INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/7614700  800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Differential Regulation of Protein Kinase C Isoforms by v-Src

Qun Zang

A dissertation submitted to the Graduate Faculty in Biology in
partial fulfillment of the requirements for the degree of Doctor of

Philosophy, The City University of New York.

1997

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9720156

UMI Microform 9720156
Copyright 1997, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ii

This manuscript has been read and accepted for the Graduate Faculty
in Biology in satisfaction of the dissertation requirement for the

degree of Doctor of Philosophy.

e

er C lege
ples

*ecutive Offlcer Dr. Rich L. Chappell

zfi:joseph S. Krakow, Hunter Lollege

D%; %gure; ;cfharé;§£;un%er Eof[ége

Dr. Lu-Ha1l Wang (Dept. of Microbio ogy
Mt. Sinaj School of Megqcin

Mt Sinai School of Med1c1ne

Supervising Committee

The City University of New York

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



iii

Abstract

Differential Regulation of Protein Kinase C Isoforms by v-Src

by

Qun Zang

Advisor: Dr. David A. Foster

The protein kinase C (PKC) family consists of at least 11 distinct isoforms. In
both murine and rat fibroblasts, we detected expression of the conventional PKC a, the
novel PKCs § and &, and the atypical PKC . Except for the atypical PKCs, membrane
association has been used to determine PKC activation. In cells transformed by v-Src,
there was a Ca®*-dependent increase in membrane association of the o isoform relative to
the non-transformed parental cells. Of the novel PKC isoforms & and €, the & isoform was
preferentially associated with the membrane in v-Src-transformed cells. Since it is not
clear whether the subcellular distribution of aPKCs correlates with their activation, we
could not determine whether { isoform is activated. PKC & and PKC ¢ are both activated
by exogenous diacylglecerol and phorbol ester. Thus, the differential activation of the §
and € isoforms by v-Src suggests that the regulation of the novel PKC isoforms involves
more complex mechanism.

We found that PKC & co-immunoprecipitates with v-Src and is phosphorylated on

tyrosine. The tyrosine phosphorylated PKC § was primarily localized in membrane
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fraction. However, tyrosine-phosphorylated PKC 8 has reduced enzymatic activity
relative to non-tyrosine-phosphorylated PKC 8. c¢-Src did not co-immunoprecipitate with
PKC 3 and an activated c-Src mutant (c-Src 527F) did, suggesting that the association
between Src and PKC 3 requires active Src kinase. An additional mutation at the N-
terminal of c-Src 527F, abolishing membrane association of Src, prevented its association
with and tyrosine phosphorylation of PKC 8. A deletion within the SH2 domain of Src did
not prevent the Src/PKC 6 interaction. Interestingly, both the association between c-Src-
527F and PKC § and the tyrosine phosphorylation of PKC § were substantially enhanced
by mutating the PKC phosphorylation site at Ser 12 in Src, suggesting that
phosphorylation of Src by PKC destabilizes the interaction in a negative feedback loop.
These data suggest a complex regulation of PKC & isoform in which direct interaction
between Src and PKC & may result in PKC § tyrosine phosphorylation and down-

regulation of its kinase activity.
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Chapter I. Introduction

Since its discovery in 1977, protein kinase C (PKC) has been implicated as a
critical component in number of signaling mechanisms because it is activated by a variety
of extracellular agents, such as hormones, growth factors, neurotransmitters (Nishizuka,
1992a; 1988). These external stimuli cause the elevated levels of a second messenger, sn-
1,2-diacylglycerols (DG), which binds to and activates PKC. PKC activation elicits
cellular responses by phosphorylating target proteins on serine and threonine residues. It
is now clear that PKC is a serine/threonine kinase family consisting of at least 11 distinct
isoforms. Much more study remains to be done to define the specific activation,

regulation and the biological roles of these PKC isoforms.

1. PKC family

11 members of PKC family have been identified to date by molecular cloning.
These isoforms are derived both from multiple genes and from alternative splicing of a
single RNA transcript (Coussens et al., 1986; Ono et al., 1987; Ono et al., 1988). They
possess a primary structure containing conserved structure motifs with a high degree of
sequence homology. Based on their activation requirements, this family has been divided
into three major categories (Nishizuka, 1992a) (Figure 1). The schematic structures of
PKC isoforms are illustrated in figure 1.

All of the PKC isoforms require phosphatidylserine for activation. The
conventional PKCs (cPKCs) consist of four members: o, BI, BII and y. Their activation

requires both Ca®* and DG. A second class of PKCs lack a conserved Ca® -binding
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Figure 1. Schematic of the structures of PKC isoforms.

Showing here are the domains of PKC isoforms involved in binding lipid,
phorbol ester and zinc (C1), Ca®" (C2), ATP (C3) and substrates (C4). Also indicated at
the N-terminus of C1 is the psudosubstrate domain. Ca® -independent PKC isoforms
(nPKC and aPKC) lack the Ca®" binding region. aPKC isoforms only have a truncated

lipid binding domain (C1).
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domain (C;) and have been designated novel PKCs (nPKCs). This group includes the 9, €,
1, and O isoforms. Their activation is independent of Ca**. The atypical PKCs (aPKCs), ¢
, A and , lack the C» Ca*"-binding domain and possess only a single DG binding site,
which apparently renders them insensitive to both Ca* and DG/phorbol esters. There is a
pseudosubstrate domain for every PKC isoform. This domain has been proposed to bind
to the active site of PKC and maintains the kinase in an inactive state by steric inhibition.
Binding of activators to PKC molecules induces a conformational change that displaces
the pseudosubstrate domain and thus allows access to substrates (Nelsestuen and Bazzi,
1991; Quest and Bell, 1994).

The reasons for PKC heterogeneity are not yet understood. Northern and western
blot analysis have demonstrated that most cell types contain multiple PKC isoforms and
the expression patterns of PKC isoforms are tissue and cell type specific (Nishizuka,
1988). For example, PKC a, B, 8 and  are widely distributed. However, PKC vy is
exclusively localized in brain and spinal cord (Nishizuka, 1988), and PKC 7 is expressed
mainly in epithelial tissues (Bacher et al., 1991; Osada et al., 1993) . The distinct
expression patterns and activation requirements suggest that the PKC family is not mere a
family of isoforms with identical function, but rather different enzymes likely to have

distinguishable functions.

2. Activation of PKC by diacylglycerols and reporter systems for PKC activation
Second messenger DG activates most PKC isoforms except the aPKCs. Tumor
promoter, phorbol esters, mimics DG and activates PKC. In in vitro studies, over 50 DG

analogues have been tested and the results showed that PKC activation by DG is stereo-
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specific and requires sn-1,2-diacylglycerols (Boni and Rando, 1985; Ganong et al., 1986).
Figure 2 illustrates the model of PKC activation by membrane bound lipids. However, it
should be pointed out that since cPKCs were the first isoform group to be characterized in
detail with the respect to their activation by lipids, the model described here relies heavily
on the data obtained for this group of PKCs.

As shown in figure 2, elevated Ca*" levels promote the localization of cPKCs at the
membrane. Binding of DG increases the affinity of PKC to phosphotidylserine (PS) and
strengthens PKC association with membrane (Mosior and Epand, 1993; Orr and Newton,
1992a; 1992b). DG together with PS induces a conformational change that exposes the
pseudosubstrate domain (Orr et al., 1992) and makes a transition of PKC from a
membrane associated to a membrane inserted state (Bazzi and Nelsestuen, 1988; Brumfeld
and Lester, 1990; Lester and Brumfeld, 1990; Lester et al., 1990)

In most cells and tissues, inactive PKC resides within cytosol. Activation of PKC
results in the translocation of PKC to membrane fraction (Kraft and Anderson, 1983; May
et al., 1985; Wolfet al., 1985). Therefore, the level of membrane-associated PKC in
stimulated cells is used as a measurement for its intracellular activation. The distribution
of PKC isoforms can be detected by either immunoblotting or immumocytochemistry.

The development of isoform specific PKC antibodies has greatly facilitated the study of
distinct activation status of individual PKC isoforms. However, the activation of aPKCs,

which are DG independent, can not be determined by their membrane association.
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Figure 2. Mechanism of cPKC activation by membrane bound lipids.

Lipid interaction sites in regulatory domain of PKC are indicated as dark areas. Cysl and
Cys 2, cysteine-rich region 1 and 2 in lipid binding domain (C1) (see figure 1). CalB,
calcium dependent lipid binding site in C2 region (see figure 1). Cat, catalytic domain.
Figure shows three steps in the sequence of events leading to PKC activation. (1) PKC
resides in cytosol in an inactive state with the pseudosubstrate motif buried within the
catalytic domain. Initial PKC association with membrane mediated through CalB motif
depends on the presence of calcium (left). (2) Upon association, in particular with PS
(black circles), a conformational change could bring C1 region closer to the membrane to
allow subsequent interaction with DG. In this stage, the pseudosubstrate domain has not
yet been exposed and the kinase is not activated (middle). (3) DG binding within C1
region promotes insertion of the protein into the hydrophobic core of the membrane,
which releases the pseudosubstrate domain from catalytic domain and activates the kinase

(right).
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Another widely used method for studying PKC activation is to detect the
phosphorylation state of PKC substrates, such as myristoylated alanine-rich C kinase
substrate (MARCKS). However, it is now clear that MARCKS is a substrate of multiple
PKC isoforms (Fujise et al., 1994). So far, little is known about the in vivo substrates for

individual PKC isoforms.

3. Is the activation of PKC isoforms differentially regulated ?

DG can be generated from various phospholipids by phospholipases, such as
phospholipase C (PLC) and phospholipase D (PLD). PKC activation by DG generated
from agonist stimulated phosphoinositide (PI) metabolism via PLC is well established
(Leach et al., 1991). However, hydrolysis of other phospholipids, particularly PC by PLD
or PLC in cell signaling has been suggested (Diaz-Laviada et al., 1990; Song et al., 1991).

Upon cell stimulation, PI hydrolysis by PLC results in a rapid and transient
elevation of DG, frequently followed by a sustained DG increase (Nishizuka, 1992a). It
was reported that the second phase DG formation is from PC hydrolysis in response to
some mitogens, growth factors (Leach et al., 1991) and oncogenic v-Ras and v-Src (Diaz-
Laviada et al., 1990; Song et al., 1991). The later phase increased DG maintains the
sustained activation of PKC that is essential for long term cellular responses such as
differentiation and proliferation (Aihara et al., 1991; Asaoka et al., 1991). Several
mechanisms have been proposed for the formation of DG from PC (Nishizuka, 1992a;
1992b). A PLC which utilizes PC as a substrate has been suggested. However, PLC
reactive with PC has not been purified. Several lines of evidences indicates that PC is

hydrolyzed by PLD in an agonist dependent manner, resulting in formation of
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phosphotidic acid (PA) that is converted to DG by PA phosphotase (PAP). Furthermore,
mammalian PLD was detected in various tissue and cell types (Chalifa et al., 1990; Olson
et al., 1991). Human PLD (Hammond et al., 1995) and plant PLD (Ueki et al, 1995)have
been cloned recently.

