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Abstract

In an effort to identify the components of the signal transduction cascades
involved in tumorigenesis, a genetic approach was undertaken. Revertants of v-ab/ and v-
Ha-ras mediated transformation were isolated by a novel method utilizing fluorescence
activated cell sorting (FACS). The analysis of the revertants of v-abl transformation led
to the isolation of a dominant negative v-abl gene. The dominant negative v-abl blocks
Rat-1 fibroblast cellular transformation by the polyoma Middle T, v-abl, v-fms, v-erbB
and neu oncogenes while having no effect on cellular transformation mediated by v-Ha-
ras, v-Ki-ras, v-mos, v-gag-fos-fox, v-src and tpr-met oncogenes. The mutant was also
assessed for its ability to affect cellular signalling in other cellular contexts. PC12
neuronal differentiation is potentiated in cells overexpressing the mutant v-abl. No
detectable effect on B-cell and T-cell receptor signalling was detected. Cloning and
sequence analysis of the mutant v-ab/ revealed that the protein product encoded a largely
truncated form of the wild type p160V-abl. The mutant protein has retained the gag
moiety and SH2 domain of the wild type protein but lacks the entire tyrosine kinase
domain and C-terminal portion of the protein. The structure of the mutant coupled with
preliminary attempts at determining the mode of action of the mutant have suggested that
the mutant may interfere with the proper modification of a critical signal transducer. The
analysis of the revertant line obtained from Mink cells transformed with v-Ha-ras
suggested a potential role for the mdr gene product in transformation. Somatic cell hybrid
experiments suggest that the revertant line obtained has sustained at least two different
genetic events. In order to assess the contribution of the mdr gene product to v-Ha-ras
mediated transformation, two separate approaches were used. Firstly, a construct
designed for overexpression of the mouse mdr1b gene was tested for its ability to induce
transformation in Mink cells. Secondly, a construct designed to block expression of mdr

genes, an antisense construct, was assayed for its ability to block v-Ha-ras mediated
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transformation in Mink cells. The results obtained suggest that mdr gene expression does

not play a substantial role in v-Ha-ras-mediated transformation.
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Résumé

Afin d'identifier les composantes des voies métaboliques impliquées dans la
transformation cellulaire, une approche génétique a été utilisée. Des révertants furent
isolés a partir de lignées cellulaires transformées par les oncogenes v-abl et v-Ha-ras a
l'aide d'une technique basée sur le triage de cellules teintes par des fluorochromes
(FACS). Au cours de l'analyse de révertants v-abl, un rétrovirus v-abl mutant fut isolé.
L'expression du mutant bloque la transformation cellulaire de fibroblastes Rat-1 induite
par les oncogénes v-abl, Middle T (du virus polyoma), v-erbB, v-fms et neu. Cependant,
l'expression du mutant n'a aucun effet sur la transformation médi€e par les oncogenes v-
Ha-ras, v-Ki-ras, v-mos, v-gag-fos-fox, v-src ou tpr-met. De plus, le mutant facilite la
différenciation cellulaire des cellules PC12 en neurones. L'analyse de l'expression du
mutant dans des cellules B et T n'a pas révélé d'effet sur la signalisation des récepteurs B
et T. Nous avons cloné et séquencé le rétrovirus mutant. Le géne mutant code pour une
protéine qui ne contient que les portions gag et SH2 du virus souche. Les résultats de
certaines expériences préliminaires et la structure de la protéine suggére que le mutant
affecte la modification d'une composante, qui demeure inconnue, des voies de
signalisation cellulaire. Le révertant v-Ha-ras semblait issu de deux événements
génétiques. Néanmoins, au cours de l'analyse de cette lignée cellulaire, nous avons fait
certaines observations suggérant un role pour les génes mdr dans le processus de
transformation. Nous avons employé deux approches complémentaires pour examiner le
role de ces génes: nous avons surexprimé le géne murin mdrlb dans la lignée cellulaire
Mink afin de déterminer s'il pouvait agir d'oncogéne dans ce contexte cellulaire.
Deuxiément, une construction antisense a été utilisée dans le but de bloquer 'expression
de ces génes dans les cellules Mink transformées avec v-Ha-ras. Les résultats obtenus
suggerent que l'expression des génes mdr nlest pas essentiel pour la transformation

cellulaire médiée par I'oncogéne v-Ha-ras.
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c Preface

The following statements have been included in accordance with thesis specifications

outlined in in "Guidelines to Thesis Preparation”:

Candidates have the option of including, as part of the thesis, the text of a paper(s)
submitted or to be submitted for publication, or the clearly-duplicated text of a
published paper(s). These texts must be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between
the different papers are mandatory. The thesis must be written in such a way
that it is more than a mere collection of manuscripts; in other words, results of a
series of papers must be integrated.

The thesis must still conform to all other requirements of the "Guidelines for
Thesis Preparation”. The thesis must include: A Table of Contents, an abstract in
English and french, an introduction which clearly states the rationale and
objectives of the study, a comprehensive review of the literature, a final
conclusion and summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in appendices) and
in sufficient detail to allow a clear and precise judgment to be made of the
importance and originality of the research reported in the thesis.

In the case of manuscripts co-authored by the candidate and others, the candidate
is required to make an explicit statement in the thesis as to who contributed
to such work and to what extent. Supervisors must attest to the accuracy of such
statements at the doctoral oral defense. Since the task of the examiners is made
more difficult in these cases, it is in the candidate's interest to make perfectly clear
the responsibilities of all the authors of the co-authored papers. Under no
circumstances can a co-author of any component of such a thesis serve as an
examiner for that thesis.

Chapters 2 and 4 will be submitted as manuscripts to peer reviewed scientific journals.
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Contributions to Original Knowledge

1. The truncated mutant abl protein described in the first part of this thesis represents a
unique example of a dominant negative cytoplasmic tyrosine kinase which inhibits

transformation by different classes of oncogenes.

2. Our findings also suggest that v-ab/ mediated transformation shares a critical step with

transformation by other oncogenes of a different class.

3. The dominant negative mutant potentiates PC12 neuronal differentiation even though it
blocks transformation (by a selective set of oncogenes) in fibroblasts. Potentiation and
stimulation of PC12 differentiation is more often associated with oncogenic or mitogenic

signalling molecules.

4. Our studies into the role of MDR in transformation were fueled by several observations
which suggested a potential involvement in malignant transformation. Our results suggest
that the mdr gene does not play a substantial role in v-Ha-ras mediated transformation in

epithelial cells.

