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LIST OF ABBREVIATIONS

anti-ptyr: antiserum that specifically recognizes phosphotyrosine-containing pro-
teins

ASV: avian sarcoma virus

CEF: chicken embryo fibroblasts

CSF-1: colony-stimulating factor-1 (macrophage colony-stimulating factor)
DAG: 1,2-diacylglycerol

DMSO: dimethylsulfoxide

DTT: dithiothreitol (Cleland’s reagent)

EDTA: disodium ethylenediaminetetraacetic acid
EGF: epidermal growth factor

env: retroviral gene encoding envelope glycoproteins
gag: retroviral gene encoding virion core proteins
GAP: ras GTPase activator protein (see page 10)
[P3: inositol-(1,4,5)trisphosphate

kb: kilobase pairs

kd: kilodaltons (relative molecular mass)

LTR: long terminal repeat (region of retroviral genome containing promoter and
polyadenylation signal)

(=4}

MA: retroviral matrix protein (most 5’ of gene products encoded by the gag
gene; same as avian retroviral p19)

MOI: multiplicity of infection

MTag: polyomavirus middle tumor antigen
PDGF': platelet-derived growth factor

pfu: plaque-forming unit

PI: phosphatidylinositol

PIPQ: phosphatidylinositol-(4,5)bisphosphate

PI-PLC: phosphoinositide-specitic phospholipase C
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'PLC: phospholipase C
PMSF: phenylmethylsulfonylflouride

pol: retroviral gene encoding RNA-dependent DNA polymerase, integrase, and
RNAse H activities

RIPA buffer: radioimmunoprecipitation assay buffer; see page 22
RSV: Rous sarcoma virus

SDS: sodium dodecyl sulfate

SDS-PAGE: SDS-polyacrylamide gel electrophoresis

SSC: standard saline citrate

TGF-a: transforming growth factor-a

UR2AV: UR2-associated virus (a nontransforming avian helper retrovirus)
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GLOSSARY OF TERMS

anchorage independence: the ability of tissue culture cells to proliferate while
unattached to a solid substratum; for most cell types, including fibroblasts, a pro-
perty of transformed cells and not of normal cells.

avtan sarcoma virus: an avian retrovirus that carries an oncogene and rapidly in-
duces a transformed phenotype in infected cells in vitro and growth of infected
mesodermally-derived cells to form solid tumors in vive.

domain: a discrete region of a larger protein that confers a specific structure or
function, such as catalytic activity or ability to bind to other cellular com-
ponents; used loosely in this thesis to denote a region of a protein that, by se-
quence comparison, is likely to confer a common (though in some cases unknown)
function to other proteins containing a homologous region.

G-protein: one of a family of guanine nucleotide-binding proteins that couple
transmembrane receptors to intracellular effector enzymes, leading to modulation
of effector activity upon receptor stimulation (see Gilman, 1987).

growth control: a broad term for the mechanisms that govern when and under
what circumstances a cell will proliferate.

helper virus: a replication-competent virus that can provide in trans essential
functions which are lacking in replication-defective viruses, allowing transmission
of the defective virus.

homology: used loosely in this thesis to denote significant amino acid sequence
similarity, presumably indicating a common structure and/or function. Philo-
sophically, however, such similarity probably implies a common evolutionary ori-
gin and thus homology in the strict sense.

immunoblotting: a technique in which proteins are separated by SDS-PAGE and
transferred to nitrocellulose filters, which are then probed with antibodies that
bind to specific proteins on the filter.

immunoprecipitation: a technique in which antibodies are used to bind to specific
proteins in a cell lysate; the antibody-antigen complexes are then collected by
binding the immunoglobulins to a solid support such as protein A-sepharose.

in vitro kinase assay: a technique to detect protein kinases, in which antigen-
antibody complexes are washed, then incubated with ~-labeled ATP and divalent
cation; if a kinase is present in the immunoprecipitate, the labeled ~-phosphate
will be transferred to proteins which can then be detected by SDS-PAGE.

northern blotting: a technique in which RNA is separated by denaturing agarose
gel electrophoresis and transferred to nitrocellulose filters; the filters are then hy-
bridized with specific, labeled nucleic acid probes which bind to homologous RNA
present on the filters.

