synaptic Vesicles

Figure 1. Localization of pp60* (B) and synaptophysin (C) in
PC12 cells by double label immunofluorescence. Both pp60."
and synaptophysin immunoreactivity are dispersed throughout the
cytoplasm and processes in very fine puncta. A Nomarski image
of the stained cells is also presented (A).

with only minor amounts remaining in the supernatant (Lin
stedt and Kelly, 1991).

Paralleling the distribution of synaptophysin, a substantial
amount of the sedimentable pp60. “ present in the post
nuclear supernatant was recovered in both the P2 and P3
fractions (Fig. 2 A). The pp60. “ recovered in the P3 frac
tion accounted for 44 + 9% while in the same fraction 40
+ 10% of the synaptophysin was recovered (n = 4). In
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Figure 2. Presence of pp60" in a slowly sedimenting fraction
from PC12 but not CHO cells. PC12 (Q) and CHO (C) cells were
separated by differential centrifugation and each fraction was as
sayed for ppó0** by immunoblotting. The recovery of pp.50" in
the P2 and P3 fractions is shown: (A) as percentage of the total
sedimentable ppé0" in the post nuclear supernatant (P2 + P3):
(B) as recovery when normalized by the total amount of protein in
each fraction; and (C) as recovery when normalized by the amount
of membrane protein in each fraction. The data are averages it SD,
n = 3 for CHO, n = 4 for PC12. P1, P2, and P3 centrifugations
were 1,000 g for 5 min, 27000 g for 30 min, and 125,000 g for
60 min, respectively. Soluble pp60**, and ppé0** that was re
covered in the nuclear pellet are not shown. Membrane protein was
determined by recovery in the detergent phase of Triton X-114.

marked contrast, only an insignificant amount of pp60.",
3 + 3% (n = 3), was recovered in the equivalent P3 fraction
from CHO fibroblast cells (Fig. 2A). The absence of small,
pp60"-containing vesicles in fibroblasts correlates with
their lack of synaptic vesicles. Synaptophysin in transfected
fibroblasts is targeted to endosomes and recovered primarily
in the P2 fraction (Linstedt and Kelly, 1991). The distribu

The Journal of Cell Biology, Volume 117. 1992

tion of pp60°" between P2 and P3 fractions was no differ
ent in CHO cells transfected with synaptophysin. Therefore,
a substantial portion of pp.60" cosediments with a slowly
sedimenting membrane population present in PC12 cells, but
presumably absent in CHO cells.

The enrichment of pp60" in the PC12 P3 fraction was
twice that of the P2 fraction when compared with total pro
tein present in each fraction (Fig. 2 B). Consistent with the
absence of synaptic vesicles in CHO cells, pp60°º was not
enriched in the CHOP3 fraction after normalization to pro
tein content. When the PC12 P3 fraction was analyzed on a
flotation gradient very little protein (<5%) was associated
with membrane fractions. The amounts of membrane pro
tein in the P2 and P3 fractions were compared directly by
measuring the amount of protein that could be extracted into
the detergent phase of Triton X-114. Since almost all of the
total membrane protein in the postnuclear supernatant was
recovered in the P2 fraction (data not shown), the protein in
the P3 fraction must be due largely to nonmembranous com
plexes. When normalized to membrane protein rather than
total protein, the ppó0" associated with the P3 fraction
was ~75-fold more enriched than the ppé0° in the P2
fraction (Fig. 2 C).