5. The transformed cell line 1532N harbors an amplification of the mdr locus even though
this cell line was not subjected to selection with drugs from the MDR spectrum. This

constitutes a unique example of mdr gene amplification in the absence of selection.
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1.1 The Abl Oncogene

1.1.1 Introduction

The v-abl oncogene was first identified as the transforming gene product of the
Abelson Murine Leukemia virus (A-MuL V), a retrovirus which causes pre-B lymphomas
in mice (1-3). The v-abl oncogene is the result of the transduction of the murine c-abl
into a Moloney Murine Leukemia (MoMuLV) virus genome (4). Homologs of the murine
c-abl have been isolated from human, Drosophila melanogaster, Caenorhabditis elegans,
as well as from a Feline retrovirus, the Hardy-Zuckerman-2 Feline Sarcoma Virus (5-7).
The human c-abl locus is rearranged in 90-95% of Chronic Myelogenous Leukemias
(CML) as well as in a lesser proportion of Acute Lymphoblastic Leukemias (ALL) and
Acute Myelogenous Leukemias (AML) (8). The characteristic or classical cytogenetic
abnormality, termed the Philadelphia chromosome (Phl), results from a translocation
between chromosomes 9 (c-abl) and 22, more specifically t(9;22)(q34;q11) (8). As a
result of this translocation a hybrid mRNA is formed between the bcr gene, for break
cluster region (9), and the c-abl gene. The gene product encoded by this hybrid mRNA is
called p210bcr/ abl_1t should be noted that in some forms of ALL a slightly shorter region
of bcr is fused to abl thus giving rise to a p185bc” /abl The human bcr/abl proteins as
well as the murine p160V'abl represent activated forms of the p150¢-adl_ 1t is believed
that increased gene expression, as well as relocalization and increased tyrosine kinase
activity of the abl gene product, enable these activated forms to escape normal cellular
controls (10,11). An increasing body of evidence suggests that c-abl is a negative
regulator of growth thus, unlike other protooncogenes, overexpression is not sufficient to
render it fully oncogenic (12). Although v-abl and bcr/abl can give rise to a
myeloproliferative disease in mice reminiscent of CML (13), there exist some differences
in their ability to transform cells. For instance, p210b¢7/abl can not transform NIH 3T3
cells while p160V-90! can effectively transform these cells (14). These phenotypic

differences may reflect structural differences between these activated forms which in turn



could translate into unique interactions with specific signal transducers. Section 1.1.2
examines the molecular characteristics of the abl genes and gene products while section

1.1.3 focuses on the substrates, effectors and regulators of the Abl proteins .

1.1.2 The Molecular Structure of abl Genes

The murine and human c-abl genes are surprisingly similar in their genomic
organization (figure 1). Both have 10 or 11 common exons which are separated from
alternative 5' exons (4,15). In the mouse genome there exist four alternative 5' exons
while in the human genome there exist only two. Murine type 1b (also known as type IV)
and la (also known as type 1) exons are used predominantly in mouse somatic tissues.
The level of type 1b transcript varies very little from tissue to tissue, conversely, the level
of type la can fluctuate up to an order of magnitude (21). The levels of type II and III
murine c-abl mRNAs are very low. In humans, the two alternate exons also designated 1a
and 1b give rise to two different c-abl transcripts. The human and murine type 1b
transcripts give rise to protein products with potential myristylation signals, encoded by
the unique 5' exons. In comparing the activated forms of abl with c-abl, we can identify
important deletions and substitutions in the Abl proteins which will likely affect its
physiological activity (figure 2).

Traditionally, activated forms have been assayed for their ability to transform
fibroblasts, transform lymphoid cells as well as their ability to render cell lines (myeloid
or lymphoid) growth factor independent (11). The contribution of each of the domains of

these proteins to these physiological activities will be discussed in the following sections.

1.2.1 The N-Terminus
As mentioned previously the two predominant forms of c-ab/ differ in their
amino(N)-termini, type 1b has a 46 amino acid residue N-terminus which encodes a

myristylation signal while type la has 26 unique amino acids lacking this same signal



Figure 1. Schematic Representation of the Genomic Organization of the Murine and
Human c-ab! Locus. |

The murine c-abl (mc-abl) and v-abl (A-MuLV) are illustrated in the top portion of this
figure while the human c-abl (hc-abl) and bcr fusions are illustrated in the bottom
portion. The small black boxes represent abl exon sequences while the striped boxes are
ber exon sequences. Cross-hatched boxes represent gag encoding sequences derived from
Moloney Murine Leukemia virus (MoMuLV). The relative position of these exons within
the murine and human activated ab/ genes are indicated. The mRNA species derived from

these recombination events are also depicted. Adapted from (11).
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(22). Although most in vitro generated activated forms maintain the c-abl N-terminus, it
is often replaced in naturally occurring variants (figure 2).
A) A-MuLV

In the A-MuLV, the N-terminus of pISOC'abl has been substituted with 236
MoMuLV gag (group antigen) amino acids which include the entire pl5 (matrix
associated protein, MA), p12 (a protein of unknown function) and 20-21 amino acids of
the p30 (major capsid protein, CA) protein (figure 2) (23). It should be noted that in the
context of p160V'abl these Gag proteins are not processed into their subunits.Work by
Goff and his colleagues has suggested that MoMuLV Gag proteins can oligomerize, thus
it also plausible that the activation of the Abl protein can be accounted for by
oligomerization of the Abl protein kinase to allow transphosphorylation as was suggested
previously by other groups (24,25). The substitution of Gag amino acids has also resulted
in the loss of the SH3 domain, a negative regulator of the tyrosine kinase activity of the
Abl protein (described in detail in section 1.1.2.2.B). The pl5 moiety of p160V-ab!
harbours a myristylation signal which confers localization to the plasma membrane (26).
The myristylation signal appears critical for fibroblast transformation while the rest of the
Gag amino acids appear largely unnecessary for fibroblast transformation since v-abl
variants with large deletions encompassing most of the gag except the N-terminal
myristylation signal retain fibroblast transformation activity (27,28). In contrast, these
same large deletions affect lymphoid transformation by rendering the p160V-ab! unstable
in this cellular context (29). Furthermore; N-terminal myristylation is not required for
transformation of Ba/F3 to growth factor independence and tumorigenecity (30). Thus the
relative importance of each subdomain is strongly dictated by the cellular context in

which it is expressed.



Figure 2. Schematic Representation of Abl Protein Structure.

The structures are shown approximately to scale. In this figure the prototypical p150¢-ad!
is compared to:1) two activated forms of plSOC'abI(IV), the SH3 deleted (SH3 del) and
the hormone-conditional transforming variant (cIV ER) (22,54); 2) the murine p160V-ab!
(23) 3) the two forms of the bcr/abl fusion protein, p185 and p210 (8). Some of the
common features are represented: Myr, myristic acid group added to N-terminal glycine;
IV(1b) and I (la) alternative 5' exons, murine IV and I, human la and 1b; the SH
domains, 3 for SH3, 2 for SH2, 1 for SH1 also tyrosine kinase domain (26); P, CDC2
phosphorylation site (115); N, nuclear translocation signal (81); Pro-rich regions, proline
rich regions magnified to show the three distinct SH3 binding sites (56); DB, DNA
binding domain (82,83); AB, F and G actin binding domains (69,93).