oncogene: a gene that can confer a transformed phenotype in vitro or induce tu-
mors in vivo when expressed in appropriate cells. With the exception of several
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genes from DNA tumor viruses, oncogenes are derived by mutation of normal cel-
lular genes, or are normal cellular genes that can become oncogenic if inappropri-
ately expressed.

oncogene transduction: the process whereby cellular proto-oncogene sequences
are stably incorporated into a retroviral genome, generating an infectious, acutely
transforming retrovirus.

phospholipase C: an enzyme that catalyzes the hydrolysis of the phosphodiester
bond of phospholipids to generate diacylglycerol and phosphorylated head group.

protein-serine kinase (serine/threonine kinase): an enzyme that catalyzes the
transfer of the ~-phosphate of ATP to the hydroxyl group of serine and/or
threonine residues on substrate proteins.

protein-tyrosine kinase (tyrosine kinase): an enzyme that catalyzes the transfer
of the y-phosphate of ATP to the hydroxyl group of tyrosine residues on sub-
strate proteins.

proto-oncogene: a normal cellular gene that can confer a transformed phenotype
in vitro or cause tumor formation in vive if mutated and/or inappropriately ex-
pressed.

RNA tumor wirus: a retrovirus carrying an oncogene, which can rapidly
transform appropriate infected cells in vitro and induce neoplastic disease in vivo.

signal transduction: used in this thesis to denote the process whereby signals are
transmitted from the extracellular environment into the cell to generate intracel-
lular responses.

Southern blotting: a technique in which DNA fragments are separated by agarose
gel electrophoresis, denatured, and transferred to nitrocellulose filters. The filters
are then hybridized with specific nucleic acid probes which bind to homologous
DNA fragments on the filters.

transfection: a technique in which cloned DNA is introduced into tissue culture
cells, generally by calcium phosphate coprecipitation. The transfected DNA be-
comes incorporated into the genomes of a small percentage of the transfected
cells and can be expressed.

transformation: a term that describes a wide variety of phenotypic changes ob-
served in tissue culture cells that are thought to reflect the changes responsible
for the aberrant growth of tumor cells in vivo. Some of the parameters of
transformation are altered morphology, decreased growth factor dependence, in-
creased saturation density, lack of contact inhibition, increased metabolic rate,
and anchorage independence (see Hanafusa 1977).



ABSTRACT

Four previously uncharacterized avian sarcoma viruses were screened
aﬁd two of these, RPL30 and CT10, were found to encode apparently novel on-
cogenes. Biologically active CT10 DNA was molecularly cloned and the nucleo-
tide sequence was determined. The CT10 genome encodes a gag-fusion polypep-
tide of 47 kilodaltons, termed p47gag-crk' This protein contains blocks of se-
quence similarity to a noncatalytic, potentially regulatory region found in the
nonreceptor tyrosine kinases, a phosphoinositide-specific phospholipase C, and the
ras GTPase activator protein; no homology was found to any known catalytic
domain. Potential roles for the homologous domains, termed SH2 and SH3, in

7999°¢Tk oo dis-

normal signal transduction and in the biological activity of p4
cussed.

Biochemical data demonstrated that phosphotyrosine levels on at least
three cellular proteins were greatly elevated in CT10-infected cells, and that a
tyrosine kinase activity was immunoprecipitated in association with p47gag—crk'
A specific antiserum that recognizes the c-crk-derived portion of the oncogene
product was generated, and a number of proteins were identified that were phos-
phorylated in in wvitro kinase reactions of v-crk immunoprecipitates or were co-
immunoprecipitated with the v-crk protein. All of the phosphoproteins that
specifically coprecipitate with p47gag—crlc contained high levels of phosphotyro-
sine; these proteins include the three major phosphotyrosine-containing proteins
of CT10-infected cells. Preliminary experiments demonstrated that p47gag—crlc,
the crk-associated tyrosine kinase activity, and the major phosphotyrosine-
containing proteins of infected cells were localized on membranes in the nonionic

detergent-insoluble cytoskeletal matrix.

A series of 10 v-crk mutants were constructed and their biological ac-



tivity was assessed. Lesions within the SH2 or SH3 domains decreased or abol-
ished biological activity, and viral gag sequences were also required for full
transforming activity. Mutations in the nonhomologous regions between the SH2
aﬁd SH3 domains had no effect. Biochemical analysis of mutant-infected cells
demonstrated that in all cases increased phosphotyrosine levels correlated with

transformation.