The potential for specific PKC isoform activation by unique DG species is now
being considered. It has been demonstrated that DG production does not always lead to
PKC activation (Kujubu et al., 1991; Moscat et al., 1989) and that different stimuli
generate different DG species (Cazaubon and Parker, 1993). DG species generated from
PI and PC are different in their fatty acid composition (Foster, 1993). DGs with different
fatty acid composition can activate PKC to different degrees (Ford et al., 1989; Leach et
al., 1991). In addition, other lipids, such as arachidonic acids (McPhail et al., 1984), cis-
unsaturated fatty acids (el Touny et al., 1990; Murakami et al., 1986; Sekiguchi et al.,
1987), phosphatidylinositol(3,4)biphosphate (PI(3,4)P2) (Lee and Bell, 1991) and
phosphatidylinositol(3,4,5)triphosphate (PIP3) (Nakanishi et al., 1993) are potentially
selective activators of PKC isoforms in vitro. Therefore, it is plausible that PKC isoforms
are differentially regulated by various combinations of DG, Ca“", PS and other lipid
metabolic products.

Protein modification has been suggested to be involved in regulation of PKC
isoforms. It has been shown that PKC & tyrosine phosphorylated is induced by various
stimuli (Denning et al., 1993; Denning et al., 1996; Gschwendt et al., 1994; Li et al.,
1994a; 1994b). However, how this phosphorylation affects kinase activity of PKC & and
what is the role of tyrosine phosphorylated PKC 6 in vivo are unclear (see Chapters [V

and V). No tyrosine phosphorylation has been found in other PKC isoforms. Thus, this
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protein modification may be specific for PKC §. In addition, phosphorylation of the o
isoform on threonine is essential for the catalytic activity of PKC a (Cazaubon and Parker,
1993). Therefore, protein modifications could define the functional or regulatory

specificities for different PKC isoforms.

4. PKC in v-Src induced signaling

In our lab, we are studying the intracellular signals induced by oncogenic tyrosine
kinase v-Src. We and others have implicated PKC in the transduction pathway initiated
by v-Src (Halsey et al., 1987; Nori et al., 1990; Qureshi et al., 1991; 1992; Sagara et al.,
1986; Spangler et al., 1989; Wolfman et al., 1987). As summarized in figure 3A, PKC is
required for the gene expression controlled by promoter TPA response element (TRE)
(Qureshi et al., 1992) and the expression of 7/5/0 gene (Qureshi et al., 1991) in v-Src-
transformed cells. 775/0 gene expression is not mediated by TRE (Kujubu et al., 1991).
Thus, PKC is involved in the regulation of at least two transcriptional control elements -
TRE and the transcriptional control element(s) that regulate(s) 77S/0 gene expression.
The existence of multiple isoforms of PKC in the same cell could contribute to the
activation of a subset of transcriptional control elements.

Consistent with PKC involvement in v-Src-induced intracellular signals, we found
that v-Src induces an increase in DG, the physiological activator of PKC (Song et al.,
1991). We further demonstrated that v-Src generates DG via a PLD that is specific for a
subpopulation of PCs lacking arachidonic acid (Song and Foster, 1993). Further more,

our recent data have shown that the induction of PLD activity by v-Src is dependent on
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A Src
PKC + - +
Raf-1 - + +
Gene 9E3 Egr-1 Tis10
Promoter TRE SRE ?

PKC Isoforms

Figure 3. A. v-Src induced gene expression. v-Src induces the expression of genes 9£3,
Egrl and Tis10, and the genes controlled by promoters TRE and serum response element
(SRE). We previously reported that those gene expressions are PKC (or Raf-1)
dependent (+) or independent (-). B. Model of v-Src induced signaling. v-Src induces
PLD activity via Ras and Ral. Activation of PLD results in increase of DG which

activates PKC isoforms.
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the function of small G proteins Ras (Jiang et al., 1995a) and Ral (Jiang et al., 1995b)
(Figure 3B).

Thus, to better understand the role of PKC isoforms in the signaling pathways
initiated by v-Src, we have examined the differential activation and regulation of PKC

isoforms in v-Src-transformed rat fibroblasts.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10



11

Chapter II. Materials and Methods

1. Cells and cell culture conditions

Rat fibroblasts 3Y1, v-Src transformed 3Y1 cells (3Y1-NY72") which express the
NY72 temperature-sensitive mutant of v-Src in a Moloney murine leukemia virus vector
(Mayer et al., 1986), mouse fibroblasts Balb/c 3T3, Balb/c 3T3 cells transformed with the
Schmidt Rupin D (SRD) strain of Rous sarcoma virus were maintained in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% newbomn calf serum
(HyClone). The 3Y1-NY72!S cells were maintained at the permissive temperature for
transformation (35°C).

In some cases, Ca*" was depleted by incubation with 25 uM BAPTA/AM
(CalBiochem) or 10 mM EGTA (Sigma) for 30 minutes. The cells were treated with 100
ug/ml 1,2-dioctanoyl-sn-glycerol (DiCs) (Sigma) and/or S uM ionomycin (Sigma) for 5
minutes. Genestein (Sigma) treatment, when used, was at 300 uM for 4 hours. TPA was
added in the culture at 200 nM for 30 min to activate PKC or 800 nM for 24 hours to

down-regulate PKC.

2. Antibodies.

For westernblot, monoclonal antibodies to PKC o and phosphotyrosine (4G10)
were obtained from Upstate Biotechnology Inc. Monoclonal anti-PKC 3 was obtained
from Seikagaku. Polyclonal antibodies to PKC §, € and £ were obtained from Gibco BRL.

Polyclonal antibodies to PKC v, 6, and n were obtained from Santa Cruz Biotechnology.
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The anti-vSrc monoclonal antibody was from Oncogene Sciences. For
immunoprecipitation, polyclonal antibody to PKC & was purchased from Calbiochem.
Monoclonal anti-phosphotyrosine (PY20) was from Transduction Laboratories and the
monoclonal antibody against v-Src was from UBL

For the secondary antibodies, rabbit anti-mouse IgG was purchased from Zymed.

Peroxidase conjugated anti-mouse IgG and anti-rabbit IgG were from Sigma.

3. Determination of DG levels

Confluent 60 mm culture dishes were prelabeled with isotopes for overnight in 2
ml of media containing 0.5% newbom calf serum. Isotopes were added to the culture
media as follows: [3H]-myristate, 2 uCi (40 Ci/mmol); [3H]-arachidonate, 2 uCi (240
Ci/mmol). [3H]-myristate (NET-830), and [3H]-arachidonate (NET-2982) were obtained
from New England Nuclear. Extraction of lipids was performed as described previously
(Song and Foster, 1993). DG levels were characterized by TLC (silica gel 60A plates)
using the following solvent system: he_xane:diethylether:methanol: glacial acetic acid
(90:20:3:2;v/v). Lipid standards were visualized by treating TLC plates with iodine
vapor. To quantitate metabolically labeled DG, the TLC plate was subjected to
autoradiography and the intensity of DG bands was determined using a Molecular

Dynamics densitometer.
4. Subcellular fractionation

To examine the subcellular localization of PKC isoforms, cultures were allowed to

get to approximately 85% confluence and then shifted to 0.5% DMEM for 24 hours. For

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

subcellular fractionation, cells from 150 mm culture dishes were washed three times with
ice-cold isotonic buffer [phosphate-buffered saline; 136 mM NaCl, 2.6 mM KCl, 1.4 mM
KH2PO4, 4.2 mM NagHPOg4, pH 7.2 (PBS)] and then scraped in 1 ml homogenization
buffer (20 mM Tris-HCI [pH 7.5], 5 mM NaCl, 1 mM EDTA, 5 mM MgCl2, 2 mM
dithiothreitol). The cells were disrupted with 20 strokes in a Dounce homogenizer (type B
pestle) and the lysate was centrifuged at 100,000 X g for 1 hour. The supernatant was
collected and considered to be the cytosolic fraction. The membrane pellet was suspended
in the same volume of homogenization buffer with 1% Triton-100. After incubation for
30 minutes at 40C, the suspension was centrifuged at 100,000 g for 1 hour. The
supernatant was collected as the membrane fraction. To prepare the total cell lysates, cells
were lysed in homogenization buffer with 1% Triton-100. Lysates were clarified for 1

hour centrifugation at 100,000 g. Protein concentration was measured by Bio-Rad assay.

5. Western Analysis

Equal amounts of protein from both cytosolic and membrane fractions or total cell
lysate were subjected to SDS-polyacrylamide gel electrophoresis using an 8% acrylamide
separating gel and transferred to nitrocellulose. After blocking at 49C overnight with 5%
non-fat dry milk in PBS, the nitrocellulose filters were incubated with appropriate
antibodies. The results were detected using the ECL system (Amersham) and

SuperSignal™ western blotting reagent (Pierce).

6. Immunoprecipitation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Equal amount of cell lysates or subcellular fractions were incubated with proper
antibodies at 4°C for overnight. 40 ul protein A-agarose beads (Santa Cruz
Biotechnology) was added to the lysates mixture for 3 hours to precipitate
immunocomplex. Immunoprecipitates were washed three times with the
immunoprecipitation buffer (10 mM Tris pH 7.5, | mM EDTA, 1 mM EGTA, 150 mM
NaCl, 0.5% NP-40, 1% Triton-100, 0.1 mM PMSF, 10 ug/ml leupeptin and 10 ug/ml

aprotinin) and were denatured with SDS sample buffer.

7. in vitro PKC assay

PKC activity of tyrosine-phosphorylated and non-tyrosine-phosphorylated PKC
was determined according to protocols described before (Denning et al., 1993). Cell
lysates from v-Src-transformed cells were immunoprecipitated with anti-phosphotyrosine
antibody and phosphotyrosine-containing proteins were recovered with protein A-agarose
beads. The supernatant was used as the source of non-tyrosine-phosphorylated PKC .
The anti-phosphotyrosine immunoprecipitate pellet was resuspended in homogenization
buffer containing 30 mM phenylphosphate to release the tyrosine-phosphorylated proteins.
The antibodies were recovered by centrifugation and the supernatant was used as the
source of tyrosine-phosphorylated PKC 8. Both the tyrosine-phosphorylated and non-
tyrosine-phosphorylated preparations were then immunoprecipitated with anti-PKC &
antibody. The immunprecipitates were washed three times with immunprecipitation buffer
and twice with (20 mM HEPES pH 7.5, 10 mM MgCl,) followed by resuspension in 100
ul kinase buffer (20 mM HEPES pH 7.5, 10 mM MgCl,, ImM DTT, 100 uM ATP, 1

mg/ml histone type IIIS, 60 pg/ml phosphatidylserine, and TPA at | uM if included. PKC
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activity was then determined as described previously (Joseph et al., 1992). The PKC &
levels in the assays was determined by western blot analysis and activity was normalized to

these levels.