For pl 60V-abl GAG represents MoMuLV gag amino acids (23).

HBD is a small portion of the estrogen receptor hormone binding domain sufficient to
confer estrogen conditional activation of this protein.

Within the bcr/abl proteins, we find : oli, the oligomerization domain; SH2-B, the
bipartite SH2 binding domain, Ber domain 2; dbl cdc24, racGEF domain with homology
to the dbl and cdc24 proteins (148).
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B) BCR/ABL

The p185bc" /abl and p210bcr /abl proteins contain an N-terminal region which is
encoded by the bcr gene and lacks the unique 5' exon of c-abl (8). The bcr gene encodes a
160kDa protein with many functional domains including serine/threonine kinase and rac
GTPase activating activities (racGAP) (31). Experiments with bcr (-/-) mice have
revealed a role for Ber in regulating oxidative bursts in neutrophils (32). It appears that its
ability to regulate Rac2 activity may be responsible for the phenotype observed. These
mice will likely prove to be an invaluable tool in determining the role of Ber in the
progression of leukemia. In CML, the p210bcr/abl protein is the result of the fusion of
the first 902 or 927 amino acids of the Bcer to the c-ab/ common exons encoded amino
acids (33,34). The p185bcr /abl which is more often associated with ALL, has the first
406 amino acids of Ber (33). The fused Ber sequences activate the tyrosine kinase, actin-
binding (domain found in C-terminus) and transforming functions of the Abl protein (35).

A large body of work has shed some light on the mechanism of action of this
portion of Ber. Firstly, through the analysis of deletion variants, it was determined that
two domains contained in exon 1 of Ber were responsible for its "activating” potential
(35). Domain number 1 stretching from amino acids 1-63 was shown to be essential for
the activation of actin binding and deletion of amino acids 3-37 (contained within this
domain) rendered the protein unable to transform fibroblasts and lymphoid cells. One
model suggests that domain 1 contains a coiled-coil oligomerization domain which
induces tetramerization of bcr/abl proteins. This, in turn, would favour intermolecular
cross-phosphorylation of the Abl tyrosine kinase domain which would play a role in its
activation (36,37).

The second domain critical for transforming activity is located between amino
acids 176-242: on its own, this domain only weakly activates tyrosine kinase activity and
microfilament binding activity but interacts with the Abl SH2 domain in a

phosphotyrosine independent manner (35,38). It is believed that this interaction may



disrupt the negative regulatory function of the Abl SH3 (38) or SH2 domains (37,39).
Further analysis of this SH2 binding capacity of Ber has revealed that a limited number of
SH2 domains can interact with this domain and that the interaction is of relatively lower
affinity than phosphotyrosine dependent interactions. This interaction may also depend
on other domains of the protein (40). In their initial studies Pendergast and colleagues had
demonstrated that two serine threonine-rich regions of Bcr, between amino acids 192-242
and 298-413, could bind to the Abl SH2 domain (38). Loss of both of these regions
resulted in a transformation-defective p1855¢r/abl although the presence of one was
sufficient for transforming activity. Even though these interactions are potentially weaker
and more selective, some suggest that they may be involved in the initial recruitment of
substrates to SH2 harbouring proteins while others believe that they enhance SH2
function (37,40).

Domain 2 also contains a tyrosine residue, Y177, which when phosphorylated
binds the adaptor molecule GRB2 thus potentially coupling BCR/ABL to the Ras
signaling pathway (41,42). Mutation of this residue to phenylalanine prevents
autophosphorylation which eliminates Grb2 SH2 binding and impairs the transforming
activity of p185bc’ /abl in primary bone marrow cells as well as in Rat-1 fibroblasts (41).
In Rat-1 cells expressing p185b¢r/abl p185bcr/abl Grb2-Sos 1 complexes are detected as
well as Grb2-She complexes, providing further evidence that p185bc’" /abl oncogenesis is
mediated partly by the Ras cascade (42).

Finally, the portion of Ber contained in bcr/abl proteins has also been shown to
interact with the Bap-1 protein a member of the 14-3-3 proteins which are believed to be
involved in mitogenic and cell cycle controls (43). The physiological relevance of this
interaction awaits a better understanding of the precise role of the 14-3-3 proteins in

cellular processes.



1.1.2.2 The SRC Homology Domains (SH)

The SRC homology domain 2 (SH2) was first identified as a region of sequence
identity N-terminal to the tyrosine kinase domain, also termed SH1, of cytoplasmic
tyrosine kinases (44). Additionally, the presence of another domain of high sequence
identity among these cytoplasmic tyrosine kinases was identified and termed the SH3
domain (45). A large body of work has recently shed some light on the role of these
domains in mediating protein-protein interactions involved in signal transduction
associated with a large range of cellular phenomena including cellular transformation
(26,46-51).

A) The SH3 domain

The SH3 domain is a modular protein binding domain of approximately 50 amino
acids long (figure 2). The Abl SH3 domain has long been considered an inhibitory
domain since deletions and point mutations in this domain appear to activate the tyrosine
kinase activity and transforming potential of Abl proteins (22,30,52,53,17). Interestingly,
this inhibitory action is overriden when the hormone binding domain (HBD) of the
estrogen receptor (ER) is fused to the C-terminus of a truncated c-abl type IV protein
(54). 1t is suggested that overexpression or oligomerization of this variant may override
the SH3 inhibitory function. A mutation in a conserved phenylalanine (F420 in the SH1)
activates the fibroblast transforming potential of c-abl/ type IV even if the SH3.is present
(53). The position of the SH3 domain with respect to the tyrosine kinase domain also
appears critical (55). Although the mutational and positional studies may hint at an
intramolecular interaction, the candidate SH3 binding motifs (see figure 2 and section
1.1.2.3B) within the Abl proline-rich domains bind relatively weakly in vitro to the Abl
SH3 domain (56). Furthermore, work by Pendergast and colleagues suggests that the
regulation of the plSOC'abl tyrosine kinase activity occurs through another cellular
component (36). Their studies had revealed that overexpression of the c-abl kinases

increased in vivo kinase activity through a mechanism other than transphosphorylation
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since coexpression of kinase-inactive variants with kinase-active forms does not lead to
phosphorylation of the kinase inactive p150¢-abl, Furthermore, the level of kinase
activation appeared to be related to the level of overexpression. This suggested that
overexpression had effectively titered out a molecular repressor. Finally, it was
determined that the p210bcr/abl and p150¢-abl kinases are dephosphorylated at similar
rates. Thus, the lower level of phosphotyrosine present on the c-abl gene product is due to
a lower intrinsic tyrosine kinase activity. This also suggests that the negative regulator
does not affect the rate of dephosphorylation thus it is unlikely that it is a
phosphotyrosine phosphatase (30).