SECTION ONE

INTRODUCTION

1-1 General introduction

The acutely transforming retroviruses, or RNA tumor viruses, provide
an invaluable biological system for studying the molecular mechanisms of malig-
nant transformation. Each RNA tumor virus expresses at high levels one, or in
some cases more than one, viral oncogene which had originally been derived from
the host genome. The molecular cloning of these transforming viruses has led to
the identification of numerous genes that have the ability to induce uncontrolled
cell growth when mutated and/or inappropriately expressed—the cellular proto-
oncogenes (see Bishop, 1985 for review). The historical role of the RNA tumor
viruses in shaping how we understand carcinogenesis and growth control on the
molecular level is indisputable; what I hope to demonstrate in this thesis is that
there’s life in the old system yet. The study of previously uncharacterized sarco-
ma viruses is perhaps the most efficient way to identify novel oncogenes, and
with each new oncogene the task of elucidating the pathways of normal and ab-
normal growth control becomes less daunting.

The RNA tumor viruses rapidly induce tumors in infected animals
(generally within two weeks in the case of avian sarcoma viruses) and are able to
cause transformation of appropriate cultured cells with single-hit kinetics (re-
viewed by Teich et al., 1982). Therefore each viral oncogene, when expressed in
a retroviral context, is sufficient to induce transformation and tumorigenesis.
While this probably does not reflect the situation in spontaneous tumors, which
may involve the gradual accumulation of genetic alterations under the fierce

selection of growth in an organism, it greatly simplifies biochemical analysis. The



molecular consequences of expression of a single gene product can be assessed re-
lative to matched controls that do not express the oncogene. An added advan-
tage of the viral system is the ease with which large numbers of primary cultured
célls can be rapidly induced to express the oncogene via the viral replication
pathway.

Since each viral oncogene is derived from a normal (and obviously
nontransforming) cellular proto-oncogene present in the genome of every cell of
the host organism, comparison with the normal homolog provides important clues
to the mechanism of transformation. The two most important potential
differences between the viral and cellular genes are in expression level and struc-
tural mutations that may have arisen during or subsequent to transduction of the
proto-oncogene into the viral genome. In some cases, such as the fos gene, it ap-
pears that constitutive expression via the strong viral promoter is sufficient to in-
duce transformation. This is consistent with the presumptive role of the c-fos
protein as a component of the transcriptional activator complex AP-1, and the
observation that expression of c-fos is rapidly and transiently induced in cultured
cells after stimulation with a variety of mitogens and growth factors (Verma and
Sassone-Corsi, 1987; Curran and Franza, 1988). In the case of the src oncogene,
on the other hand, structural mutations are generally required for transformation.
The discovery that the v-src gene product is many times more active than that of
c-src as a protein-tyrosine kinase implicates this enzymatic activity in transfor-
mation and has initiated a great deal of research into potential mechanisms for
negatively regulating the activity of tyrosine kinases in vivo (Hanafusa, 1986).

The wide variety of viral oncogenes isolated to date is a reflection of
the complexity of the signal transduction pathways involved in normal growth
control and the many ways that these pathways can be subverted in the

transformed cell. In many cases, the role of the normal proto-oncogene in signal
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transduction has been deduced in part by the aberrant action of the correspond-
ing viral oncogene. The viral oncogenes (reviewed in Bishop, 1985 and Bishop
and Varmus, 1985) that have been characterized include a growth factor, sis (the
beta chain of platelet-derived growth factor); several growth factor receptors with
intrinsic tyrosine kinase activity including erbB (the EGF/TGF-a receptor), fms
(the CSF-1 receptor), kit (the mouse W locus), sea, and ros; protein-tyrosine ki-
nases of the nonreceptor class sre, yes, fgr, fps/fes, and abl; the serine kinases
mos and mil/raf; G-protein analogs Hras and Kras; and nuclear proteins fos, jun
(both of which are components of the AP-1 transcription activator complex),
myb, myc, erbA, ski, ets, and rel. While it certainly has not been demonstrated
that the normal homologs to each of these viral oncogenes are involved in normal
growth control (this is especially true of the nonreceptor tyrosine kinases, for
which no biological role has yet been demonstrated), the ability of the oncogenic
form to induce uncontrolled growth indicates that these genes can short-circuit
the normal growth-control pathways. In addition, the implication of several of
the cellular homologs to the viral oncogenes in human tumors (reviewed in
Marshall, 1985; Bishop, 1987) indicates that the virus transduction can in some
cases mimic mutational events that can lead to spontaneous tumors.