8. Transfections and plasmid vectors

3Y1 cells were plated at a density of 10° cells/100 mm dish 18 h prior to transfection.
Transfections were performed using lipofectamine reagent (GIBCO) according to the
vendors instructions. The plasmid expression vectors contained the G418-resistance
marker and transfected cultures were selected in 400 ng/ml G418 for 8-10 days at 379C.
At that time colonies were examined for morphology, picked and expanded for further
analysis. The c-Src mutants transfected into 3Y1 cells are as follows: c-Src 527F has a
mutation of Tyr to Phe at position 527 (Kmiecik and Shalloway, 1987); c-Src 527F-A12
has an additional change at Ser 12 to Ala (Yaciuk et al., 1989); the LN mutation has 4
additional amino acids at the amino terminus (MAAA) (Bagrodia et al., 1993) and was
placed in the c-Src 527F context as described for the A12 mutation (Yaciuk et al., 1989);
the SH2 deletion of c-Src 527F-ASH2 has a disruption of the SH2 domain in which amino
acids 148-187 have been deleted (Seidel-Dugan et al., 1992) and this mutation was placed
in the c-Src 527 context as with the LN and A12 mutations (Yaciuk et al., 1989). All Src
constructs were in the pEVX expression vector (Johnson et al., 1985; Kriegler et al.,

1984).
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Chapter III. PKC isoforms are differentially activated in

v-Src-transformed fibroblasts

Introduction

As described in Chapter I, PKC is a serine/threonine kinase family with multiple
distinct members and has been implicated in a wide variety of signaling mechanisms
(Nishizuka, 1992a). We and others have implicated PKC in the transduction of
intracellular signals initiated by tyrosine kinase v-Src (Halsey et al., 1987; Nori et al.,
1990; Sagara et al., 1986; Spangler et al., 1989; Wolfman et al., 1987). We have further
demonstrated that v-Src induced gene expression in murine fibroblasts via two
distinguishable signaling pathways: one dependent upon PKC and another that is
independent of PKC (Qureshi et al., 1991). The existence of multiple isoforms of PKC in
the same cell could contribute to the PKC-dependent signals.

Consistent with the PKC involvement in v-Src signaling, we also found that v-Src
stimulates a phospholipase D (PLD) activity, which subsequently leads to an increase in
DG, the physiological activator of most PKC isoforms (Song et al., 1991). In order to
understand the role of PKC isoforms in v-Src signaling, we started to examine the
expression of PKC isoforms and their activation in v-Src-transformed rat and murine

fibroblasts.
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Results

1. PKC isoforms expression in 3Y1 and v-Src-transformed 3Y1 cells.

In order to determine which PKC isoforms are present in rat fibrobasts 3Y1 cells
and 3Y]1 cells expressing v-Src. Whole cell lysates from 3Y1 and 3Y1-v-Src cells were
examined by western blot analysis. Using antibodies specific for the a, B, v, 6, €, n, 6, and
Cisoforms, we determined that the a, , €, and C were present in both the 3Y1 and 3Y1-v-
Src cells (Figure 4); we were unable to detect the B, v, i or 0 isoforms (data not shown).
By proceeding the same experiment in mouse fibroblasts BALB/c 3T3 cells and v-Src-
transformed BALB/c 3T3 cells, we obtained the similar result as that in 3Y1 cells (data
not shown).

These data are consistent with previous reports where the o, 9, €, and £ isoforms
were shown to be expressed in rat (Borner et al., 1992a) and murine fibroblasts (Olivier
and Parker, 1994). As shown in figure 4, the o, 3, €, and ¢ isoforms were present in
approximately equal amounts in both parental cells and in v-Src-transformed cells. Thus,

v-Src does not increase gene expression of these PKC isoforms in 3Y1 cells.

2. DG levels are elevated in v-Src-transformed cells

The cPKCs and nPKCs are activated by the lipid second messenger DG, which is

generated by the hydrolysis of membrane phospholipids (Foster, 1993).
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PKC o

PKC &

PKC ¢

PKC ¢

Figure 4. Expression of the o, 8, € and { PKC isoforms in 3Y1 and v-Src-
transformed 3Y1 (3Y1-vSrc) cells.
Whole cell extracts were normalized for protein amount and subjected to western

blotting analysis using antibodies to specific PKC isoforms.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

N
|

—
|

3H-DG (Fold Increase)

(@]

3Y1 3Y1 3Y1 3Y1
vSrc vSrc

Figure 5. DG levels in 3Y1 and v-Src-transformed 3Y1 cells.

3Y1 and 3Y1-vSrc cells were prelabeled with either [3H]-myristate (MA) or [3H]-
arachidonate (AA) as shown and DG levels were determined. Data are presented as the
percent DG of the total cpm incorporated into the 3Y1 and 3Y1-vSrc cells using the [3H]-
myristate or [3H]-arachidonate labels as shown. Data are the average of duplicates from a

representative experiment that was repeated at least twice.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

We previously demonstrated that v-Src induces increase of DG level by the
phospholipase D/phosphatidic acid phosphohydrolase pathway (Song and Foster, 1993,
Song et al,, 1991). The phospholipase D activated by v-Src is specific for PC species
lacking arachidonic acid but rich in myristic acid (Song and Foster, 1993). We therefore
compared DG levels in 3Y1 cells and v-Src-transformed 3Y1 cells. Cells were prelabeled
with either [3H]-myristate or [3H]-arachidonate; [3H]-myristate is incorporated almost
exclusively into PC, whereas [3H]-arachidonate is incorporated into all of the major
membrane phospholipids including PC (Song and Foster, 1993). As shown in figure 5,
there were significant elevated levels of DG in v-Src-transformed 3Y1 cells relative to that
in parental 3Y1 cells. If the cells were labeled with [3H]-arachidonate, no such difference
between the two cell types was detected. Thus, there is an elevation of DG in v-Src-
transformed cells that is derived from PC, the source of v-Src-induced increases in DG

(Song et al., 1991).

3. PKC isoform activation in v-Src-transformed 3Y1 cells.

Since the PKC translocation from cytosolic to membrane fractions has been used
as a measurement of PKC activation in various systems (Borner et al., 1992b; Ha and
Exton, 1993; Olivier and Parker, 1994). We therefore compared the subcellular
distribution of the PKC isoforms in the 3Y1-v-Src and parental 3Y1 cells. PKC o is
dependent upon both Ca®>* and DG for activation (Nishizuka, 1992). As a positive control
for PKC a activation, we examined the effect of short term TPA treatment on the
subcellular distribution of PKC a.. As shown in figure 6, short term treatment with 200

nM TPA for 30 minutes caused the complete association of PKC o with the membrane
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fraction in 3Y1 cells. Prolonged treatment with 800 nM TPA for 24 hours, which down-
regulates most PKC isoforms, eliminated PKC « in these cells. The distribution of PKC «
between the membrane and the cytosol in 3Y1 and 3Y1-v-Src cells is shown in figure 6.
The o isoform is almost completely associated with the cytosolic fraction in the 3Y1 cells,
suggesting that PKC a is not activated in these cells. However, in the v-Src transformed
3Y1 cells, a substantial portion of PKC a is associated with the membrane fraction. These
data suggest that the o isoform of PKC is activated in response to v-Src.

We next examined the subcellular distribution of the Ca*"-independent PKC
isoforms & and € in the 3Y1 and 3Y1-v-Src cells. As demonstrated for the a isoform,
short term TPA treatment lead to a complete association of both the § and € isoforms with
the membrane fractions and long term TPA treatment lead to down-regulation of both of
these isoforms (Figure 6). Analysis of the subcellular distribution of the § isoform in 3Y1
and 3Y1-v-Src cells revealed a substantially enhanced membrane association of PKC 6 in
the v-Src transformed 3Y1 cells relative to the parental 3Y1 cells (Figure 6). In contrast,
the € isoform had the same subcellular distribution in both the 3Y1-v-Src and 3Y1 cells, in
which this isoform fractionated almost exclusively with the cytosol (Figure 6). Thus, the
Ca2+-independent nPKCs 6 and € appear to be differentially activated in response to the
kinase activity of v-Src.

The ¢ isoform of PKC is both Ca*'- and phorbol ester-independent (Nakanishi and
Exton, 1992; Ways et al., 1992). Unlike the o, 8, and & isoforms, a change in the
subcellular distribution for the { isoform has not been demonstrated to correlate with or
represent activation. The subcellular distribution of PKC ( is not dramatically affected by

either short term or long term TPA treatment (Figure 6). There were no significant
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differences in the subcellular distribution of the £ isoform in the 3Y1 and 3Y1-v-Src cells

(Figure 6).

Figure 6. Subcellular distribution of PKC isoforms in 3Y1 and v-Src-transformed

3Y1 cells

Cytosolic (C) and membrane (M) fractions of the cells were prepared and
subjected to western blot analysis using antibodies raised against the a, 6, €, and { PKC
isoforms as shown. As a positive control for activation, the parental cells were treated
with TPA (200 nM, 30 min). The effect of prolonged exposure to TPA (800 nM, 24 hr)

on the PKC isoforms in parental cells is also shown.
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In order to illustrate if the activation of PKC a and § is due to the kinase activity
of v-Src, the effect of tyrosine kinase inhibitor, genistein, on the translocation of a and 8
in 3Y1-v-Src cells was examined. As shown in figure 7, genistein treatment blocked the
increased membrane association of the  and a isoforms in the v-Src transformed

3Ylcells.

4. Ca2*-dependence of PKC o membrane association in 3Y1-v-Src cells

The activation of the o isoform of PKC is dependent upon both DG and Ca*",
whereas the nPKC isoforms & and € are Ca** independent (Nishizuka, 1992a). A role for
Ca®" in the signals activated by Src is not well characterized. We therefore examined
whether the activation of the a isoform by v-Src required Ca®*. To establish a role for
Ca® in the activation of PKC a by v-Src, we tested the sensitivity of increased membrane
association of the . PKC isoform in 3Y1-v-Src cells to the membrane-permeant Ca”™
chelator BAPTA/AM and the extracellular Ca®* chelator EGTA. As shown in figure 7,
the membrane association of the a isoform in 3Y1-v-Src cells was sensitive to both
BAPTA/AM and EGTA. As expected, neither BAPTA/AM nor EGTA had any effect on
the subcellular distribution of the § isoform in either 3Y1 or 3Y1-v-Src cells. The same
result was also obtained in BALB/c 3T3 and v-Src-transformed BALB/c 3T3 cells (data
not shown). These data suggest that the increased membrane association of the a isoform
of PKC in response to v-Src requires Ca>". Although the mechanism for generation of the

Ca® needed for the v-Src-induced activation of PKC o requires further investigation, it is
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likely to involve an influx of extra-cellular Ca*" since EGTA, which chelates only extra-

cellular Ca%", inhibited the membrane association of PKC a. in the 3Y1-v-Src cells.

Con. BAPTA EGTA Gen.
MCMCMCM

. L 3Y1
PKCa > I8
> 3Y1-vSrc
> B
PKC & |
—> 3Y1-vSrc

Figure 7. Effect of Ca2*-chelators and genistein on PKC a and 5 activation in 3Y1

and v-Src-transformed 3Y1 cells.