The apparent involvement of the SH3 domain in the regulation of plSOC'abl
kinase activity suggested that it may interact with the cellular component responsible for
this process. A high affinity "ligand" for the Abl SH3 domain has been identified but its
molecular characteristics are more consistent with a function in linking the Abl protein to
another signaling pathway, than in the negative regulation of the tyrosine kinase activity
of Abl (57). Alternatively, the Abl SH3 could exert its function through localization
effects as has been suggested for the SH3 domains of phospholipase C gamma (PLCy)
and Grb2 (58). However, this is inconsistent with the positional studies where even subtle
changes in the position of the SH3 within p150¢-ab! affected its inhibitory activity (55).

To summarize, the Abl SH3 domain may negatively regulate the tyrosine kinase
activity of Abl through an direct or indirect (via the high affinity ligand) interaction with
a yet unidentified cellular inhibitor.

B) The SH2 domain

SH2 domains were first identified as regions of high sequence identity in the
amino terminus of cytoplasmic tyrosine kinases (44). It was later found in a large variety
of proteins with a range of enzymatic ativities as well as in proteins with no obvious
catalytic domain (26,46-51). It has been demonstrated extensively that the SH2 domain

mediates protein-protein interactions important in all aspects of cellular life .
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It is widely recognized that SH2 domains bind phosphotyrosine residues in a
specific amino acid context (59). They may also bind phosphoserine or threonine but with
relatively weaker affinity (40,60). Work by Songyang and colleagues (61,62) with
phosphopeptide libraries has revealed that SH2 domains recognize specific
phosphotyrosine containing motifs. It appears that SH2 specificity is dictated by the next
four residues (for some it extends to six residues (63)) C-terminal to the phosphotyrosine
residue. These amino acids residue are designated the +1,+2,+3,+4 residues. Nuclear
magnetic resonance (NMR) solution structure and X-ray crystallographic studies have
helped determine the critical residues in the SH2 domain which affect phosphotyrosyl
binding as well as substrate specificity (64-66). The structural studies supported
biological data which suggested that the arginine (R) residue of the highly conserved
FLVRESES motif of SH2 domains is critical in phosphotyrosine binding (67). Even a
conservative substitution of arginine to lysine is not tolerated in the Abl SH2 of an SH3
deleted p150c-ablIV, the resulting protein is impaired in phosphotyrosine binding as well
as transformation activity in NIH 3T3 fibroblasts (67). The structural studies determined
that the two terminal nitrogens of arginine would form hydrogen bonds with two of the
phosphate oxygens (66). Thus, no other residue can substitute for this highly conserved
arginine. The precise position of the residues involved in the recognition of the +1,2,3,4
residues of the substrate have also been determined (64-66). It was demonstrated that a
single residue change in a predicted +3 binding residue in the SH2 domain of Src can
modify its selectivity to that of Grb2 in vivo (68). A Grb2 protein containing the mutant
Src SH2 domain with Grb2 selectivity can substitute for wild type Grb2 in vulval
induction in C. elegans. Therefore the biological activity of an SH2 domain and its
binding specificity are tightly linked.

This model has shown great predictive value. For instance, in identifying the
region involved in the binding of Grb2 to Ber sequences, the Ber sequences were

searched for the consensus Grb2 SH2 binding site as determined by the phosphopeptide
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studies. It was shown that a region of Ber which contained this potential Grb2 binding
site was also implicated in the binding (41). The Abl SH2 selects motifs with the
following general properties: phosphotyrosine (pTyr)-hydrophilic-hydrophilic-Ile/Pro
with a strong preference for asparagine (N) and proline (P) at the +3 and +4 positions
respectively (61). Surprisingly, even though many potential substrates for the SH2
domain of Abl have been identified none have been substantiated physiologically.

The contribution of the SH2 domain to the biological activities of Abl genes
varies. It appears that for promoting factor-independent growth the Abl SH2 domain is
not required (69) while it is essential for its transforming activity (55,67,70).
Interestingly, other SH2 domains can substitute for the Abl SH2 domain in this capacity
(55). The substitution of the Src SH2 domain for the Abl SH2 domain in p160V-@b! does
not affect its ability to transform fibroblasts as well as lymphoid cells. From these studies,
it was concluded that unlike the Src SH2 domain, the Abl SH2 domain does not dictate
cell type specificity (71). Cell-type specificity appears to be dictated by a domain located
C-terminal to the Abl tyrosine kinase domain since replacement of this domain with
pp60V-57C sequences results in a chimeric protein that has lost its ability to transform
preB cells while retaining its transforming activity in fibroblasts. In the activated forms of
Abl proteins the SH2 domain plays a largely positive role in mediating transformation. In
contrast, the substitution of the RasGAP N-terminal SH2 domain for the Abl SH2 into the
type 1b c-abl activates its transforming potential (39), suggesting that the Abl SH2
contributes to the negative regulation of p150¢-@b/_ 1t has been suggested that the SH2
domains serves either a transforming or negative regulatory function. Hence, activated
forms of Abl including the c-abl-RasGAP SH2 substituted form have uncoupled the
negative regulatory capacity of the SH2 domain from its ability to elicit transforming
signals (39). Since the substitution of the Abl SH2 domain for the RasGAP SH2 leads to

a predominantly cytoplasmic membrane-bound form akin to the activated Abl proteins,
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modifying the subcellular localization of these proteins may effectively uncouple the
negative regulatory function of the Abl SH2 (39).

At the molecular level, the Abl SH2 domain does not appear to be involved in
allosteric activation of the tyrosine kinase domain and does not affect protein localization
(55). The model put forth by Mayer and Baltimore suggests that the SH2 domain does not
dictate substrate specificity but essentially protects substrates which have been
phosphorylated by the Abl kinase and now harbour the target phosphopeptide sequence
for the Abl SH2 domain. In support of this model, more recent studies on tyrosine kinase
specificity indicate that the tyrosine kinase domain of cytoplasmic tyrosine kinases like
Abl preferentially phosphorylate peptides which are recognized by their SH2 domain
(72,73). Thus the SH2 domain would protect the newly phosphorylated peptide sequence
from the action of phosphatases (55,17). Secondly, this interaction would anchor the
substrate to the Abl tyrosine kinase thus rendering it available to further modification by
phosphorylation. Progressive phosphorylation could create novel binding sites for other
signal transducing proteins thus creating a potential macromolecular signal transduction
complex much like the one postulated for IRS-1, the so-called docking protein (74).