Isolation of pp60** Vesicles with an
Anti-synaptophysin Antibody
To test directly for association of pp60** with PC12 synap
tic vesicles, vesicle immunoisolation experiments were car
ried out using magnetic immunobeads, coated with a mAb
that recognizes an epitope in the cytoplasmic tail of synap
tophysin, at concentrations sufficient to deplete the mem
branes containing synaptophysin (Fig. 3). After removal of
the immunobeads, membranes remaining in the supernatants
were collected by centrifugation and assayed for the presence
of pp.60" and synaptophysin by immunoblot. As a con
trol for nonspecific adsorption, beads coated with mouse
gamma globulin were used. A comparison of the recoveries
of pp60. “ or synaptophysin membranes in nontreated (N)
and control bead-treated (C) supernatants indicated that
there was no significant depletion by the control beads (Fig.
3, compare lanes 1 and 2). In contrast, treatment of a PC12
27,000 g supernatant with the anti-synaptophysin beads (S)
depleted all synaptophysin-containing membranes (Fig. 3,
lane 3). Immunoblots of this same material with antibodies
against pp60** demonstrated that removal of synaptophysin
membranes depleted membrane associated pp60* (Fig. 3,
lane 3). The isolated beads were extracted under conditions
that allowed recovery of pp60." but prevented solubiliza
tion of the mouse antibodies coating the beads. This allowed
an immunoblot assay of the bead fraction using a mouse
mAb against pp60 " that demonstrated that ppó0** was
recovered from the isolated anti-synaptophysin beads (Fig.
3, lane 5), but not from the control beads (Fig. 3, lane 4).
Analysis of synaptophysin recovery in the bead fraction
required solubilization conditions that disrupted antibody
binding and thus also solubilized the mouse antibodies that
coat the magnetic beads. In parallel experiments using a rab
bit polyclonal antibody that recognizes synaptophysin, the
bead fraction was assayed by immunoblot and synaptophysin
recovery was shown to be quantitative and specific (Linstedt
and Kelly, 1991).
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The Triton X-114 partition assays presented in the previous
section indicated that of the total protein in the P3 fraction
most was not membrane protein. Consistent with this find
ing, removal of synaptophysin membranes by immunodeple
tion did not significantly reduce the amount of total protein
recovered in the P3 fraction (Fig. 3, compare lanes 7 and 8).
The depletion of pp60" by the anti-synaptophysin bead
treatment indicated that pp60." in the P3 fraction was
membrane associated (not part of a cytosolic protein com
plex) and that the membranes in the P3 were highly enriched
in pp60. “. Furthermore, since a large fraction of the syn
aptophysin present in the PC12 27000-g supernatant is in
synaptic vesicles, the depletion of pp.60. “ by removal of
synaptophysin-containing membranes suggested that ppó0**
in this fraction is associated with the synaptic vesicles. These
data verify that ppó0** must be highly enriched in PC12
synaptic vesicles. Based on the enrichment presented above
(Fig. 2 C) a unique membrane population (e.g., plasma
membrane) in the P2 would have to comprise <2% of the
total membranes present to contain pp60. “ with the same
enrichment as PC12 synaptic vesicles.

Copurification of ppó0** with Endocrine
Synaptic Vesicles
Since the experiments presented above indicated that the
pp60. “ was associated with the PC12 synaptic vesicles we
sought to purify the vesicles with the src protein associated.
We first analyzed the behavior of pp60. “-containing vesi
cles on velocity gradients. When the postnuclear supernatant
was analyzed, synaptic vesicle membranes were clearly de
tectable as a peak of synaptophysin (Fig. 4A, fraction 8) dis
tinct from the larger membranes that collected on a pad at the
bottom of the tube (Fig. 4 A, fraction 2). Coincident with
the synaptic vesicles was a peak of ppó0°". Comparison of

Linstedt et al. Association of pp.60 " with Synaptic Vesicles
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with anti-synaptophysin im
munobeads. S2 fractions were
either nontreated (N), treated
with control antibody beads
(C), or treated with anti-synap
tophysin beads (S). After
removal of the beads the mem
branes remaining in each su
pernatant were collected in a
pellet (P3) and analyzed for
pp60* and synaptophysin by
immunoblotting (lanes 1–3).
The isolated immunobeads
were extracted with 1% SDS
and these extracts were ana

lyzed for pp60°" by immu
noblotting (Beads, lanes 4 and
5). The similarity of the protein
patterns (lanes 6–7) observed
with Ponceau S staining of the
nitrocellulose (photocopied
before immunoblotting) indi
cated that immunobead treat

ment did not significantly de
plete major proteins recovered
in the P3 fraction.