Ca?" was depleted by incubation of the cells with intracellular Ca2* chelator
BAPTA/AM (25 uM) or the extracellular Ca?*chelator EGTA (10 mM). Protein-
tyrosine kinase activity was inhibited by genistein treatment (300 uM). The control cells
(Con.) were untreated with any of the compounds. BAPTA/AM or EGTA was added 30
minutes prior to harvesting of cells; genistein, 4 hr prior to harvest . The subcellular

distribution of the o and & isoforms was determined as in Fig. 6.
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DiC8
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PKCe = 3Y1
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Figure 8. Activation of PKC isoforms in 3Y1 and 3Y1-v-Src cells by DiCs and
ionomycin.

3Y1 and 3Y1-v-Src cells were either untreated (Con.) or treated with the soluble
DG DiC8 (100 pg), ionomycin (5 uM) (I), and both DiC8 and ionomycin (D +I) as
shown. DG and/or ionomycin were added 5 min prior to harvesting of cells. The

subcellular distribution of the o, 8 and € isoforms was then determined as in Fig. 6.
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To confirm the requirement of DG and/or Ca®" for the activation of the PKC
isoforms in 3Y1 and 3Y1-v-Src cells, we examined the effects of 1,2-dioctanoyl-sn-
glycerol (DiCs), a soluble DG, and the Ca® ionophore, ionomycin, on the subcellular
distribution of the o, § and € isoforms. As shown in figure 8, incubation with DiCsg alone
induced the translocation of both PKC 3 and € but not ot in 3Y1 and 3Y1-v-Src cells.
[onomycin had no effect on the translocation of any of the PKC isoform. However, DiCs
and ionomycin induced complete translocation of PKC o in 3Y1 and 3Y1-v-Src cells.
Since both DiCg and TPA were able to induce the membrane association of PKC ¢, the
lack of PKC ¢ activation in response to v-Src was not due to lack of responsiveness to
diacylglycerol. The differential responsiveness of PKC 8 and € in v-Src transformed cells

suggests more complex mechanism involved in regulation of novel PKCs.

5. PKC isoform activation in v-Src-transformed Balb/c 3T3 cells

In order to determine whether the phenomena of differential activation of PKC
isoforms in response to v-Src observed in the 3Y1 rat fibroblasts could also be observed in
another cell line transformed by v-Src. We therefore compared the subcellular distribution
of the PKC isoforms in v-Src-transformed and parental murine BALB/c 3T3 cells. As
shown in figure 9, there were substantial increases in the membrane association of the «
and & isoforms in the v-Src-transformed cells relative to the Balb/c 3T3 cells; whereas,
there was no difference in the membrane association of PKC ¢ in the two cell lines. Thus,
qualitatively, v-Src induces the same pattern of PKC isoform activation in the murine
Balb/c 3T3 cells as that observed in the rat 3Y1 cells. A small but reproducible increase in

the membrane association of the  isoform was observed in the v-Src-transformed
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BALB/c 3T3 cells. However, as discussed above, it is not clear that such changes in

membrane distribution correlate with activation of this PKC isoform.

TPA
30 min. 24 hrs.

o

M CMCMUCMOZC
SRD Balb/c 3T3

PKC o« =>»

PKC 5 —=>»

PKCe >

Figure 9. Subcellular distribution of PKC isoforms in BALB/c 3T3 and v-Src-
transformed BALB/c 3T3 (SRD) cells.

Cytosolic (C) and membrane (M) fractions from v-Src-transformed (SRD) and
parental Balb/c 3T3 (BALB) cells were prepared and subjected to Western analysis using
antibodies raised against the o, 8, €, and { PKC isoforms as shown. As a positive control
for activation, the BALB/c 3T3 cells were treated with TPA (200 nM, 30 min). The effect
of prolonged exposure to TPA (800nM, 24 hr) on the PKC isoforms in BALB/c 3T3 cells
is also shown. Because of the weak expression of PKC § in these cells, we enriched this
isoform by partial purification using chromatography as described previously (Joseph,
1992). In the PKC ( detection, the high molecular weight band present in the membrane
fraction of Balb/c 3T3 cells after short term TPA treatment is likely PKC o which is
weakly cross-reactive with ¢ antibody [Ha, 1993 #927].
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Discussion

The role of PKC in the transduction of many diverse intracellular signals is well
established (Nishizuka, 1992a); however, the molecular mechanisms for the activation of
the different PKC isoforms are more complex than originally proposed. In this part of our
work, we have shown that in cells expressing the oncogenic protein-tyrosine kinase v-Src,
there is a selective activation of the o and § isoforms of PKC. The € isoform is not
activated by v-Src despite the production of DG. We were not able to detect substantial
differences in the cellular distribution of the  isoform in v-Src-transformed 3Y1 cells, but
there was a small increase in membrane association of the ( isoform in v-Src-transformed
Balb/c 3T3 cells. It is not known whether membrane association represents activation of
the € isoform; however, since PKC £ has been implicated in mitogenic signaling (Berra et
al., 1993), a role for PKC  in v-Src-induced signaling can not be ruled out.

It was previously shown that the nPKC isoforms 8 and € are co-activated in
response to bombesin and platelet-derived growth factor (Olivier and Parker, 1994).
Additionally, the 6 and € isoforms were shown to be co-activated in response to both
serum and EGF in 3Y1 rat fibroblasts (Ohno et al., 1994). However, we found that the &
and € isoforms are not co-activated in response to v-Src. A possible explanation for the
selective activation of the d isoform in response to v-Src is the generation of unique DG
species. It was recently shown that a differential activation of the o and € PKC isoforms
could be explained simply by the presence or absence of Ca*" and not by different DG
species that might be generated (Ha and Exton, 1993). However, the preferential

activation of the & over the & isoform observed in v-Src-transformed cells can not be
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explained by a difference in Ca®” production since both of these isoforms are independent
of Ca**. Thus, it is possible that the DG species generated in response to v-Src might
preferentially activate the § isoform. We previously demonstrated that v-Src generates
DG via a phospholipase D that is specific for a subpopulation of PC lacking arachidonic
acid (Song and Foster, 1993). While the basis for this apparent aliphatic specificity is not
understood, it is possible that specific DG species are generated in order to activate
specific PKC isoforms. Several reports have demonstrated that different DG species are
differentially phosphorylated by DG kinase (Ford and Gross, 1990; Lee et al., 1991; Song
et al., 1994) Additionally, it has been demonstrated that DG production does not always
lead to PKC activation (Daniel et al., 1993; Moscat et al., 1989) and that different stimuli
generate different DG species (Pessin et al., 1990). Thus, there is precedent for biological
specificity at the level of the aliphatic composition in the generation, metabolism and
effector function of DG which could contribute to the differential activation of the § and €
PKC isoforms observed here.

Whether activation of either PKC a or 9 plays any role in the transformed
phenotype induced by v-Src has not been established. PKC o has been implicated in the
regulation of cell proliferation since overexpression of the a isoform has been reported to
enhance cell growth potential (Liao et al., 1994). However, it was reported that
overexpression of the § isoform in NIH 3T3 cells caused cells to grow more slowly and to
lower cell densities; whereas the € isoform caused opposite effects (Mischak et al., 1993).
Thus, how v-Src overcomes the inhibitory effect of PKC § to maintain cell transformation
becomes a big question. It was recently reported that tyrosine phosphorylation of PKC

can suppress its enzymatic activity in murine keratinocytes overexpressing v-Ras (Denning
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et al., 1993) or stimulated with EGF (Denning et al., 1996). However, PKC & that was
phosphorylated on tyrosine by various tyrosine kinases in vitro had enhanced its kinase
activity (Li et al., 1994a). Therefore, the regulation of PKC 8 in v-Src-transformed cells
may involve both DG and post-translational modification. Overall, specific roles for PKC

a and & in the signals initiated by v-Src remain to be determined.
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Chapter [V. PKC } is tyrosine phosphorylated and associated with v-Src

in v-Src-transformed 3Y1 cells

Introduction

In both murine and rat fibroblasts transformed by the oncogenic tyrosine kinase v-
Src, there is an increased membrane association of the a and 8, but not the € or { PKC
isoforms (Chapter III). Since the § and € PKC isoforms both belong to the Ca*"-
independent class of PKC, the preferential increase in membrane association of the § over
the € isoform suggests that regulation of this class of PKC isoform involves more than
simply elevating DG levels.

The selective increase in membrane association of the § over the € isoform of PKC
in v-Src-transformed cells was also surprising because of previous reports that
overexpression of PKC § inhibits cell proliferation (Borner et al., 1995; Mischak et al.,
1993). These observations suggested the possibility that PKC § might have a different
effect in v-Src-transformed cells than in the non-transformed parental cells. Alternatively,
membrane association of PKC § in v-Src-transformed cells may not correlate with an
activation of its kinase activity since it has been demonstrated that PKC isoforms o and €
can affect phospholipase D (Conricode et al., 1992; Singer et al., 1996) and phosphatidate
phosphohydrolase (Jiang et al., 1996) activity independent of the kinase activity of the o

and € isoforms respectively.
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Tyrosine phosphorylation of PKC & in response to several different stimuli has
recently been reported (Denning et al., 1993; 1996; Haleem-Smith et al., 1995; Li et al.,
1994a; 1994b). The biological significance of the tyrosine phosphorylation of PKC 3 is
unclear. It has been reported that tyrosine-phosphorylated PKC § has a reduced kinase
activity in Ras-transformed cells (Denning et al., 1993). Similarly, epidermal growth
factor receptor activation also resulted in a decrease in the kinase activity of tyrosine-
phosphorylated PKC & (Denning et al., 1996). In contrast, PKC 6 that was
phosphorylated on tyrosine by either Fyn or the insulin receptor in vitro had elevated
kinase activity (Li et al., 1994a). In response to antigen activation of the IgE receptor,
PKC & becomes tyrosine phosphorylated and phosphorylation apparently alters its
substrate specificity (Haleem-Smith et al., 1995). Thus, the effect of tyrosine
phosphorylation on PKC § activity is apparently complex and may involve other cellular
factors.

The tyrosine kinase(s) responsible for PKC & phosphorylation is(are) not known.
in vitro studies have shown that PKC d can be phosphorylated by Src family and receptor
tyrosine kinases (Gschwendt et al., 1994; Li et al., 1994a). In this chapter, we will show
tyrosine phosphorylation of PKC & and describe a functional interaction between Src and

PKC 8 in v-Src-transformed cells.
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RESULTS

1. PKC § is tyrosine-phosphorylated in v-Src-transformed 3Y1 cells.

In v-Src-transformed 3Y1 cells, the § isoform of PKC is preferentially associated
with the membrane relative to the parental 3Y1 cells (Zang et al., 1995). It was recently
reported that PKC & can be phosphorylated on tyrosine (Denning et al., 1993; 1996;
Haleem-Smith et al., 1995; Li et al., 1994a; 1994b) and that Src family kinases can
phosphorylate PKC 6 on tyrosine in vitro (Gschwendt et al., 1994; Li et al., 1994a). We
therefore investigated tyrosine phosphorylation of PKC § in v-Src-transformed 3Y1 rat
fibroblasts where the expression of v-Src results in increased membrane association of
PKC 3. 3Y1 cells and v-Src-transformed 3Y1 cells were lysed and subjected to
immunoprecipitation with antibodies against either phosphotyrosine (P-Tyr) or PKC .
The immunoprecipitates were then subjected to western blot analysis using either anti-P-
Tyr or anti-PKC 0 antibody. As shown in figure 10A, anti-P-Tyr antibody precipitated a
protein from v-Src-transformed 3Y1 cells that could be recognized by the anti-PKC 3
antibody, and reciprocally, the 80 kD protein precipitated by the anti-PKC d antibody from
the v-Src-transformed cells was recognized by the anti-P-Tyr antibody. These results
were observed only in the v-Src-transformed cells. As expected, PKC depletion by
prolonged treatment with phorbol ester abolished precipitation of PKC § by the anti-P-Tyr
antibody, and treatment with phenyl phosphate, a phosphotyrosine analog, abolished
precipitation of PKC & by anti-P-Tyr antibody. As expected, the peptide used to generate

the PKC & antibody abolished the ability of the anti-PKC § antibody to precipitate PKC 3.
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Figure 10. PKC § is tyrosine-phosphorylated in v-Src-transformed 3Y1 cells.