C) The SH1 domain

The tyrosine kinase domain of Abl is necessary for transformation of fibroblast,
lymphoid cells and factor dependent cell lines (11). It shows substantial sequence identity
with the tyrosine kinase domain of receptor tyrosine kinases and even greater homology
to the catalytic domain of the cytoplasmic tyrosine kinases (10). As mentioned in the
previous section, recent evidence (72,73) contradicts the long-held belief that the SH1
domain was largely non-specific (76). It is proposed that the SH1 and SH2 domains work
together to bring about the progressive phosphorylation of signal transducers. The SH1
may also contribute to transformation mediated by the pl85or p210bcr/abl through
autophosphorylation at position Y1294. This site is analogous to tyrosine 416 of the Src

kinases and is essential for transformation of lymphoid cells and fibroblasts but is
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unnecessary for growth factor independence (77). Analysis of the pattern of
phosphorylated proteins and in vitro tyrosine kinase assays from cell lines with the wild
type and point mutant F1294 revealed no differences in the tyrosine kinase activity of the
autophosphorylation mutant (77), unlike the equivalent c-src kinase autophosphorylation
mutants (78-80). It is unlikely that this site plays a role in modulating tyrosine kinase
activity. Consequently, the authors suggest that this phosphorylated tyrosine may recruit a
critical signal transducer for transformation (77). This finding again establishes distinct

requirements for transformation and growth factor independence.

1.1.2.3 The Carboxy (C)-Terminus

The C-terminal portion of Abl bears little or no homology to other cytoplasmic
tyrosine kinases (10,11). It harbours many important domains believed to be required for
the proper function of c-abl gene products as well for transformation by the bcr/abl
proteins. The next section reviews the various domains which are contained within this
unique C-terminal domain (see figure 2).
A) the Nuclear Localization Signal

The nuclear localization signal was found to be a penta-lysine motif contained in
the C-terminal portion of the protein (81). This signal possibly ensures proper localization
of the protein for it to effect its DNA binding function (82,83). The c-abl gene product
must be localized to the nucleus to negatively regulate cell growth, its putative
physiological role (12). Conversely, most of the activated forms of Abl appear to be
excluded from the nucleus despite the presence of a nuclear localization signal. Thus the
activation of the transforming potential seems to override the nuclear localization signal.
Experiments with two in vitro generated variants of the c-abl protein appear to support
this claim: 1) the hormone inducible variant translocates from the nucleus to the
cytoplasm upon hormone treatment which activates its transforming potential (54), 2) en

bloc substitution of the Abl SH2 domain for the RasGAP SH2 domain activates the
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transforming potential of typelb c-abl as well as relocalizing the chimeric protein to the
cytoplasm (39). Thus, the nuclear localization signal may be important for c-abl function
but a number of activating mutations override the signal.
B) The SH3 binding region

It was originally discovered through the use of the two hybrid system (84) where
the C-terminal portion of the pISOC‘abl protein (common to all Abl proteins save the
HBD mutant) was used as bait (56). The SH3 binding region consists of three potential
SH3 binding sites (56). In vitro studies revealed that these three potential sites were
bound with different specificities by the Crk SH3 domains as well as the SH3 domains of
other adaptor proteins namely Nck and Grb2 . In vivo it appears that the c-ab/ protein as
well as the activated (SH3 deleted) variant of p150¢-@b! are capable of interacting with
Crk when these proteins are overexpressed in 293 cells. Furthermore, deletion of the SH3
binding sites disrupts this in vivo association. A number of studies which support the
existence of a physiolgical interaction between Abl and Crk proteins will be reviewed in
the next section which deals with the potential substrates of the Abl kinases. It should be
noted that p160V-ab! mutants lacking this region retain full transforming activity for
fibroblasts but decreased transforming potential for lymphoid cells (11).
C) The C-terminal serine threonine phosphorylation sites

The C-terminal portion of pISOC'abl is differentially phosphorylated during the
cell cycle (85,86). The c-abl protein is phosphorylated on three ser/thr sites at interphase
and then at a further seven sites during mitosis (85). In vitro kinase assays with purified
preparations of Cdc2 kinase suggest that this important regulator of cell cycle progression
is responsible for the mitotic phosphorylation events (85). It was demonstrated that these
phosphorylation events diminish the DNA binding activity of p150c-abl_ Furthermore,
dephosphorylation of p150°'abl in vitro restores DNA binding activity (82). Thus it
appears that the ultimate role of Cdc2 mediated phosphorylation of p150¢-@b! is to

modulate its DNA binding activity with no apparent affects on the kinase activity of the



16

Abl kinase. These sites could potentially be involved in modulating the activity of the
SH2 domain since the Abl SH2 domain has been shown to bind phosphoserine (38,40).
D) The DNA Binding Domain

A C-terminal domain which bound the non-specific substrate of DNA-cellulose
was defined as the DNA binding domain (82). A sequence specific enhancer binding
activity was later described for p150°‘abl (83). p150°‘abl was identified as a component
of the enhancer binding complex which binds an enhancer element found in the hepatitis
B virus (HBV), termed the EP site. Interestingly, a similar element is found in the c-myc
promoter. C-myc has been found to be activated transcriptionally in Abl transformed cells
and it also appears to be involved in downstream events involved in Abl mediated
oncogenesis (77,87,88). However, in gel shifts assays using the c-myc EP-like site and
nuclear extracts from c-abl overexpressing cells, plSOC'abl could not be detected in the
EP-like binding complex (89). Furthermore, in transcriptional activation assays using the
chloramphenicol acetyl transferase (CAT) reporter gene under the control of the c-myc EP
sites, the DNA binding domain of p150°'abl was shown to be dispensable for
transcriptional activation while the tyrosine kinase domain was required. In fact, the
activated Abl proteins which have increased tyrosine kinase activity and are presumably
localized in the cytoplasm, displayed increased c-myc transcriptional activation. These
observations support the existence of an indirect mechanism for c-myc transcriptional
activation (89). Finally, p150c-abl activation of c-myc transcription is not affected by
mutations in the EP site. Thus, the DNA binding activity of p150°‘abl does not appear to
be required for transcriptional activation of specific genes. Alternatively, the DNA
binding activity may simply target it to the nucleus for interactions with specific nuclear
substrates or components of the transcriptional machinery (88). For instance, the C-
Terminal Domain (CTD) of RNA polymerase II can be efficiently and apparently
specifically tyrosine phosphorylated in vitro by p150¢-abl (90).
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Many lines of evidence suggest that DNA binding is not required for
transformation: 1) activated forms of the Abl protein with deletions in this domain retain
full transforming potential (11,69) 2) an activated variant of c-abl type 1b has sustained a
deletion which removes 81 of 99 amino acids of the minimal DNA binding domain
suggesting that the inability of this variant to bind DNA has resulted in the activation of
its transforming ability in fibroblasts (91). This variant does not have elevated tyrosine
kinase activity but has increased localization to the cytoplasm even though the nuclear
localization signal is intact (91). Therefore, the DNA binding activity of Abl proteins is
not required for transformation and may only serve in the proper localization of the c-abl
gene products and in pl 50¢-abl restricted functions.