the recovery of pp.60" associated with small and large
membranes after velocity gradient analyses reproducibly in
dicated that the enrichment of ppó0°" in small vesicles was
greater than that for synaptophysin (e.g., compare fractions
2 and 8 in Fig. 4 A). Separation of Ratla fibroblast post
nuclear supernatants yielded a peak of pp.60." only at the
bottom of the gradient (data not shown). This finding, con
sistent with the results shown in Fig. 2, suggests that the
pp60** association with synaptic vesicle-sized membranes
found in the neuroendocrine PC12 cells does not occur in
fibroblasts.

Fractions encompassing the synaptic vesicle-sized mem
branes on sucrose velocity gradients were pooled and ana
lyzed on sucrose flotation gradients. A peak of pp.60" and
synaptophysin antigenicity co-migrated with a peak of pro
tein at a density of 1.13 gm/cc (Fig. 4 B). It was observed
that nearly 100% of the synaptophysin was recovered in the
fractions containing buoyant membranes, while only 60–80%
of the ppé0" was similarly recovered. We assume that the
pp60 " that did not float together with the synaptic vesicles
was the result of dissociation from the synaptic vesicles for
the following reasons. The recovery of pp60." with synap
tic vesicles on density gradients varied depending on which
isolation conditions were used. The pp60. " did not co
migrate with soluble proteins on the flotation gradients, but
trailed from the synaptic vesicle peak toward the position
where the sample was applied, suggesting dissociation dur
ing sedimentation. Also, up to 50% of the ppó0** as
sociated with synaptic vesicles isolated on immunobeads
slowly dissociated during prolonged buffer washes (data not
shown).

Comparative SDS-PAGE of the pooled fractions at each
purification step is presented in Fig. 5. The position of
pp60" and synaptophysin was determined by immuno

i081



91

0.3

Tº -

§ §
º: O 3.
e -
t; º
s s
* 020 i

.015

010

.1 -
-

o N – 005

s
^

-

0.0 - —C- 000
o 2 4. 6 8 10 12

Fraction Number (from bottom)

Figure 4. Cosedimentation of pp.60°" and PC12 synaptic vesicles.
(A) PC12 postnuclear supernatant separated on a linear 5-20% su
crose gradient underlaid with a dense sucrose cushion and cen
trifuged at 48,000 rpm for 60 min. (B) Material from the peak of
the sucrose velocity gradient (fractions 7 and 8 in A) was adjusted
to 50% sucrose and applied under a linear 20–40% sucrose gra
dient and centrifuged at 48,000 rpm for 12h. Each fraction was as
sayed for protein (x), synaptophysin (-e-), and ppé0“ (-O-) as
described in Materials and Methods.

blotting a separate lane from the same gel (Fig. 5, lane 5).
Several bands showed enrichment in the flotation peak rela
tive to the starting material including bands at the same posi
tion as ppé0** and synaptophysin (compare lanes 1 and 4)

Quantitation of the recovery of total protein. pp60** and
synaptophysin in the postnuclear supernatant, velocity peak,
and flotation peak for four independent experiments is
presented in Table I. Quantitation of experiments carried out
on unlabeled material using protein assays and immunoblots
was in agreement with quantitation of experiments carried
out on labeled material using scintillation counting and im
munoprecipitation. The enrichment of pp.60." calculated
for purified synaptic vesicles was similar to that found in the
P3 fraction when normalized by membrane protein (com
pare Fig. 2 C with Table I).

Silver Stain Biot
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Figure 5. Polypeptide composition of subcellular fractions. Mate
rial from the homogenate (lane 1), S1 (lane 2), velocity peak (lane
3), and density peak (lane 4) was subjected to SDS-PAGE (2.4 ug
protein/lane; 10% gel) and stained with silver. Part of the gel was
subjected to immunoblotting to determine the position of ppé0**
and synaptophysin (lane 5). The position of molecular weight
markers (205, 116, 97.4, 66, 45, and 29 kD) is indicated.