(A) Cell lysates were generated from either 3Y1 cells or 3Y1 cells transformed by
v-Src. Cell lysates were immunoprecipitated (IP) with a control mouse serum or
antibodies raised against P-Tyr or PKC &, and immune complexes were recovered with
protein A agarose and subjected to western blot (WB) analysis using antibodies against
either P-Tyr or PKC 6 as shown. 3Y1-v-Src - PKC; cells were depleted of PKC by
prolonged treatment with TPA (800 nM, 24h). 3Y1-v-Src + 8 pep; the peptide against
which the PKC § antibody had been raised was included in the immunoprecipitation to
neutralize the anti-PKC 6 antibody. 3Y1-v-Src + pNPP; 30 mM phenylphosphate was
included to neutralize the anti-phosphotyrosine antibody. (B) Identical to (A) except that
the lysates were denatured (D) by treatment with 1% SDS and boiling for 10 min prior to
immunoprecipitation.
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To establish that the data shown in figure 10A was not due to contamination with
a co-precipitating tyrosine-phosphorylated 80 kD protein, we repeated the experiments
using denatured cell lysates in which protein-protein interactions were disrupted. As
shown in figure 10B, the same results as observed in figure 10A were obtained using
lysates that were treated with 1% SDS and heated at 100°C for 10 min prior to
immunoprecipitation. We conclude that PKC 3 is tyrosine-phosphorylated in v-Src
transformed 3Y1 cells. Tyrosine phosphorylation of PKC isoforms o and € was not
detected in similar experiments (data not shown), suggesting that the v-Src-induced

tyrosine phosphorylation is specific for the & isoform of PKC.

2. Tyrosine-phosphorylated PKC 6 is primarily associated with the membrane
fraction.

We demonstrated previously that there are substantial increases in membrane
association of PKC § in v-Src-transformed cells (Zang et al., 1995). We therefore wished
to determine whether the tyrosine phosphorylated PKC § is preferentially membrane-
bound. v-Src-transformed cells were fractionated into membrane and cytosolic fractions,
and lysates from each fraction were immunoprecipitated with anti-PKC § antibody and
subjected to Western blot analysis using anti-P-Tyr or anti PKC § antibody.

As shown in figure 11, almost all of the PKC § that is recognized by the anti-P-Tyr
antibody is present in the membrane fraction, whereas the PKC § antibody recognized
substantial amounts of PKC § in both the membrane and cytosolic fractions. As a control,

when the cells were stimulated with TPA for 30 min, all PKC § was found in the
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membrane fraction. These data indicate that most of the tyrosine-phosphorylated PKC 6

is membrane-associated.

IP: anti-PKC 3

Con. TPA

WB: anti-P-Tyr

> R

B: antd-PKC 3

Figure 11. Tyrosine-phosphorylated PKC J is primarily associated with the
membrane fraction.

Lysates from membrane (M) and cytosolic (C) cell fractions from v-Src-
transformed cells were prepared as described in Materials and Methods and
immunoprecipitated with anti-PKC § antibody. The immunoprecipitates were then
subjected to Western blot analysis using anti-PKC 8 or anti-P-Tyr antibodies as indicated.
Cells were either treated (TPA) or were untreated (Con) with 100 nM TPA for 30 min

prior to preparation of subcellular fractions.
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Figure 12. Tyrosine-phosphorylated PKC & from v-Src-transformed cells has
reduced enzymatic activity.

Cell lysates were subjected to immunoprecipitation with anti-phosphotyrosine
antibody. Tyrosine-phosphorylated proteins were recovered with protein A agarose and
then eluted with phenylphosphate as described in Materials and Methods. PKC & was then
precipitated with anti-PKC & antibody from both the eluted tyrosine-phosphorylated
proteins and the supernatant of the anti-phosphotyrosine immunoprecipitation. The
amount of PKC § in the immunoprecipitates was determined by Western blot analysis and
the PKC activity in the immunoprecipitations normalized to the relative amount of PKC §
was examined in the presence and absence of TPA (1 uM in kinase assay buffer) as
shown.
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3. Tyrosine-phosphorylated PKC 6 from v-Src-transformed cells has reduced
enzymatic activity.

Tyrosine phosphorylation of PKC 6 has been reported to both enhance (Li et al.,
1994a; 1994b)and reduce (Denning et al., 1993; 1996) the kinase activity of PKC §. We
therefore compared the kinase activity of tyrosine-phosphorylated and non-tyrosine-
phosphorylated PKC 8. Sequential inmunoprecipitation with anti-P-Tyr and anti-PKC 6
antibodies was used to separate tyrosine-phosphorylated and non-tyrosine-phosphorylated
PKC 3§ isolated from v-Src-transformed cells as described in Materials and Methods. We
then examined the in vitro kinase activity as described previously (Joseph et al., 1992). As
shown in figure 12, the tyrosine-phosphorylated PKC & possessed about 3-fold lower
basal and TPA-induced enzymatic activity than non-tyrosine-phosphorylated PKC 6.
These data suggest that tyrosine phosphorylation of PKC & reduces the enzymatic activity
of PKC b in v-Src-transformed cells.

4. PKC § associates with v-Src.

Since v-Src was shown previously to be able to phosphorylate PKC & directly in
vitro (Gschwendt et al., 1994), we further explored the possibility that PKC & may be a
substrate of v-Src in vivo by examining for a direct association between PKC 6 and v-Src.
The results of co-immunoprecipitation experiments are shown in figure 13. When cell

lysates were immunoprecipitated with v-Src antibody and then western blotted with anti-
PKC § antibody, PKC 6 was detected in v-Src immunoprecipitates from v-Src transformed
3Y1 cells, but not the parental 3Y1 cells. In the reciprocal experiment, where anti-PKC &

immunoprecipitates were western blotted with anti-v-Src antibody, the PKC & antibody
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co-precipitated v-Src protein. (Figure 13). For controls, the signal was competed away by
PKC 6 peptide and v-Src was undetectable in anti-PKC € immunoprecipitates. The
amount of v-Src in the anti-PKC & immunoprecipitates is estimated to be about 1 - 2% of

the total v-Src and the amount of PKC 3 in the anti-v-Src precipitates is also estimated to

be about 1-2% of the total PKC .
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Figure 13. PKC 0 associates with v-Src.

Lysates from 3Y1 or v-Src-transformed 3Y1 cells were prepared as described in
Materials and Methods, immunoprecipitated (IP) with either anti-v-Src, anti-PKC 3, or
anti-PKC ¢ antibody and then subjected to western blot analysis using the anti-PKC & and
anti-v-Src antibodies as shown. The 3Y1 and 3Y 1-vSrc lysates were subjected to Western
blot analysis without prior immunoprecipitation and represented 2% of the lysate used for

the immunoprecipitations.
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5. Interaction between PKC 3 and Src mutants.

To further investigate the interaction between Src and PKC 3, we characterized
the interaction between PKC & and Src in cells overexpressing c-Src and several c-Src
mutants (Figure 14A). Cell lines that overexpress the c-Src genes were established and
expression levels of the c-Src proteins were determined by western blot analysis (Figure
14B). We first examined the interaction between PKC 6 and c-Src and an activated
mutant of c-Src that has the Tyr at 527 converted to Phe (c-Src 527F) (Bagrodia et al.,
1993; Kmiecik and Shalloway, 1987). As shown in figure 14C, very little Src protein was
present in anti-PKC & immunoprecipitates from cells overexpressing c-Src. Consistent
with this observation, little or no tyrosine phosphorylation of PKC 8 was detected in the c-
Src-overexpressing cells (Figure 14C). In contrast, activated c-Src 527F was associated
with PKC §, and PKC § was tyrosine phosphorylated, although not quite to the level
observed in cells expressing v-Src. However, c-Src 527F was active as v-Src in inducing
tyrosine phosphorylation of PKC § if TPA was added to stimulate membrane association

of PKC 4.
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Figure 14 (A and B). PKC § tyrosine phosphorylation and PKC § association with
Src in 3Y1 cells expressing c-Src and mutants of Src.

Cell lines expressing wild type or mutant c-Src were established as described in
Materials and Methods. The Src mutants used are shown schematically in (A). c-Src
527F has a mutation of Tyr to Phe at position 527 which activates the tyrosine kinase. C-
Src 527F-A12, in addition to the change at Tyr 527, has Ser 12 changed to Ala. c-Src
527F-LN has 4 additional amino acids (MAAA) at the amino terminus that prevents
myristoylation and membrane association. C-Src 527F-ASH2 has the activating Tyr 527
mutation and a disruption of the SH2 domain in which amino acids 148-187 have been
deleted. (B) Expression levels of the Src proteins in the transfected cell lines was analyzed
by western blot analysis.
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Figure 14C. PKC & tyrosine phosphorylation and PKC & association with Src in 3Y1
cells expressing c-Src and mutants of c-Src.

(C) Lysates from 3Y1 cells and 3Y1 cells expressing v-Src, c-Src and the c-Src
mutants were immunoprecipitated (IP) with anti-PKC § antibody and then subjected to
Western blot (WB) analysis using anti-phosphotyrosine and anti-Src antibodies as shown.
The phosphotyrosine analysis was also performed upon cells that had been treated with

TPA (100 nM) for 30 min prior to lysis of cells.
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We also investigated the effect of a mutation at Ser 12, a phosphorylation site for
PKC (Gould et al., 1985). As shown, changing Ser 12 of c-Src 527 to Ala (c-Src 527-
A12) substantially enhanced the association between PKC 6 and Src and the level of
tyrosine phosphorylation of PKC 8. A mutation to the SH2 domain of c-Src-527 had little
or no effect upon either tyrosine phosphorylation of PKC § or the association between Src
and PKC & (Figure 14C). Lastly we examined the effect of an amino terminal modification
of c-Src 527 that prevents membrane association but not kinase activity. This mutant (c-
Src 527-LN) failed to associate with PKC 8 and did not stimulate tyrosine
phosphorylation of PKC 8. These data indicate that PKC & tyrosine phosphorylation and
the interaction between Src and PKC & require both Src tyrosine kinase activity and
membrane localization. Phosphorylation of Src at Ser 12 by PKC may lead to the

dissociation of a Src/PKC & complex since a mutation at Ser12 of Src increased the

Src/PKC d interaction.