E) The F and G Actin Binding Domains

The p210bcr/abl and p150¢-abl IV protein had been shown to associate with
filamentous structures in the cytoplasm which were similar to actin stress fibers
(81,35,69). P210ber /abl in K562 cells was later shown to colocalize with actin filaments
(35,69). Deletion analysis revealed that the F actin binding domain was in the extreme C-
terminal portion of these proteins (93). Although this domain is not necessary for
fibroblast transformation by v-ab/ and the SH3 deleted activated c-ab/ proteins, deletions
in this domain in p210bc" /abl reduce its ability to transform fibroblasts and a growth
factor dependent cell line (28,69,94). The relatively high degree of homology in the last
130 amino acids of this protein in different species suggests a critical role in Abl
mediated signal transduction (69). Bcr/abl proteins with deletions of this domain have a
reduced ability to abrogate IL-3 dependence in Ba/F3 cells while the Ber moiety appears
to activate this actin binding activity. These observations have led to the speculation that
this domain is responsible for a specific subcellular localization. Mutants lacking this
domain are still cytoplasmic but do not display the charateristic punctate
immunocytochemical reaction which correlates with F-actin colocalization. This

refinement of its cytoplasmic localization would enable it to interact with critical
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substrates on the actin cytoskeleton. This interaction could potentially interfere with cell
maturation in myeloid cells mediated by cell adhesion molecules and their receptors
which have an intimate connection with the cellular cytoskeleton (69).

A study with the isolated domains from plSOC'abl helped define more precisely
the domain responsible for F-actin binding to a 58 amino acid region of the C-terminus
(93). The authors also demonstrated that these domains were sufficient to confer F-actin
binding to an heterologous protein and that the binding was calcium independent.
Furthermore, a proline rich region directs the interaction with G actin. Both domains
collaborate to promote bundling of F-actin in vitro (93). It is unclear at this point if these
bundling activities are functional in vivo. Although these data suggest that the Abl protein
could affect the cytoskeleton through its bundling activities the authors concede that the
low amount of p1 50¢-abl in the cytoplasm (due to its predominantly nuclear localization)
precludes a role for this protein as a major cellular actin sequestering or bundling protein.
The authors speculate that p150°'abl may affect the cytoskeleton by a number of
mechanisms. For instance, the Abl SH3 binding protein, 3BP-1(57), which has RhoGAP
activity may be recruited to actin by p150¢-@8! in order to modulate Rho, a small G
protein which has been demonstrated to have dramatic effects on the cytoskeleton (95).
P150¢-abl could also phosphorylate the cytoskeleton to bring about morphological
changes. Finally, it could act as a signal transducer from the cytoplasm to the nucleus
shuttling between these two subcellular compartments and interacting with specific
targets (93). In short, although this domain has a very modest role in transformation it
may be important in some yet unrecognized p15oc-abl functions. A more rigourous
assessment of p150°'abl trafficking and localization will be required to determine if these
proposed functions are plausible.

The contribution of the various domains and structural determinants to the

biological activities of the activated forms of ABL are summarized in table 1.
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Motif or Domain

Requirement for Biological Activity

N-terminal Required for fibroblast transformation

myristylation Not required for Ba/F3 transformation.

gag (v-abl) Required for lymphoid transformation
Unnecessary (largely) for fibroblast transformation

ber (BCR/ABL) Deletions of a.a 176-242 or 298-413:
1) impair fibroblast transformation
2) result in partial impairment of IL-3 independent growth and
transformation of 32D cells
3) have no effect on BaF3 IL-3 independent growth and
transformation

Y177 (BCR-ABL) | A Y177F mutant is impaired in

1) fibroblast and primary bone marrow cell transformation
2) but can still transform and confer factor independent growth to

BaF3 and 32D cells.

SH2 (v-abl and

Required for fibroblast transformation.

BCR-ABI) Not required for factor independent growth and transformation of
BaF3 and 32D cells by Ber/abl.

SH1 Tyrosine kinase activity required for all biological activities

Y1294 in Required for pre B and fibroblast transformation

p210ber -abl Not required for factor independent growth and transformation of

(Y793 in p185bcr-
abl)

BaF3 and 32D cells
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SH3 protein
binding domain(v-

abl)

Not required for fibroblast transformation.

Required for lymphoid transformation*.

F and G actin
binding domains

for BCR/ABL

Required for transformation of fibroblast and factor dependent cell
line by p185bcr-abl

Ability to abrogate IL-3 dependence reduced

Table 1. Summary of Relevance of Structural Determinants to Biological Activity of

Activated Forms of Abl.This table summarizes the contribution of each domain or

important structural present in the activated forms of Abl to transformation and

abrogation of factor dependent growth in various cellular contexts. The SH3 domain was

omitted from this table since it is largely believed to play an inhibitory role in all these

activities. The nuclear localization signal, CDC2 phosphorylation sites was not included

since its contribution to these various activities have not been rigorously assessed.

* A single study reports the deletion of this domain but the deletion also encompasses

other structural determinants.
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1.1.3 The Substrates, Effectors and Regulators of Abl

The structural studies have hinted at the important domains for mediating the
normal as well as the transforming functions of abl gene products. In the next sections,
studies aimed at identifying the mediators and regulators of Abl functions will be
reviewed.
1.1.3.1 Putative Substrates
A) The C-Terminal Domain of RNA polll

As mentioned previously pISOC'abl has been shown to phosphorylate the C-
terminal domain of RNA polymerase II (90). This activity appears to be specific since the
p60C-S7¢ tyrosine kinase fails to phosphorylate the CTD using similar reaction conditions.
However, in fibroblasts from c-abl/ knockout mice, the CTD appears to be phosphorylated
to a similar extent as in wild type fibroblasts (12). Thus other CTD tyrosine kinase
activities can make up for the loss of pl150¢-abl. The precise role of these
phosphorylation events in regulating CTD activity awaits the generation of point mutants
of the precise tyrosines phosphorylated by p150°‘abl. The c-abl protein's predominantly
nuclear localization as well as its affinity for DNA make it an attractive candidate for
regulating gene expression but these claims remain to be substantiated.
B) Syp