Analysis of RNA tumor viruses is not the only method to identify on-
cogenes; given the existence of such viruses, however, the system has unique ad-
vantages. Oncogenes have been identified by transfection of DNA from tumor
cells into recipient ‘‘normal” cell lines such as NIH 3T3; the transforming se-
quences can be rescued, often with great difficulty, from transformed foci or from
tumors induced by recipient cells injected into nude mice (see Parada et al., 1982
and Fasano et al., 1984 for examples). The success of this technique depends on
high transfection efficiency, a relatively small size for the genomic transforming

gene, and the ability of the transforming gene to transform the recipient cell to
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an obvious phenotype. To date, this technically demanding method has
identified few proto-oncogenes that had not been previously identified as viral on-
cogenes. In addition, the RNA tumor viruses may provide a more realistic view
of genes with oncogenic potential since the end result of viral infection is a tu-
mor, often in outbred animals, as opposed to a transformed focus on a dish of im-
mortalized tissue-culture cells.

The mechanisms that control the ability of each cell in a multicellular
organism to proliferate only at the appropriate time in development or adult life
are likely to be extremely complex. To identify the important components of
such a mechanism from purely biochemical and genetic approaches would be a
formidable task. The discovery of viral oncogenes and their normal cellular coun-
terparts, however, has identified many of the proteins and mechanistic motifs in-
volved in growth control pathways. The characterization of novel viral on-
cogenes is perhaps the single most efficient way to fill in the numerous gaps in

our present understanding of eukaryotic growth control.
1-2 Retroviral life cycle and oncogene transduction

The genetic information of a retroviral particle consists of two identi-
cal strands of (+)-strand RNA. Upon penetration of the host cell plasma mem-
brane, the genomic RNA is reverse transcribed by the viral RNA-dependent DNA
polymerase packaged in the virion core. The two copies of genomic information
may allow generation of a complete cDNA copy even if one or both RNA
molecules has been damaged; this ability of the polymerase to “‘jump’” from
strand to strand may be important to oncogene transduction, as described below.
After reverse transcription, the viral genome (now in double-stranded DNA form
with long terminal repeats, or LTRs, at both ends) integrates into the host cell

chromosome via the integrase activity encoded by the viral pol gene. This pro-



virus, once integrated, directs synthesis of viral genomic and subgenomic mRNAs
to initiate the next infectious cycle (the replication cycle is reviewed in Varmus
and Swanstrom, 1985).

| The exact mechanisms involved in oncogene transduction by retro-
viruses are still controversial; however, a reasonable hypothesis can be construct-
ed based on peculiarities of the retroviral life cycle (see Bishop and Varmus,
1985). A first step might involve integration of a provirus upstream from or
within the coding sequence of a proto-oncogene. A DNA rearrangement resulting
in deletion of the 3’ LTR (where the transcription termination and polyadenyla-
tion signals reside) would result in transcription of a hybrid viral-proto-oncogene
mRNA via the still-intact 5 LTR. Since the cis-acting sequences required for
packaging viral RNA into virions are in the 5’ portion of the genome, the hybrid
RNA could be packaged into a virion along with an intact viral genome. (This
assumes that the cell has been infected with at least two retroviruses, only one of
which has suffered a rearrangement). During reinfection of a cell by the ‘‘hetero-
zygous'’ virion, the ability of the reverse transcriptase to jump from one mRNA
to another would allow the generation of a viral-oncogene-viral recombinant pro-
virus with LTRs at both ends. This provirus would contain all of the cis-acting
sequences required for transcription, packaging, reverse transcription, and in-
tegration of the hybrid viral genome.