DISCUSSION

We have demonstrated that in cells transformed by v-Src, PKC 8 is phosphorylated
on tyrosine and is associated with v-Src. This interaction requires constitutively activated,
membrane-localized Src kinase. The association between Src and PKC & was not

significantly affected by SH2 deletion, but was greatly enhanced by a mutation to the PKC
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phosphorylation site on Src at Ser 12, suggesting that phosphorylation of Ser 12 may
destabilize the interaction. This may explain why relatively low amounts of v- and c-Src
and PKCS are found in the protein complex.

Tyrosine-phosphorylated PKC & has reduced kinase activity relative to the non-
tyrosine-phosphorylated PKC 8. We previously reported that PKC & becomes
preferentially associated with the membrane in response to the kinase activity of v-Src
(Zang et al., 1995). The increase in membrane association of PKC isoforms has been
widely used to demonstrate PKC isoform activation. The finding here that tyrosine
phosphorylation of PKC § inhibits its kinase activity suggests that regulation of PKC
activity involves more than simply generating DG and membrane association.

It was previously reported that PKC & could be phosphorylated on tyrosine in
response to phorbol esters that activate PKC (Li et al., 1994a). However, in3Y1 cells
and in 3Y1 cells overexpressing wild type c-Src or activated c-Src that was not membrane
localized, we did not see an increase in PKC & tyrosine phosphorylation in response to
TPA. On the other hand, in cells expressing activated membrane-bound c-Src 527F, we
did detect a TPA-induced increase in PKC d tyrosine phosphorylation. These data suggest
that tyrosine phosphorylation of PKC § in response to TPA is dependent upon an active
membrane-bound tyrosine kinase and is consistent with the hypothesis that TPA-induced
tyrosine phosphorylation of PKC § is a secondary effect of TPA-induced membrane
localization.

Overexpression of PKC & has previously been reported to inhibit cell growth

(Mischak et al., 1993). Our previous observation that PKC & became membrane
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associated in response to the mitogenic stimuli of v-Src (Zang et al., 1995) was surprising
since membrane association of PKC isoforms has widely been used to imply activation.
The finding here that PKC & becomes phosphorylated and has a reduced kinase activity in
v-Src-transformed cells is perhaps consistent with the previous reports that PKC § is an
inhibitor of cell growth. The increased DG levels observed in response to v-Src (Song et
al., 1991) may reflect a requirement for activation of the a. PKC isoform, which also
becomes membrane bound in response to v-Src (Zang et al., 1995). PKC « has been
reported to phosphorylate Raf, which contributes to the activation of Raf (Kolch et al,,
1993). And since Raf'is required for transformation by v-Src (Qureshi et al., 1993), it is
possible that activation of PKC a and phosphorylation of Raf is required for the mitogenic
signals activated by the tyrosine kinase activity of v-Src. The increased DG that results in
PKC «a activation brings PKC 8 to the membrane. However, since PKC § inhibits
mitogenic signals, there may be a mechanism whereby tyrosine phosphorylation, which
correlates well with mitogenic signals, results in down-regulation of the enzymatic activity
of PKC 6.

Although PKC & becomes membrane associated in v-Src-transformed cells, there is
no change in the subcellular distribution of the ¢ PKC isoform, which is also a DG-
dependent, Ca*'-independent PKC isoform (Zang et al., 1995). The preferential increase
in membrane association of PKC & over PKC € observed in v-Src-transformed cells
suggests that there may be some functional significance for the observed membrane
association of PKC d in response to v-Src. Several recent reports have suggested kinase

independent roles for PKC isoforms (Conricode et al., 1992; Jiang et al., 1996; Singer et
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al., 1996). It is possible that increased membrane association of PKC 6 and down-
regulation of its enzymatic activity indicates a kinase-independent function for PKC 3.
Alternatively, Src could be a critical substrate for PKC & and that upon phosphorylation of
Ser 12, there is a reciprocal tyrosine phosphorylation that serves as a negative feedback
control mechanism for PKC §. A mutation to c-Src at ser 12 was previously shown to be
required for the enhanced responsiveness to B-adrenergic agonists in cells overexpressing
c-Src (Moyers et al., 1993). Thus, the interaction between Src and PKC & may also be
important for regulating other indirect effects of Src.

The effect of the Ser 12 mutant on both association and tyrosine phosphorylation
further supports the hypothesis that PKC § is a direct substrate of Src. The dependency of
the association on an active kinase suggests that interaction occurs only when Src has
been activated. It is still not clear as to what role(s) c-Src plays in cell physiology, and
while the data presented here with cells overexpressing activated forms of Src do not
prove that PKC § is a normal cellular target of c-Src, the data do show that PKC & could
be regulated by Src or perhaps a related Src-family kinase. Perhaps more importantly, the
data presented here in cells transformed by v-Src, demonstrate that v-Src can associate
with and down-regulate a protein kinase that has been strongly implied in inhibiting cell
growth. The ability to down-regulate this inhibitory PKC isoform may be important for

the transforming ability of v-Src.
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Chapter V. Summary

In v-Src-transformed 3Y1 rat fibroblasts, we have demonstrated that PKC o and &
are selectively translocated from cytosol to membrane. On the cell membrane, PKC 6
interacts with v-Src and is tyrosine phosphorylated. The tyrosine phosphorylation of PKC
0 leads to down-regulation of the kinase activity of PKC 3.

We previously reported that PLD activity is elevated in v-Src-transformed cells
(Song et al., 1991). Our recent research showed that this induction of PLD is dependent
on a GTPase cascade of Ras (Jiang et al., 1995a) and Ral (Jiang et al., 1995b). This v-Src
induced signaling pathway is summarized in figure 15. The PLD activated by v-Src
specifically hydrolyses PC and generates DG species that likely brings both PKC a and 5
to membrane in v-Src-transformed cells.

The function of PKC a and d in v-Src-transformed cells is still unclear.
Overexpression of PKC o promotes cell growth in soft agar (Liao et al., 1994). It was
also reported that PKC a phosphorylates Raf-1 and therefore results in the activation of
Raf-1 (Kolch et al., 1993). Thus, PKC a may contribute to the v-Src initiated mitogenic
response by activating Raf-1 and subsequently turning on gene expression.

The involvement of PKC § is rather more complicated. Overexpression of PKC &
in NIH 3T3 cells (Mischak et al., 1993) and CHO cells (Hirai et al., 1994) results in
decreased cell growth rate. Although PKC § associates with membrane in v-Src-
transformed cells, we assume that PKC & may be important for some effect related to v-

Src signaling rather than maintain cell transformation. As the model summarized in figure
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16, our data showed that PKC 3 is tyrosine phosphorylated and associates with v-Src.
The result of in vitro PKC assay suggests that the tyrosine phosphorylation is a negative
regulation for PKC & kinase activity. The direct interaction between PKC & and v-Src
gives the evidence for the hypothesis that v-Src is the tyrosine kinase for PKC §.
Therefore, the mechanism for v-Src to overcome the inhibitory effect of PKC & on cell
growth is to phosphorylate this PKC isoform and down-regulated its activity on cell
membrane. However, the accurate effect of tyrosine phosphorylation on the biological
function of PKC & awaits analysis of phosphopeptide mapping and site-directed
mutagenesis. Besides, we can not exclude the possibility that PKC § is a substrate of
multiple tyrosine kinases, or it may be phosphorylated by different kinases at different
tyrosine residues.

It has been shown that v-Src is serine phosphorylated by PKC at serine 12 (Gould
et al., 1985). It is still unclear for the biological significance of this phosphorylation, and
which PKC isoform is responsible for the phosphorylation is unknown. Our data showed
that mutation at serine 12 of activated c-Src (cSrc 527F) causes enhanced tyrosine
phosphorylation of PKC & and the association between PKC 6 and Src. Therefore, it is
possible that PKC § is at least one of the PKC isoforms which phosphorylate v-Src at
serine 12. This serine phosphorylation may cause the conformational change of v-Src
caused by this serine phosphorylation blocks the association between PKC § and Src.

In summary, in v-Src-transformed cells, elevated DG brings PKC a and § to the

cell membrane. On cell membrane, PKC § associates with v-Src and is tyrosine
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phosphorylated by v-Src. The tyrosine phosphorylation down-regulates PKC 8 activity,

therefore, the cells can maintain the transformation phenotype.
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Figure. 15. Summary of v-Src induces signal transduction pathway.

50



‘uoissiwgad 1noypum pauqiyosd uononpolidas Jayung “Jaumo 1ybuAdoo ayy Jo uoissiwiad yum pasonpoldey

out

Cell Membrane

in

||r'é""|i @

ot

Parental Cells: PKC isoforms are in cytosol.

=) & (=) (& (£} &

DG level increases. PKC & and v-Src interact PKC 8 and v-Src dissociate.
and phosphorylate each other,

PKC o and 8 are activated

and translocate to membrane. PKC § activity decreases,

v-Srec-transformed cells

Figure. 16. Model of PKC isoforms regulation in v-Src-transformed cells.

89



52

Chapter V1. References

Aihara, H., Asaoka, Y., Yoshida, K., and Nishizuka, Y. (1991). Sustained activation of
protein kinase C is essential to HL-60 cell differentiation to macrophage. Proc. Natl.
Acad. Sci. USA 88, 11062-11066.

Asaoka, Y., Oka, M., Yoshida, K., and Nishizuka, Y. (1991). Metabolic rate of
membrane-permeant diacylglycerol and its relation to human resting T-lymphocyte
activation. Proc. Natl. Acad. Sci. USA 88, 8681-8685.

Bacher, N, Zisman, Y., Berent, E., and Livneh, E. (1991). Isolation and characterization
of PKC-L, a new member of the protein kinase C-related gene family specifically
expressed in lung, skin, and heart . Mol. Cell. Biol. /7, 126-133.

Bagrodia, S., Taylor, S. J., and Shalloway, D. (1993). Myristylation is required for Tyr-
527 dephosphorylation and activation of pp60c-src in mitosis. Mol. Cell. Biol. /3, 1464-
1470.

Bazzi, M. D, and Nelsestuen, G. L. (1988). Association of protein kinase C with
phospholipid monolayers: two-stage irreversible binding. Biochemistry 27, 6776-6783.

Berra, E., Diaz-Meco, M. T., Dominguez, 1., Municio, M. M., Sanz, L., Lozano, J.,
Chapkin, R. S., and Moscat, J. (1993). Protein kinase C zeta isoform is critical for
mitogenic signal transduction. Cell 74, 555-563.

Boni, L. T., and Rando, R. R. (1985). The nature of protein kinase C activation by
physically defined phospholipid vesicles and diacylglycerols. J. Biol. Chem. 260, 10819-
10825.

Bomer, C., Guadagno, S. N., Fabbro, D., and Weinstein, I. B. (1992a). Expression of four
protein kinase C isoforms in rat fibroblasts. Distinct subcellular distribution and regulation
by calcium and phorbol esters. J. Biol. Chem. 267, 12892-12899.

Borner, C., Guadagno, S. N., Hsiao, W. W, Fabbro, D., Barr, M., and Weinstein, [. B.
(1992b). Expression of four protein kinase C isoforms in rat fibroblasts. Differential
alterations in ras-, src-, and fos-transformed cells. J. Biol. Chem. 267, 12900-12910.