Discussion

We have studied the distribution of ppó0** in PC12 cells
and compared it with that of a synaptic vesicle membrane
protein, synaptophysin. In PC12 cells pp60** was found to
be specifically associated with the endocrine synaptic vesi
cles. In cells simultaneously stained with antibodies that
recognize either ppó0: " or synaptophysin the ppó0“im
munofluorescence pattern extensively overlapped with the
synaptophysin pattern. Nearly 50% of the membrane-asso
ciated pp60 * was recovered in a slowly sedimenting frac

Table I. Copurification of PC12 Synaptic Vesicles and ppG0“

Protein Synaptophysin pp30° "

Percent total Percent total Enrichment Percent total Enrichment

Postnuclear supernatant 100 100 l 100 l

Velocity pool 5 + 1 34 + 6.8 36 + 3 7.2
Flotation pool 0.2 + 0.1 24 + 120 19 + 2 95

The numbers indicate average + SD of four independent experiments.
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tion enriched in synaptic vesicles and containing very little
membrane protein. When this fraction was prepared from a
fibroblast cell line only an insignificant amount of pp60. “
was present. All of the pp60. * recovered in the PC12 small
vesicle fraction was removed by immunodepletion of the en
docrine synaptic vesicles using antibodies directed against
synaptophysin. Furthermore, pp60. “ copurified with the
endocrine synaptic vesicles through a 100-fold purification.

Our experiments demonstrate targeting of pp60. “ to an
isolatable and biochemically identified membrane fraction.
A straightforward hypothesis, as suggested by the work of
Resh and Ling (1990) on fibroblasts and Feder and Bishop
(1991) on platelets is that the targeting of ppb0 “to PC12
synaptic vesicles is mediated by a specific membrane pro
tein. Cross-linking and co-immunoprecipitation experiments
using the purified synaptic vesicle fraction may identify such
a protein. Since pp60 * is associated with other mem
branes, including endosomes, in addition to synaptic vesi
cles in PC12 cells (our own unpublished observations) it may
be that PC12 cells express more than one "Src receptor."
Kaplan et al. (1990) have suggested that different domains
within the src amino terminus may mediate targeting to
different cellular compartments. This could be tested in
PC12 by comparing the targeting to the synaptic vesicle
membrane of transfected proteins lacking or containing dif
ferent pp60 * domains.

As the integral membrane proteins cycle from synaptic
vesicles through plasma membrane and endosome, synaptic
vesicle-specific peripheral membrane proteins can associate
and dissociate. The synapsins, major substrates in the nerve
terminal for cAMP-dependent and calcium-calmodulin
dependent protein kinases, are phosphorylated during exocy
tosis, which promotes their dissociation (Schiebler et al.,
1986; Sihra et al., 1989). If exocytosis is stimulated by the
venom o-latrotoxin in the absence of extracellular calcium,

the synapsins are found in association with the plasma mem
brane (Torri-Tarelli et al., 1990) suggesting that dissociation
comes after exocytosis. The small GTP-binding protein, rab
3A, which is restricted to synaptic vesicles (Fischer von
Mollard et al., 1990a; Mizoguchi et al., 1990), also dissoci
ates from synaptic vesicles on exocytosis (Fischer von Mol
lard et al., 1990b).

Although pp60 * association with PC12 synaptic vesi
cles was somewhat unstable in vitro, we recovered equal
amounts of pp60 * in synaptic vesicle fractions from cells
unstimulated and those stimulated with either high potas
sium, phorbol esters, or nerve growth factor (data not
shown). These experiments are hard to interpret since it is
not known what conditions are required to stimulate the exo
cytosis of PC12 synaptic vesicles. A comparison of pp60."
and synaptophysin distribution across a velocity gradient
of the postnuclear supernatant (Fig. 4 A) suggested that
pp60. * is even more enriched in the synaptic vesicle frac
tions than synaptophysin. The compartment other than syn
aptic vesicles in which large amounts of synaptophysin are
recovered is the endosome (Johnston et al., 1989; Linstedt
and Kelly, 1991). If most of the synaptophysin membranes
that collect at the sucrose pad are indeed endosomes, then it
would be necessary to postulate that synaptic vesicle mem
branes lose their pp60 * as they cycle through the endo
some. At present, therefore, it is plausible that association and
dissociation of the known synaptic vesicle-enriched periph

Linstedt et al. Association of pp.60." with Synaptic Vesicles

eral membrane proteins, rab3A, synapsin, and pp60.", is
regulated by, or regulate the exocytotic cycle.