Although the exact mechanism of generation of the RNA tumor
viruses is unimportant to this discussion, a few general properties of the
oncogene-carrying retroviruses should be noted. First, the transduction process
generally results in the deletion of viral structural gene sequences, rendering the
sarcoma viruses replication-defective. In order to produce infectious progeny
virus, they therefore require coinfection with replication-competent helper viruses

to provide the missing essential function in trans. To date, of all RNA tumor



viruses only certain strains of Rous sarcoma virus have been shown to be
replication-competent, and there is evidence that the original Rous virus was it-
self defective (Dutta et al., 1985). The second important point is that the process
of transduction often results in truncation of the cellular proto-oncogene and
insertion into viral coding sequences. Consequently, many viral oncogene pro-
ducts are hybrid proteins, with viral structural gene sequences fused to sequences
derived from the proto-oncogene. A practical implication of this is that the on-
cogene products can often be immunoprecipitated by antibodies that recognize
viral structural proteins, allowing preliminary characterization of the transform-

ing protein in the absence of a specific antibody.
1-3 Introduction to signal transduction mechanisms

The central problem of eukaryotic growth control is the elucidation of
mechanisms of signal transduction: how positive and negative stimuli from the
environment can be transmitted through the plasma membrane to the nucleus,
where they are ultimately reflected in altered transcriptional activity. The bare
outlines of this system are beginning to be understood, but in many places there
are crucial gaps. There are also whole classes of molecules, such as the nonrecep-
tor tyrosine kinases and the ras proteins, which are implicated in signal transduc-
tion but for which no normal cellular function has yet been demonstrated. In
this section I will briefly review some of what is known about the mechanisms of
signal transduction, with an emphasis on how oncogene products may fit into
these pathways.

One mechanism that is quite well understood is that used by the
steroid and thyroid hormones (reviewed in Beato, 1989). Since these hormones
are lipid-soluble, the problem of transmitting a signal across the plasma mem-

brane is circumvented by simple diffusion. Once in the cytoplasm, the hormones



bind to specific receptors which in turn can bind to DNA and influence the tran-
scription of various hormone-responsive genes. The viral oncogene erbA, which
potentiates the transforming potential of the erbB oncogene in some cell types
(D'amm et al., 1987), is a homolog of the normal cellular thyroid hormone (T3
and T4) receptor (Sap et al., 1986; Weinberger et al., 1986). While this mechan-
ism is simple and direct, it cannot account for the biological activity of peptide
hormones, neurotransmitters, growth factors, and other cytokines, which are un-
able to diffuse through the plasma membrane and must initiate their biological
responses by binding extracellularly to transmembrane receptors.

A second well-characterized signal transduction system involves the
activation of protein kinases via cyclic nucleotide second messengers. In the clas-
sic example, binding of (-adrenergic agonists to specific cell-surface receptors
leads to the cytoplasmic activation of a GTP-binding protein, or G-protein; this
activation is thought to involve exchange of bound GDP for GTP and dissocia-
tion of the « subunit of the G-protein from its § and ~ subunits. The GTP-
bound a subunit can then activate the enzyme adenylyl cyclase, thereby causing
an increase in the intracellular concentration of the second messenger, cAMP (re-
viewed in Gilman, 1987). This compound in turn binds to the regulatory subunit
of cAMP-dependent protein kinase, causing dissociation of an active catalytic
subunit and leading to the phosphorylation of substrate proteins on serine and
threonine residues (see Edelman et al., 1987). This is a good paradigm for other
signal transduction pathways, in that there are several steps involving signal
amplification and many levels at which the signal can be downregulated. That
this pathway ultimately results in the activation of a protein kinase reflects the
fact that phosphorylation is the most commonly used cellular mechanism to ra-
pidly and reversibly alter the conformation and activity of proteins. While the

cAMP-dependent pathway is not generally associated with positive growth con-
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trol, an oncogene that had been isolated by transfection, mas, was found to have
a structure similar to the [-adrenergic receptor and other receptors coupled to
G-proteins, suggesting that this oncogene may transform by a G-protein-
média.ted pathway (Young et al., 1986). In addition, the ras oncogene products
bind GDP and GTP and have sequence similarity to classical G-proteins
(Marshall, 1986; Barbacid, 1987). However, as will be discussed below, there is
evidence that the ras proteins are functionally quite different from true G-
proteins.