Borner, C., Ueffing, M., Jaken, S., Parker, P. J., and Weinstein, I. B. (1995). Two closely
related isoforms of protein kinase C produce reciprocal effects on the growth of rat
fibroblasts. Possible molecular mechanisms. J. Biol. Chem. 270, 78-86.

Brumfeld, V., and Lester, D. S. (1990). Protein kinase C penetration into lipid bilayers.
Arch. Biochem. Biophys. 277, 318-323.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



53

Cazaubon, S. M., and Parker, P. J. (1993). Identification of the phosphorylated region
responsible for the permissive activation of protein kinase C. J. Biol. Chem. 268, 17559-
17563.

Chalifa, V., Mohn, H., and Liscovitch, M. (1990). A neutral phospholipase D activity from
rat brain synaptic plasma membranes. Identification and partial characterization. J. Biol.
Chem. 265, 17512-17519.

Conricode, K. M., Brewer, K. A_, and Exton, J. H. (1992). Activation of phospholipase D
by protein kinase C. Evidence for a phosphorylation-independent mechanism. J. Biol.
Chem. 267, 7199-7202.

Coussens, L., Parker, P.J., Rhee, L., Yang-Feng, T. L., Chen, E., Waterfield, M. D.,
Francke, U, and Ullrich, A. (1986). Multiple, distinct forms of bovine and human protein
kinase C suggest diversity in cellular signaling pathways. Science 233, 859-866.

Daniel, L. W, Huang, C., Strum, J. C., Smitherman, P. K., Greene, D., and Wykle, R. L.
(1993). Phospholipase D hydrolysis of choline phosphoglycerides is selective for the alkyl-
linked subclass of Madin-Darby canine kidney cells. J. Biol. Chem. 268, 21519-21526.

Denning, M. F., Dlugosz, A. A., Howett, M. K., and Yuspa, S. H. (1993). Expression of
an oncogenic rasti2 gene in murine keratinocytes induces tyrosine phosphorylation and
reduced activity of protein kinase C delta. J. Biol. Chem. 268, 26079-26081.

Denning, M. F., Dlugosz, A. A., Threadgill, D. W., Magnuson, T., and Yuspa, S. H.
(1996). Activation of the epidermal growth factor receptor signal transduction pathway
stimulates tyrosine phosphorylation of protein kinase C delta. J. Biol. Chem. 27/, 5325-
5331.

Diaz-Laviada, I., Larrodera, P., Diaz-Meco, M. T., Comet, M. E., Guddal, P. H,,
Johansen, T., and Moscat, J. (1990). Evidence for a role of phosphatidylcholine-
hydrolysing phospholipase C in the regulation of protein kinase C by ras and src
oncogenes. EMBO J. 9, 3907-3912.

el Touny, S., Khan, W., and Hannun, Y. (1990). Regulation of platelet protein kinase C by
oleic acid. Kinetic analysis of allosteric regulation and effects on autophosphorylation,
phorbol ester binding, and susceptibility to inhibition. J. Biol. Chem. 2635, 16437-16443.

Ford, D. A., and Gross, R. W. (1990). Differential metabolism of diradyl glycerol

molecular subclasses and molecular species by rabbit brain diglyceride kinase. J. Biol.
Chem. 265, 12280-12286.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

Ford, D. A., Miyake, R., Glaser, P. E., and Gross, R. W. (1989). Activation of protein
kinase C by naturally occurring ether-linked diglycerides. J. Biol. Chem. 26+, 13818-
13824.

Foster, D. A. (1993). Intracellular signalling mediated by protein-tyrosine kinases:
networking through phospholipid metabolism. Cell. Signal. 5, 389-399.

Fujise, A., Mizuno, K., Ueda, Y., Osada, S., Hirai, S., Takayanagi, A., Shimizu, N.,
Owada, M. K., Nakajima, H., and Ohno, S. (1994). Specificity of the high affinity
interaction of protein kinase C with a physiological substrate, myristoylated alanine-rich
protein kinase C substrate. J. Biol. Chem. 269, 31642-31648.

Ganong, B. R, Loomis, C. R, Hannun, Y. A, and Bell, R. M. (1986). Specificity and
mechanism of protein kinase C activation by sn-1,2-diacylglycerols. Proc. Natl. Acad. Sci.
USA 83, 1184-1188.

Gould, K. L., Woodgett, J. R, Cooper, J. A, Buss, J. E., Shalloway, D., and Hunter, T.
(1985). Protein kinase C phosphorylates pp60src at a novel site. Cell 42, 849-857.

Gschwendt, M., Kielbassa, K., Kittstein, W., and Marks, F. (1994). Tyrosine
phosphorylation and stimulation of protein kinase C delta from porcine spleen by src in
vitro. Dependence on the activated state of protein kinase C delta. FEBS Lett. 347, 85-89.

Ha, K. S., and Exton, J. H. (1993). Differential translocation of protein kinase C isozymes
by thrombin and platelet-derived growth factor. A possible function for
phosphatidylcholine-derived diacylglycerol. J. Biol. Chem. 268, 10534-10539.

Haleem-Smith, H., Chang, E. Y., Szallasi, Z., Blumberg, P. M., and Rivera, J. (1995).
Tyrosine phosphorylation of protein kinase C-delta in response to the activation of the
high-affinity receptor for immunoglobulin E modifies its substrate recognition. Proc. Natl.
Acad. Sci. USA 92, 9112-9116.

Halsey, D. L., Girard, P. R., Kuo, J. F., and Blackshear, P. J. (1987). Protein kinase C in
fibroblasts. Characteristics of its intracellular location during growth and after exposure to
phorbol esters and other mitogens. J. Biol. Chem. 262, 2234-2243.

Hammond, S. M,, Altshuller, Y. M., Sung, T. C, Rudge, S. A, Rose, K., Engebrecht, J.,
Moris, A. J.,, Frohman, M. A. (1995). Human ADP-ribosylation factor-activated
phosphatidylcholine-specific phsopholipase D defined a new and highly conserved gene
family. J. Biol. Chem. 270, 29640-29643.

Hirai, S., [zumi, Y., Higa, K., Kaibuchi, K., Mizuno, K., Osada, S., Suzuki, K., and Ohno,

S. (1994). Ras-dependent signal transduction is indispensable but not sufficient for the
activation of AP1/Jun by PKC delta. EMBO J. /3, 2331-2340.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55

Jaken, S. (1990). Protein kinase C and tumor promoters. Current Opinion in Cell Biology
2, 192-197.

Jiang, H., Alexandropoulos, K., Song, J., and Foster, D. A. (1994). Evidence that v-Src-
induced phospholipase D activity is mediated by a G protein. Mol. Cell. Biol. /<, 3676-
3682.

Jiang, H., Lu, Z., Luo, J. Q., Wolfman, A_, and Foster, D. A. (1995a). Ras mediates the
activation of phospholipase D by v-Src. J. Biol. Chem. 270, 6006-6009.

Jiang, H., Luo, J.-Q., Urano, T., Frankel, P, Lu, Z., Foster, D. A, and Feig, L. A.
(1995b). Involvement of Ral GTPase in v-Src-induced phospholipase D activation. Nature
378, 409-412.

Jiang, Y., Lu, Z., Zang, Q., and Foster, D. A. (1996). Regulation of Phosphatidic Acid
Phosphohydrolase by EGF: Reduced Association with the EGF Receptor Followed by
Increased Association with Protein Kinase Ce. J. Biol. Chem. 27/, in press.

Johnson, P. J., Coussens, P. M., Danko, A. V., and Shalloway, D. (1985). Overexpressed
pp60c-src can induce focus formation without complete transformation of NIH 3T3 cells.
Mol. Cell. Biol. 5, 1073-1083.

Joseph, C. K., Qureshi, S. A., Wallace, D. J,, and Foster, D. A. (1992). MARCKS protein
is transcriptionally down-regulated in v-Src-transformed BALB/c 3T3 cells. J. Biol. Chem.
267, 1327-1330.

Kmiecik, T. E., and Shalloway, D. (1987). Activation and suppression of pp60c-src
transforming ability by mutation of its primary sites of tyrosine phosphorylation. Cell 49,
65-73.

Kolch, W_, Heidecker, G., Kochs, G., Hummel, R., Vahidi, H., Mischak, H., Finkenzeller,
G., Marme, D., and Rapp, U. R. (1993). Protein kinase C alpha activates RAF-1 by direct
phosphorylation. Nature 364, 249-252.

Kraft, A. S., and Anderson, W. B. (1983). Phorbol esters increase the amount of Ca2+,
phospholipid-dependent protein kinase associated with plasma membrane. Nature 30/,
621-623.

Kriegler, M., Perez, C. F., Hardy, C., and Botchan, M. (1984). Transformation mediated
by the SV40 T antigens: separation of the overlapping SV40 early genes with a retroviral
vector. Cell 38, 483-491.

Kujubu, D. A., Fletcher, B. S., Varnum, B. C,, Lim, R. W., and Herschman, H. R. (1991).
TIS10, a phorbol ester tumor promoter-inducible mRNA from Swiss 3T3 cells, encodes a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

novel prostaglandin synthase/cyclooxygenase homologue. J. Biol. Chem. 266, 12866-
12872.

Leach, K. L., Ruff, V. A, Wright, T. M., Pessin, M. S., and Raben, D. M. (1991).
Dissociation of protein kinase C activation and sn-1,2-diacylglycerol formation.
Comparison of phosphatidylinositol- and phosphatidylcholine-derived diglycerides in
alpha-thrombin-stimulated fibroblasts. J. Biol. Chem. 266, 3215-3221.

Lee, C., Fisher, S. K., Agranoff, B. W, and Hajra, A. K. (1991). Quantitative analysis of
molecular species of diacylglycerol and phosphatidate formed upon muscarinic receptor
activation of human SK-N-SH neuroblastoma cells. J. Biol. Chem. 266, 22837-22846.

Lee, M. H., and Bell, R. M. (1991). Mechanism of protein kinase C activation by
phosphatidylinositol 4,5-bisphosphate. Biochemistry 30, 1041-1049.

Lester, D. S., and Brumfeld, V. (1990). Ligand-induced conformational changes in
cytosolic protein kinase C. International Journal of Biological Macromolecules /2, 251-
256.

Lester, D. S, Doll, L., Brumfeld, V., and Miller, I. R. (1990). Lipid dependence of surface
conformations of protein kinase C. Biochim. Biophys. Acta /039, 33-41.

Li, W., Mischak, H., Yu, J. C., Wang, L. M., Mushinski, J. F., Heidaran, M. A., and
Pierce, J. H. (1994a). Tyrosine phosphorylation of protein kinase C-delta in response to its
activation. J. Biol. Chem. 269, 2349-2352.

Li, W, Yu, J. C., Michieli, P., Beeler, J. F., Ellmore, N., Heidaran, M. A., and Pierce, J.
H. (1994b). Stimulation of the platelet-derived growth factor beta receptor signaling
pathway activates protein kinase C-delta. Mol. Cell. Biol. /4, 6727-6735.