Synaptic vesicles contain v7% of the protein in the brain
(Südhof and Jahn, 1991). If ppó0" is a major component
of brain synaptic vesicles as it is of endocrine synaptic vesi
cles, then it is easy to explain the enrichment of ppó0" in
neuronal tissues. Tyrosine kinase activity, however, is gener
ally associated with plasma membrane receptors and cell
signaling. The conventional view therefore is difficult to
reconcile with an association between ppó0" and an intra
cellular organelle. One intriguing possibility, given the as
sociation between pp60." and the actin cytoskeleton men
tioned earlier, is that pp60." regulates the interaction
between membranes, including secretory vesicles, and the
actin-based cortical cytoskeleton. Synaptic vesicle mem
branes are associated with cortical cytoskeleton and serine/
threonine kinases are already known to regulate this associa
tion during exocytosis. Perhaps tyrosine protein kinases also
play a role in disassembling the cortical cytoskeleton to al
low exocytosis, or the recovery of membrane by endocytosis.
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As the work in this thesis illustrates, we are beginning to understand

the details about how tyrosine kinases participate in the signalling pathways

controlling mitogenesis and differentiation. However, there are still many

important aspects of signal transduction that remain unexplained. I would

like to discuss two issues, in particular, that emerge from the work in this

thesis. First, since most receptor tyrosine kinases (RTKs) seem to activate very

similar signal transduction pathways, what is the source of specificity in

signalling by tyrosine kinases? Second, an emerging theme in signal

transduction is the unexpected redundancy in signalling by tyrosine kinases

and downstream signalling pathways. What is the purpose of this

redundancy?

Specificity in tyrosine kinase signalling:

PC12 cells are a useful system for dissecting the components of the

signal transduction pathways that regulate both mitogenesis and

differentiation; these cell undergo neuronal differentiation in response to

nerve growth factor (NGF) and fibroblast growth factor (FGF), while

epidermal growth factor (EGF) and insulin have mitogenic effects. Each of

these growth factors act by binding to growth factor receptor tyrosine kinases,

and initially seem to activate very similar signal transduction pathways. The

work in Chapter Two of this thesis demonstrates that NGF stimulation of

PC12 cells induces the phosphorylation of PLC-Y1 on tyrosine and promotes

association of this signalling molecule with the RTK Trk. However, it was

also observed that EGF and FGF also cause PLC-1 phosphorylation. Other

groups have shown that PI3-kinase becomes phosphorylated and activated in

response to both NGF and EGF (15, 21). Downstream of RTK activation,
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Ras, MAP kinases and RSK/S6 kinases also become activated by both growth

factors, and a similar profile of immediate early genes are induced (2, 10,

11, 12). Since none of these signalling molecules are specifically activated in

response to a differentiation or mitogenic input, how are these two inputs

distinguished?

The signal transduction pathways downstream of RTK activation have

not been exhaustively characterized. As we learn more about RTK signalling

the source of specificity may become clear. For example, we may uncover

signalling proteins that specifically associate with Trk and the FGF receptor

and not the EGF receptor to regulate pathways leading to PC12 cell

differentiation. In addition, many more forms of the MAP kinases, as well as

the kinases that regulate them are being discovered, and it is possible that

these proteins will be regulated differently by the RTK's controlling

differentiation as opposed to proliferation.

Recently a protein called SNT (suc-associated neurotrophic factor

induced tyrosine-phosphorylated target) was identified that becomes

phosphorylated on tyrosine in response to stimulation with differentiation

factors, such as NGF or FGF, but not mitogens, such as EGF and insulin (14).