The Syp phosphotyrosine phosphatase contains two SH2 domains (96,97). Its role
in transducing signals from a receptor tyrosine kinase was recently ascertained (96,97).
Unexpectantly, Syp acts predominantly as an adaptor protein to recruit critical substrates
to the activated epidermal growth factor receptor (EGFR), while having no effect on the
phosphorylation statué of the activated receptor. Tauchi and colleagues have determined
that Syp can interact in vivo with p210bcr/abl and Grb2 in transformed factor-dependent
cell lines (98). In vitro studies with fusion proteins have demonstrated that the N-terminal
SH2 domain of Syp can mediate binding to the p21056¢7/abl while the C-terminal SH2

fusion protein can not bind p210bcr/abl. Thus it appears that its association to
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p210bcr/abl is direct and not due to Grb2 which has been shown to have affinity for both
ber/abl proteins and Syp (41,42). The physiological relevance of the Syp-p210bc"/abl
complex remains unclear: the authors suggest that since Syp is capable of
dephosphorylating p210ber/abl iy vitro, it could potentially modulate p210bcr/abl
activity by dephosphorylation. Conversely, Syp activity could be affected by this
association either through its phosphorylation or by binding of its SH2 domains by a
specific phosphopeptide. The latter has been shown to be sufficient to modulate Syp
activity (99,100). Finally, recruitment of Syp to a specific locale may bring it into
proximity of specific substrates. Grb2 and Syp display similar preferences for
phosphopeptide binding, thus these proteins may be competing for the same site (61).
Interestingly, Syp also harbours an in vivo phosphorylation site which matches the
consensus sequence for the SH2 domain of Grb2 (101). Thus at this point the exact role
of this interaction, whether it be as a regulator, effector or recruiting protein for
p210bc"/abl as well as the potential interactions with Grb2 are still a matter of
speculation.
C) Elements of the Ras Cascade

Early studies with the microinjection of neutralizing antibodies to p21€-7as
revealed the importance of Ras in mediating transformation by receptor tyrosine kinases
as wéll as some cytoplasmic tyrosine kinases (102). A direct physical interaction between
proteins involved in the Ras cascade and bcr/abl proteins also support a role for the Ras
in mediating bcr/abl oncogenesis (41,42,103). As described in a previous section (section
1.2.1), the Ber portion harbours a tyrosine phosphorylation site which binds the Grb2
adaptor protein (41,42). A large body of genetic (104-106) as well as biochemical
evidence has established the Ras activation pathway (107-112). Grb 2 plays a critical role
in recruiting Sos, a guanine nucleotide exchange factor, to the membrane where it can
activate Ras (please refer to section 2.1). Hence, it couples receptor tyrosine kinases, and

in this case an activated Abl kinase, to the Ras pathway. Furthermore, other studies have
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demonstrated that a small percentage of another adaptor protein, Shc may be linked to
bcr/abl proteins (42). Shc proteins are also involved in Ras signaling through their
interaction with Grb2 (113). This interaction is modulated by phosphorylation of the Shc
gene product, thus in the bcr/abl mediated oncogenesis, several modes of activation of
the Ras signalling pathway could be involved. Several lines of evidence suggest that
persistent activation of the MAPK/ERK pathway(s) may be responsible for eliciting a
mitogenic response (114). In keeping with this hypothesis, it appears that the bcr/abl
protein is capable of stimulating the Ras/MAPK signaling pathway through a number of
inlets thus providing the persistent signal required for a mitogenic response (70).
p120RasGAP which may play a dual role as positive and negative effector of Ras
signaling (121-123) has been shown to interact with p210bcr/abl (121). Furthermore,
antisense oligos directed against RasG4P mRNA inhibited the growth of BV173 cells, a
Phlpositive cell line (122). P210ber/abl can be coimmunoprecipitated with antibodies
directed against p120GAP (121). It has been demonstrated that expression of p210cr/abl
in fibroblasts results in the activation of p2174S and the inhibition of p120GAP GTPase
activating activity as well as an increase in tyrosine phosphorylation of the p120GAP
associated proteins, p62 and p190 (123). Taken together these results would suggest that
p120GAP's effector function is required for p210bc" /abl mediated transformation.

In closing, the cloning of an SH3 binding protein with RhoGAP activity would
suggest that Abl also interacts with signaling through another member of the small G
protein family. Since deletion of the SH3 domain leads to activation of its transforming
potential one would be inclined to suggest that this interaction affects Abl transforming
activity in a negative fashion (57).

D) Crk

The identification of Crk binding sites in the C-terminal portion of Abl suggested
that Crk could be a substrate for the Abl tyrosine kinase (56). The observation that Crk-
like (CRKL) protein is the major tyrosine phosphorylated protein in Phl positive
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neutrophils from patients with CML also suggested that activated forms of Abl could
interact with Crk gene products (124). The physiological relevance of this interaction
came to light when pISOC'abl was shown to be the Crk kinase (125). Feller and
colleagues suggest that p150c-abl specifically phosphorylates tyrosine 221 of Crk, a
residue present in the intervening region between the two SH3 domains (see figure 3).
They propose that phosphorylation at this site induces the formation of an intramolecular
SH2-Ptyr bond. Their own experiments hinted that phosphorylated Crk behaved as a
monomer. This intramolecular interaction is reminiscent of the interaction between the
phosphorylated tyrosine 514 in p60C¢-57C which interacts with its own SH2 domain (126).
This was later corroborated by NMR studies and hydrodynamic measurements on
purified proteins (127). This phosphorylation event potentially modulates the binding
activity of the Crk SH2 and SH3 domains. Interestingly, the v-crk oncoprotein lacks this
tyrosine residue and hence could escape these controls. The predominantly nuclear
localization of p150¢-4b! would appear to preclude this interaction but in v-crk
transformed cells a substantial fraction of plSOC'abl appears to relocalize to the plasma
membrane where the v-crk oncoprotein is located (125). If we consider that Crk mediated
transformation is associated with elevated tyrosine kinase activity and the effect of
localization of Abl on its tyrosine kinase activity, then it is tempting to speculate that
p150¢-abl is an important mediator of Crk transforming activity. The use of mouse
embryo fibroblasts from c-abl knockout mice could prove useful in answering these
questions.
E) PI-3 Kinase

PI-3 kinase has been found to be associated with a number of receptor tyrosine
kinases including the polyoma MiddleT/pp60¢-S7¢ complex (128). Its pivotal role in
mitogenic signal was demonstrated in platelet derived growth factor receptor (PDGFR)
mutants where inactivating mutations in PI-3 kinase docking sites were impaired in

mitogenic signalling (129). PI-3 kinase products are markedly increased in cells
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Figure 3. A) Schematic Representation of Crk proteins.
The structure is shown approximately to scale. The gene products of the avian CT10 virus
and the chicken c-crkll gene are represented: GAG, amino acids derived from the gag of
avian retroviruses; SH2, the SH2 domain; SH3, the N and C-terminal SH3 domains;
Y221, tyrosine residue 221, candidate site for regulatory phoshorylation event.