Growth control mechanisms have been studied most often with tissue
culture cells, and many peptide growth factors and mitogens have been isolated
from serum. These growth factors bind to specific transmembrane receptors on
the cell surface; in many cases, the cytoplasmic domains of these receptors pos-
sess an intrinsic protein-tyrosine kinase activity (Yarden and Ullrich, 1988). The
seminal discovery that the v-src oncogene product has tyrosine kinase activity
(Collett et al., 1980; Hunter and Sefton, 1980; Levinson et al., 1980) and the sub-
sequent finding of the same activity in many growth factor receptors has led to a
great deal of interest in the substrates of normal and oncogenic tyrosine kinases.
It is presumed that ligand binding causes the specific tyrosine phosphorylation by
the receptors of intracellular substrate proteins, initiating a cascade of events cul-
minating in cell division, and that the tyrosine kinase oncogenes may cause un-
controlled cell growth by phosphorylating these same substrates in the absence of
exogenous signals. The central importance of tyrosine kinases in growth control
can be inferred from the large number of viral and other oncogenes that encode
tyrosine kinases (Bishop and Varmus, 1985; Bishop, 1987). While there is good
evidence that the tyrosine kinase activity of the growth factor receptors is re-
quired for biological activity, the major substrate of these receptors is often the

receptor itself; it has been suggested in the case of the insulin receptor that it is a
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change in conformation brought about by autophosphorylation, and not phospho-
rylation of heterologous proteins, that is important for at least some aspects of
signal transmission (Forsayeth et al., 1987)
| A great deal of recent work has established the importance of phos-
pholipase C (PLC) in signal transduction. The PLC-mediated cleavage of
phosphatidylinositol-bisphosphate (P[Pz) into two intracellular second
messengers, inositol trisphosphate (]PB) and diacylglycerol (DAG), is involved in
the cellular responses to many extracellular stimuli, including mitogens (Majerus,
et al., 1986; Berridge, 1987). DAG activates the serine/threonine kinase activity
of the protein kinase C family (reviewed in Nishizuka, 1986), while IP3 causes the
release of calcium from intracellular stores. Increased cellular calcium concentra-
tions can affect many cellular processes, including the activation of CaTT-
dependent serine/threonine kinases (see Edelman et al, 1987). The DAG-
dependent activation of protein kinase C has been implicated in a wide range of
intracellular responses, including alteration of growth properties (Nishizuka,
1986). The phorbol ester tumor promoters are thought to exert their biological
activity by binding specifically to protein kinase C and abrogating its DAG re-
quirement.
The involvement of phosphoinositide-specific phospholipase C (PI-
PLC) in the cellular response to hormones and mitogens has led to a great deal of
work on the mechanism of activation of PI-PLCs. Pharmacological data have in
many cases implicated a G-protein in the activation of PLC activity (Majerus,
1986; Berridge, 1987). It was once thought that the ras family of GTP-binding
proteins might be involved in the coupling of PI-PLCs to cell surface receptors;
however, experimental evidence has not borne this out (see Downward, et al.,
1988; Yu et al., 1988). Recently, there have been some indications that at least

one PI-PLC is phosphorylated on tyrosine in response to treatment of cells with
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epidermal growth factor (EGF); this raises the possibility that a PLI-PLC could be
directly phosphorylated and activated by the intrinsic protein-tyrosine kinase ac-
tivity of the EGF receptor and other growth factor receptors (Wahl et al., 1988;
Wahl et al., 1989). However, the existence of many types of PI-PLCs suggest
that there may be many different mechanisms involved in responses to different
stimuli (Rhee et al., 1989).

The normal function of the ras family of proteins and the mechanism
whereby their oncogenic variants transform remains enigmatic. The fact that
mutated ras genes can transform, and that antibodies that inactivate normal ras
function can block the serum-stimulated entry of quiescent cells into the cell cy-
cle (Mulcahy et al., 1985) suggests a central role for the ras gene products in
mediating the signals of growth control. Oncogenic forms of ras have lower in-
trinsic GTPase activities compared to the normal homologs (reviewed in Barba-
cid, 1987), suggesting that, as in the case of classical G-proteins, the GTP-bound
form is the active signal transducer. Recently, McCormick and colleagues have
characterized an activity from normal cells that stimulates the GTPase activity
of the normal, but not the oncogenic, forms of ras (Trahey and McCormick,
1987). This GTPase Activator Protein, or GAP, has been shown to still interact
with oncogenic ras molecules, however; genetic evidence suggests that interaction
of ras with GAP is required for biological activity (reviewed in McCormick,
1989). It has therefore been proposed that GAP is a component of the ultimate
target, or effector, of ras action, analogous to adenylyl cyclase in the case of the
classical G-proteins, as outlined above.