It was identified based on its ability to bind to p135ucl-agarose, and was

associated with nuclear fractions following sub-cellular fractionation of NGF

stimulated PC12 cells. The identity of this protein is not known, and it is not

clear whether SNT is a direct target for the RTK activity of Trk, FGF receptor

or other differentiation factor-regulated RTK's.

SNT phosphorylation appears to be Ras-independent: i) inducible

expression of activated H-Ras in PC12 cells promotes neuronal differentiation
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of these cells, but does not lead to phosphorylation of SNT on tyrosine, and ii)

inducible expression of a dominant inhibitory Ras mutant (N17-Ras), which

blocks the ability of NGF to promote PC12 cell differentiation, does not block

phosphorylation of SNT on tyrosine in response to NGF (14). Although it is

possible that SNT phosphorylation is an event upstream of Ras activation,

the nuclear localization of SNT argues against this. It is possible that the

pathways involving Ras serve as the primary common signal initiating

differentiation or proliferation, and that more specific Ras-independent

proteins, such as SNT modulate the cell's response to activation of the Ras

pathway.

The rapid phosphorylation of SNT on tyrosine, its nuclear localization

following growth factor stimulation and its independence from the Ras

pathways are all reminiscent of the Stat proteins, recently shown to

participate in growth factor signal transduction. These proteins, of which p21

is the best-characterized member, become rapidly phosphorylated on tyrosine

following cytokine (interferon-O and interferon-Y, ciliary neurotrophic factor,

interleukin-6, oncostatin M, leukemia inhibitory factor) or growth factor

(PDGF and EGF) stimulation of cells (16, 17, 20). They translocate to the

nucleus and form part of transcription factor complexes that regulate

expression of genes such as c-fos. The specificity of signal transduction may

arise from the ability of these proteins to uniquely combine and form specific

transcription factor complexes. SNT may represent a member of this or a

similar family of proteins that modulate transcription of genes in response to

extracellular signals. However, there is currently no evidence that either SNT

or the Stat proteins are in any way required for growth factor signal

*
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transduction, and neither p91 nor any other Stat family member have been

implicated in NGF-dependent signalling pathways.

An alternative explanation for specificity in RTK signalling was

recently proposed by Steve Green and his colleagues. It was noticed that NGF

stimulation tends to result in sustained activation of downstream signalling

molecules, such as Ras and the MAP kinases, while EGF stimulation

produces a more transient activation (13). This may be explained by different

kinetics of down-regulation for the two RTK's; the EGF receptor is more

rapidly down-regulated following ligand binding than Trk. It has been shown

that NGF, but not EGF stimulation of PC12 cells results in nuclear

translocation of Erk1 (12). Therefore, it is possible that sustained activation of

MAP kinases or RSK kinases allows enough time for a significant proportion

of these activated kinases to translocate to the nucleus and influence

transcriptional events. To directly test the importance of receptor down

regulation in determining the specificity of PC12 cell responses to receptor

activation we have generated PC12 cell lines that express a truncated form of

the EGF receptor that cannot be internalized and down-regulated (in

collaboration with Tony Capobianco). When stimulated with EGF these PC12

cells undergo neuronal differentiation. We do not yet have evidence that the

timing of downstream signalling events in response to EGF has been altered

in these cells.

PC12 cells require the continued presence of NGF or FGF to maintain

the differentiated state. Most attention has focussed on the signalling events

immediately following binding of these ligands to their receptors. However, it

is likely that an important component of NGF or FGF signal transduction
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takes place at much later times, once the initial flurry of events in response to

RTK activation have taken place. Very little is known about the signalling

proteins that transduce NGF or FGF signals over the longer periods of time

required for the initiation and maintainance of differentiation. This avenue

of investigation will likely be important to our understanding of growth

factor receptor signal transduction and the control of differentiation.