Liao, L., Ramsay, K., and Jaken, S. (1994). Protein kinase C isozymes in progressively
transformed rat embryo fibroblasts. Cell Growth & Differ. 5, 1185-1194.

May, W. S, Jr., Sahyoun, N., Wolf, M., and Cuatrecasas, P. (1985). Role of intracellular
calcium mobilization in the regulation of protein kinase C-mediated membrane processes.
Nature 3/7, 549-551.

Mayer, B. J,, Jove, R,, Krane, J. F., Poirier, F., Calothy, G., and Hanafusa, H. (1986).
Genetic lesions involved in temperature sensitivity of the src gene products of four Rous
sarcoma virus mutants. J. Virol. 60, 858-867.

McPhail, L. C., Clayton, C. C., and Snyderman, R. (1984). A potential second messenger

role for unsaturated fatty acids: activation of Ca2+-dependent protein kinase. Science 224,
622-625.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

Mischak, H., Goodnight, J. A., Kolch, W., Martiny-Baron, G., Schaechtle, C., Kazanietz,
M. G,, Blumberg, P. M., Pierce, J. H., and Mushinski, J. F. (1993). Overexpression of
protein kinase C-delta and -epsilon in NIH 3T3 cells induces opposite effects on growth,
morphology, anchorage dependence, and tumorigenicity. J. Biol. Chem. 268, 6090-6096.

Moscat, J., Fleming, T. P., Molloy, C. J., Lopez-Barahona, M., and Aaronson, S. A.
(1989). The calcium signal for Balb/MK keratinocyte terminal differentiation induces
sustained alterations in phosphoinositide metabolism without detectable protein kinase C
activation. J. Biol. Chem. 264, 11228-11235.

Mosior, M., and Epand, R. M. (1993). Mechanism of activation of protein kinase C: roles
of diolein and phosphatidylserine. Biochemistry 32, 66-75.

Moyers, J. S., Bouton, A. H., and Parsons, S. J. (1993). The sites of phosphorylation by
protein kinase C and an intact SH2 domain are required for the enhanced response to beta-
adrenergic agonists in cells overexpressing c-src. Mol. Cell. Biol. /3, 2391-2400.

Murakami, K., Chan, S. Y., and Routtenberg, A. (1986). Protein kinase C activation by
cis-fatty acid in the absence of Ca2+ and phospholipids. J. Biol. Chem. 26/, 15424-15429.

Nakanishi, H., Brewer, K. A., and Exton, J. H. (1993). Activation of the zeta isozyme of
protein kinase C by phosphatidylinositol 3,4,5-trisphosphate. J. Biol. Chem. 268, 13-16.

Nakanishi, H., and Exton, J. H. (1992). Purificaticn and characterization of the zeta
isoform of protein kinase C from bovine kidney. J. Biol. Chem. 267, 16347-16354.

Nelsestuen, G. L., and Bazzi, M. D. (1991). Activation and regulation of protein kinase C
enzymes. Journal of Bioenergetics & Biomembranes 23, 43-61.

Nishizuka, Y. (1992a). Intracellular signaling by hydrolysis of phospholipids and activation
of protein kinase C. Science 258, 607-614.

Nishizuka, Y. (1992b). Membrane phospholipid degradation and protein kinase C for cell
signalling. Neurosci. Res. /35, 3-5.

Nishizuka, Y. (1988). The molecular heterogeneity of protein kinase C and its implications
for cellular regulation. Nature 334, 661-665.

Nishizuka, Y. (1995). Protein kinase C and lipid signaling for sustained cellular responses.
FASEB Journal 9, 484-496.

Nori, M., Shawver, L. K., and Weber, M. J. (1990). A Swiss 3T3 variant cell line resistant

to the effects of tumor promoters cannot be transformed by src. Mol. Cell. Biol. 70, 4155-
4162.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Ohno, S., Mizuno, K., Adachi, Y., Hata, A., Akita, Y., Akimoto, K., Osada, S., Hirai, S.,
and Suzuki, K. (1994). Activation of novel protein kinases C delta and C epsilon upon
mitogenic stimulation of quiescent rat 3Y'I fibroblasts. J. Biol. Chem. 269, 17495-17501.

Olivier, A. R., and Parker, P. J. (1994). Bombesin, platelet-derived growth factor, and
diacylglycerol induce selective membrane association and down-regulation of protein
kinase C isotypes in Swiss 3T3 cells. J. Biol. Chem. 269, 2758-2763.

Olson, S. C., Bowman, E. P., and Lambeth, J. D. (1991). Phospholipase D activation in a
cell-free system from human neutrophils by phorbol 12-myristate 13-acetate and
guanosine 5'-O-(3-thiotriphosphate). Activation is calcium dependent and requires protein
factors in both the plasma membrane and cytosol. J. Biol. Chem. 266, 17236-17242.

Ono, Y., Fujii, T., Ogita, K., Kikkawa, U., Igarashi, K., and Nishizuka, Y. (1988). The
structure, expression, and properties of additional members of the protein kinase C family.
J. Biol. Chem. 263, 6927-6932.

Ono, Y., Kikkawa, U., Ogita, K., Fujii, T., Kurokawa, T., Asaoka, Y., Sekiguchi, K., Ase,
K., Igarashi, K., and Nishizuka, Y. (1987). Expression and properties of two types of
protein kinase C: alternative splicing from a single gene. Science 236, 1116-1120.

Orr, J. W, Keranen, L. M., and Newton, A. C. (1992). Reversible exposure of the
pseudosubstrate domain of protein kinase C by phosphatidylserine and diacylglycerol. J.
Biol. Chem. 267, 15263-15266.

Orr, J. W, and Newton, A. C. (1992a). Interaction of protein kinase C with
phosphatidylserine. 1. Cooperativity in lipid binding. Biochemistry 3/, 4661-4667.

Orr, J. W., and Newton, A. C. (1992b). Interaction of protein kinase C with
phosphatidylserine. 2. Specificity and regulation. Biochemistry 3/, 4667-4673.

Osada, S., Hashimoto, Y., Nomura, S., Kohno, Y., Chida, K., Tajima, O., Kubo, K.,
Akimoto, K., Koizumi, H,, Kitamura, Y., and et al. (1993). Predominant expression of
nPKC eta, a Ca* -independent isoform of protein kinase C in epithelial tissues, in
association with epithelial differentiation. Cell Growth & Differ. 4, 167-175.

Pessin, M. S., Baldassare, J. J., and Raben, D. M. (1990). Molecular species analysis of
mitogen-stimulated 1,2-diglycerides in fibroblasts. Comparison of alpha-thrombin,
epidermal growth factor, and platelet-derived growth factor. J. Biol. Chem. 263, 7959-
7966.

Quest, A. F. G,, and Bell, R. M. (1994). The molecular mechanism of protein kinase C

regulation by lipids. In Protein Kinase C, J. F. Kuo, ed. (New York: Oxford university
press), pp. 65-95.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

Qureshi, S. A., Alexandropoulos, K., Rim, M,, Joseph, C. K., Bruder, J. T, Rapp, U. R,
and Foster, D. A. (1992). Evidence that Ha-Ras mediates two distinguishable intracellular
signals activated by v-Src. J. Biol. Chem. 267, 17635-17639.

Qureshi, S. A., Joseph, C. K., Hendrickson, M., Song, J., Gupta, R., Bruder, J., Rapp, U,
and Foster, D. A. (1993). A dominant negative Raf-1 mutant prevents v-Src-induced
transformation. Biochem. Biophys. Res. Commun. /92, 969-975.

Qureshi, S. A, Joseph, C. K., Rim, M., Maroney, A, and Foster, D. A. (1991). v-Src
activates both protein kinase C-dependent and independent signaling pathways in murine
fibroblasts. Oncogene 6, 995-999.

Sagara, J., Yamada, K. M., and Kakunaga, T. (1986). Induction of an unusual type of
shared phosphorylation in human and avian cells by tumor-promoting phorbol esters or
transformation. Cancer Res. 46, 5291-5296.

Seidel-Dugan, C., Meyer, B. E., Thomas, S. M., and Brugge, J. S. (1992). Effects of SH2
and SH3 deletions on the functional activities of wild-type and transforming variants of c-
Src. Mol. Cell. Biol. /2, 1835-1845.

Sekiguchi, K., Tsukuda, M., Ogita, K., Kikkawa, U., and Nishizuka, Y. (1987). Three
distinct forms of rat brain protein kinase C: differential response to unsaturated fatty acids.
Biochem. Biophys. Res. Commun. /45, 797-802.

Singer, W. D., Brown, H. A_, Jiang, X, and Sternweis, P. C. (1996). Regulation of
phospholipase D by protein kinase C is synergistic with ADP-ribosylation factor and
independent of protein kinase activity. J. Biol. Chem. 27/, 4504-4510.

Song, J., and Foster, D. A. (1993). v-Src activates a unique phospholipase D activity that
can be distinguished from the phospholipase D activity activated by phorbol esters.
Biochem. J. 294, 711-717.

Song, J., Jiang, Y. W, and Foster, D. A. (1994). Epidermal growth factor induces the
production of biologically distinguishable diglyceride species from phosphatidylinositol
and phosphatidylcholine via the independent activation of type C and type D
phospholipases. Cell Growth & Differ. 5, 79-85.

Song, J. G., Pfeffer, L. M., and Foster, D. A. (1991). v-Src increases diacylglycerol levels
via a type D phospholipase-mediated hydrolysis of phosphatidylcholine. Mol. Cell. Biol.
11, 4903-4908.

Spangler, R, Joseph, C., Qureshi, S. A, Berg, K. L., and Foster, D. A. (1989). Evidence

that v-src and v-fps gene products use a protein kinase C-mediated pathway to induce
expression of a transformation-related gene. Proc. Natl. Acad. Sci. USA 86, 7017-7021.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

Ueki, J., Moriaoka, S., Komri, T., Kumashiro, T. (1995). Purification and characterization
of phospholipase D (PLD) from rice (Oryza sativa L.) and cloning of cDNA for PLD from
rice and maize (Zea mays L.). Plant Cell Physiol. 36, 903-914.

Ways, D. K., Cook, P. P., Webster, C., and Parker, P. J. (1992). Effect of phorbol esters
on protein kinase C-zeta. J. Biol. Chem. 267, 4799-4805.

Wolf, M., LeVine, H. d., May, W. S_, Jr,, Cuatrecasas, P., and Sahyoun, N. (1985). A
model for intracellular translocation of protein kinase C involving synergism between
Ca2+ and phorbol esters. Nature 3/7, 546-549.

Wolfman, A., Wingrove, T. G., Blackshear, P. J., and Macara, I. G. (1987). Down-
regulation of protein kinase C and of an endogenous 80-kDa substrate in transformed
fibroblasts. J. Biol. Chem. 262, 16546-16552.

Yaciuk, P., Choi, J. K., and Shalloway, D. (1989). Mutation of amino acids in pp60c-src
that are phosphorylated by protein kinases C and A. Mol. Cell. Biol. 9, 2453-2463.

Zang, Q., Frankel, P., and Foster, D. A. (1995). Selective activation of protein kinase C
isoforms by v-Src. Cell Growth & Differ. 6, 1367-1373.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