Although ras appears to play a crucial role in growth control, it must
be emphasized that neither the stimulus that activates ras nor the enzyme activi-
ty ultimately stimulated by ras are presently understood. Antibody injection ex-

periments have shown that ras activity is required for growth of cells transformed
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by the tyrosine kinase oncogenes fes, fms, and sre, but not for growth of cells
transformed by the serine kinase oncogenes mos and raf (Smith et al., 1986).
This is consistent with a requirement for ras activity downstream from the tyro-
siﬁe kinases and upstream from the serine kinases in growth control pathways.
Coupled with the evidence that ras is not involved in regulation of PI-PLC (and
may actually function downstream of PI-PLCs—see Yu et al., 1988), this suggests
that there might be a poorly understood ras-dependent pathway governing
growth control which might ultimately lead to the activation of serine kinases
such as c-mos and c-raf.

There has been some recent evidence that supports the idea that ser-
ine kinases such as mil/raf and mos might play a role in transmitting signals in-
volved in growth control, as might be expected given that they were originally
isolated as viral oncogenes. One group has found that tyrosine phosphorylation
of cellular Raf-1 kinase is increased in cells stimulated with mitogens or
transformed with tyrosine-kinase oncogenes, concomitant with an increase in in
vitro Raf-1 kinase activity (Morrison et al., 1988b). In wvitro studies have also
shown that insulin stimulation leads to an increase in the activity of the
serine/threonine kinase, MAP-2 kinase, toward its substrate, S6 kinase; there is
evidence that the activation of MAP-2 kinase is via tyrosine phosphorylation
(Sturgill et al., 1988). Furthermore, the higher eukaryotic homolog of the yeast
cell-cycle gene cdc2, a serine/threonine kinase, was shown to be equivalent to the
factor identified in Xenopus as MPF (maturation promoting factor), whose activi-
ty is required for oocyte maturation (Arion et al., 1988). MPF /cdc2 has been
shown to be phosphorylated on tyrosine in a cell-cycle-dependent manner (Draet-
ta et al., 1988), and there is indirect evidence that the serine kinase activity of
the cellular homolog to the mos oncogene is required for MPF activity during

oocyte maturation (Sagata et al., 1988).
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The data above suggest that cascades of tyrosine and serine kinases
might be involved in the regulation of growth control; this is not particularly
su;prising. It is likely that tyrosine kinases work proximal to the membrane in
the early stages of signal transduction, either as growth factor receptors or
through a poorly understood pathway involving the nonreceptor tyrosine kinases.
The serine kinases are probably the intracellular, downstream effectors, ultimate-
ly transmitting the signal to the nucleus. Consistent with this, evidence is emerg-
ing that phosphorylation may regulate the activity of some transcription factors
(Hoeffler et al., 1988; Sorger and Pelham, 1988; Prywes et al., 1988). Another in-
triguing observation is that the transcription factor NF-KB can exist in a cyto-
plasmic, inactive form; upon stimulation, the active factor dissociates from an in-
hibitor and migrates to the nucleus, where it binds to DNA (Baeuerle, et al.,
1988). Phosphorylation would be an excellent way to trigger such a dissociation
and activation.

It would be virtually impossible to comprehensively review the huge
volume of work on the mechanisms of signal transduction. Although this field
has grown explosively over the past decade, however, the complexity of the path-
ways involved has precluded a coherent understanding of the the mechanisms
and interrelationships important to growth control. Different cell types probably
respond in different ways to a given stimulus, depending on what pathways are
activated, what proteins are available to respond to the output of these path-
ways, and how different pathways interconnect and cross-regulate each other.
Clearly, to understand these regulatory networks it would be helpful to isolate
and identify the proteins involved; quite a few of the critical mediators remain to
be identified. The oncogenes isolated from the RNA tumor viruses have in many
cases guided the questions being asked and the experimental approaches used to

elucidate signal transduction pathways, since the viral oncogenes are demonstr-
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ably able to distort these pathways. In this thesis I will describe the
identification of a previously uncharacterized viral oncogene that transforms cells
through an apparently novel mechanism. This work, by identifying unforeseen
ways in which signal transduction might be regulated in normal and transformed
cells, opens a new perspective on the field and may be expected to provide an in-
tellectual and experimental starting point for novel approaches aimed at a more

comprehensive understanding of the mechanisms of growth control.
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SECTION TWO

MATERIALS AND METHODS

2-1 Cell culture and DNA transfection

Cell culture. Chicken embryo fibroblasts (CEF) were cultured and in-
fected with viruses essentially as described (Hanafusa, 1969). CEF were prepared
from 11-day embryos and were subcultured for infection or transfection 5-9 d
after primary culture in either Ham’s F-10 medium supplemented with 10% tryp-
tose phosphate broth (TPB), 5% calf serum, and 1% chicken serum or Scherer’s
medium supplemented with 10% TPB and 2 or 5% calf serum. All media con-
tained 100 U/ml penicillin, 50 wug/ml streptomycin, and 1 ug/ml fungizone.
Cells were routinely maintained at 37°.