Redundancy of signalling by tyrosine kinases:

In response to ligand binding receptor tyrosine kinases become
activated and interact with a number of signalling molecules that possess SH2

domains. The functions of these signalling proteins are not entirely

understood, but appear to be partially redundant. In particular, it appears that

many of them contribute to the activation of Ras, initiating a kinase cacade

that results in MAP kinase activation, RSK activation, and changes in gene

expression. For example, as discussed in chapter three of the thesis, the PDGF

receptor has at least four potential means of regulating Ras activity and MAP

kinase activation. One pathway depends upon coupling of Grb2 to the

receptor by association with Syp (8), a second pathway depends upon

activation of PLC-Y1, resulting in phosphoinositide turnover and activation

of protein kinase C (1, 3, 5), a third mechanism could depend upon

activation of Src family tyrosine kinases, regulating phosphorylation of SHC

and its interaction with Grb2 (9), finally either PI3-kinase or Nck appear to

regulate Ras activity in some way (18). Elimination of one source of input

into Ras activation does not necessarily compromise signalling by the RTK

since there is potential for compensation from other sources.
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These inputs are not entirely equivalent. It is likely that each signalling

protein, in addition to coupling to Ras activation, also regulates other signal

transduction pathways that modulate the response of the cell to Ras

activation, regulate the activity of Ras and downstream effector molecules, or

control other aspects of the cell's function, such as regulation of the

cytoskeleton. The importance of specific associated proteins for RTK

signalling may depend upon the ultimate phenotypic outcome in response to

growth factor stimulation. For example, the work in chapter three of this

thesis demonstrates that disruption of PDGF receptor association with PI3

kinase, GAP or PLC-Y1 does not compromise the ability of this receptor to

promote PC12 cell differentiation or MAP kinase activation. However, other

laboratories have shown that PI3-kinase association with the PDGF receptor is

essential for mitogenesis and Ras activation in fibroblast CHO cells (18).

It is not known what purpose such redundancy in RTK signalling

serves. Expression of dominant-negative forms of Ras blocks both growth

factor-induced mitogenesis and differentiation (4, 6, 23), arguing that Ras

function is absolutely essential to these processes. The cell has probably

evolved multiple means of regulating Ras activation to ensure that signalling

is not easily compromised.

There is evidence for functional redundancy or compensation in the

function of Src family tyrosine kinases as well. In chapter four of the thesis we

described localization of Src to synaptic vesicles, a localization that is

consistent with the results from crude fractionation of synaptic vesicles from

brain. Since the sympatic vesicle is a highly specialized secretory organelle, and

relatively few proteins are specifically targetted to this membrane population,
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it might be expected that Src would contribute to synaptic vesicle function in

some way. Src has also been implicated in other aspects of cell function,

including regulation of cytoskeletal organization at focal adhesions (19), and

signal transduction downstream of PDGF receptor activation (7,24).

However, disruption of the Src gene by homologous recombination generates

a relatively restricted phenotype of osteopetrosis, with no evidence of changes

in synaptic vesicle function, PDGF receptor signal transduction, or

cytoskeletal organization at focal adhesions (22). The most likely explanation

for this surprisingly mild phenotype is that other Src family tyrosine kinases

compensate for the loss of Src protein either by an increase in expression

levels, an increase in kinase activity or a change in subcellular localization.

The expression patterns of Src family tyrosine kinases overlap considerably

and in many cases, more than one Src family tyrosine kinase has been

implicated in a single process. For example, the PDGF receptor associates not

only with Src, but also with Yes and Fyn (7). The degree of redundancy in Src

family tyrosine kinase function will be tested by breeding single Src family

knockout mice to generate mice deficient in the function of multiple Src

family members.

Conclusions:

Tyrosine kinases participate in such opposing processes as cell

proliferation and differentiation. Nevertheless, the basic machinery involved

in transducing the signal to the cell following tyrosine kinase activation

appears to be both highly conserved and highly redundant, regardless of

phenotypic outcome. A considerable challenge will be to understand the
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complex network of signal transduction pathways involved in coupling s

extracellular signals to phenotype-specific changes in gene expression. .
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