Secondary CEF were infected 4-12 h after subculture with virus stock
after the addition of DEAE-dextran to 5 ug/ml. To select for transformed cells,
infected or transfected dishes were often overlaid with F-10, Scherer’s, or F-
10:Scherer’s (1:1) medium as above further supplemented with 0.5% bovine em-
bryo extract and 0.375% agar (soft agar medium) and incubated at 10°.

Colony formation assay. To assay for anchorage-independent growth
of infected or transfected CEF, approximately 106 CEF (including less than 103
virus-infected cells) were plated in 10 cm dishes in Minimum Essential Medium
supplemented with 10% TPB, 10% calf serum, 1% chicken serum, 1% DMSO,
and 0.4% agar on a layer of the same medium containing 0.7% agar. Colonies
were scored 3-4 weeks after plating.

Tumorigenicity and virus rescue. Tumors were induced in SPAFAS

white leghorn chickens by injecting 0.1 ml virus stock into each wing web of

newborn chicks (2-5 d after hatching).
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Virus was recovered from tumors by mincing fresh tumor tissue, disso-
ciating in buffered saline containing 0.25% trypsin, and plating tumor cells on
fresh secondary CEF.

DNA transfection. Transfection of molecularly cloned viral DNA was
performed essentially as described (Wigler et al., 1979; Cross and Hanafusa,
1983). For CT10 and CT10-derived mutants, 2 ug DNA was cleaved with Scal
and mixed with 2 ug Sacl-cleaved pUR2AV helper virus DNA (Neckameyer and
Wang, 1984). DNA was resuspended in 10 ul ligase buffer along with diluted T4
ligase and incubated at 14° for 30 min. After heating to 65° for 10 min, the
DNA was added to 0.5 ml Buffer A (0.25 M CaCl,, 25 mM HEPES pH 7.15, 50
pg/ml sheared calf thymus DNA). 0.5 ml Buffer B (280 mM NaCl, 25 mM
HEPES pH 7.15, 1.5 mM Na2HP04) was added dropwise while vortexing. The
precipitate was allowed to form at room temperature for 20 min, then was added
to 2 6 cm dishes seeded the previous night with 7x105 CEF in F-10 medium; the
medium was changed 2 h before transfection to F-10 lacking TPB. The precipi-
tate was washed off after 4 h and fresh medium was added. Plates were
transferred 2 d after transfection, overlaid with soft agar medium, and incubated
at 40°. With wild-type CT10, transformation was generally evident after the
second transfer (10-14 d post-transfection).

For mutants (10-NRC, 10-NSC) expressed in replication-competent
Rous sarcoma virus (RSV)-derived vectors, 2 ug pSR-XD2-derived DNA and 2 ug
pBH-rep DNA (Cross and Hanafusa, 1983; Iba et al., 1984) were cleaved with
Sall, mixed, ligated, and transfected as above. Cells were completely infected
(judged by transformation of parallel transfections with pSR-XD2, which encodes

v-src) 5-7 d post-transfection.

2-2 “Oncogene blot’’ screen of novel viruses
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DNA probes. Probes specific for 19 known viral oncogenes were
prepared from molecularly cloned DNA. The restriction fragments chosen (ex-
cept positive control) contain no helper virus-derived sequences that might hybri-
dize nonspecifically to the retroviral genome. For each oncogene, the plasmid
and specific restriction fragment used, species of origin, and reference are listed
below. fms: pSM3, 1.4 kilobase (kb) PstI insert, cat (Donner et al., 1982 and C.
Sherr, personal communication). ros: pros, 0.85 kb EcoRI-Puvull insert, chicken
(Neckameyer and Wang, 1985). erbB: perb5, 0.56 kb BamHI insert, chicken
(Yamamoto et al., 1983 and J. Samarut, personal communication). abl
pAB3sub3, 1.6 kb Sacl-HindIIIl fragment, mouse (Reddy et al., 1983<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>