B) Schematic Representation of the Proposed Intramolecular Crk SH2-

Phosphotyrosine 221 Interaction.

The phosphotyrosine residue at position 221 interacts with the SH2 domain contained in
the N-terminal portion of the Crk protein. This intramolecular interaction is believed to
block access to the N-terminal SH3 domain, thus affecting Crk signaling. The absence of
this tyrosine residue in the v-crk would allow it to escape normal cellular controls
mediated through the phosphorylation of this residue. P150¢-abl has been proposed to be
the Crk kinase (125).
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expressing myristoylated activated abl proteins (130). Thus, myristylation mutants of
p160V-abl and the activated p150 c-ablIV fai] to increase the products of PI-3kinase and
transform NIH 3T3 cells even though their association with the latter is not affected. PI-3
kinase possibly interacts with Abl through interaction of PI-3 kinase SH2 domains with
phosphotyrosines on Abl. It has been documented that engagement of the PI-3 kinase
SH2 domains is sufficient to cause activation (131,132). Alternatively, the PI-3 kinase
SH3 domain could interact with the proline rich sequences in Abl (133). The contribution
of this cellular signaling molecule to Abl-mediated transformation will require the
specific disruption of this interaction.
F) The cb! Gene Product

The v-cbl gene, for Casitas B-lineage lymphoma, was first identified as the
transforming sequence of the Cas NS-1 retroviral genome, which arose from the
transduction of c-cbl sequences into the Cas-Br-M retrovirus genome (134). The Cas NS-
1 retrovirus induces predominantly pre-B cell lymphomas as well as myelogenous
leukemias at a much reduced frequency and it also transforms immortalized fibroblasts in
vitro (134,135). Structural comparisons of the c-cb! gene product have yielded little or no
information concerning its potential physiological role (135). Finally, much like c-abl,
overexpression of c-cbl does not transform cells (135,136). Activation of c-cb/ oncogenic
potential occurs through the deletion of specific codons. At the protein level this
correlates with an increased ability to be phosphorylated on tyrosine. The similarities in
the pathological states induced by v-abl and v-cbl suggested that v-abl could cause
transformation through the increased phosphorylation of c-cbl. To test this hypothesis, the
tyrosine phosphorylation status of c-cbl in a variety of v-abl transformed cells as well as
the human K562 cell line, which harbours p210bc" /abl was examined. The authors
demonstrated increased tyrosine phosphorylation of the c-cb/ gene product in these cell
lines (135). Moreover, this phenomenon appears specific to activated Abl-transformed

cell lines since cell lines of similar lineages transformed by other oncogenic events did
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certain cell lines c-cbl protein coimmunoprecipitates with activated Abl proteins. This
suggests that the c-cb/ protein is a target of activated Abl proteins. It is speculated that the
interaction may be mediated by the Nck adaptor protein since both proteins have been
shown to bind to this protein (56,137) and that it appears that the interaction between
these two proteins is phosphotyrosine-independent (135). The biological relevance of this
interaction will become clear as the role of the c-cbl gene product in cellular processes is

being determined.

1.1.3.2 Effectors
A) The MYC Connection

The final target of proliferative signals have long been suspected to be
transcription factors which are activated by a variety of modifications at the
transcriptional or posttranscriptional levels to bring about the mitogenic program.

C-myc transcriptional activation has been described for a variety of mitogenic
stimuli including growth factor dependent stimulation as well as proliferative signals
mediated by activated forms of Abl in a variety of cellular contexts (77,87,138,139).
Further evidence of synergism between the c-myc protein and Abl has been documented
in a number of different experimental systems: 1) tumors arising in ab/ transgenic mouse
studies often display high levels of c-myc expression suggesting a strong biological
selection for such a phenomenon (140); 2) bcr/abl shows an increased transforming
activity of fibroblasts when v-myc or c-myc is overexpressed (70,138), furthermore
overexpression of c-myc can complement mutations in the SH2 domain of pISSbC" /abl
which impair phosphotyrosine binding and transformation of Rat-1 cells; 3) increases in
c-myc expression can be seen in myeloid cells expressing v-abl (87) as well as in bcr/abl
transformed growth factor dependent cell lines (77); 4) dominant negative forms of Myc
specifically suppressed the transformation of Rat-1 fibroblasts by pl60V-ab/ and
p185bcr/abl | 45 assayed by growth in soft agar (88). Although this firmly establishes a
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role for Myc as a downstream effector of Abl oncogenesis, the inability of Myc
overexpression to rescue the transformation activity of Grb2 binding site mutant suggests
that p185b¢r/abl operates through at least two distinct pathways which involve activation
of Ras and Myc (70).

1.1.3.3 Regulators
A) The Retinoblastoma Protein, Rb

The retinoblastoma protein is a tumour suppressor gene which regulates
progression through the cell cycle (141). A number of proteins have been identified
which interact directly with Rb and modulate its growth inhibitory properties (141). Its
targets for growth inhibition remain more elusive. Recent studies have shown that Rb and
p150°'abl interact in vivo (142). Rb appears to bind p150c-abl specifically in the ATP
binding lobe of its tyrosine kinase domain. /n vitro translated plSOC‘abl kinase activity
was inhibited in the presence of a GST-Rb protein. This suggests that Rb regulates
p150¢-abl kinase activity in a cell cycle regulated manner. In monitoring p150¢-abl
kinase activity in cells overexpressing an epitope tagged plSOc'abl the authors of this
study measured an increase in plSOC'abl tyrosine kinase activity as cells progressed to S
phase and this correlated with the phosphorylation of Rb and its release from the p150¢-
abl RB complex. Furthermore, it was demonstrated that Rb interfered with
supertransactivation of a CAT construct by overexpressed p150¢-abl in SAOS-2 cells.
Thus, as cells progress through the cell cycle p150°'abl kinase activity is activated,
transactivation activity would be increased due to the disruption of a p150¢-@bi_Rb
complex. This phenomenon would enable proper integration of growth stimulatory
(plSOC'abl, putatively) and growth inhibitory signals (Rb) (142). However, the relatively
low level of p150¢-ab! associated with Rb in some cell lines coupled with the mounting

evidence that the c-abl gene product is a negative regulator of cell growth (12) does not
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fit with this model of integration. Thus the biological relevance of this interaction

remains unclear.

1.1.3.4 Genetic Modifiers of Drosophila abl (Dabl)

Simpler genetic systems have proven very useful in identifying the components of
signal transduction pathways. This section, reviews studies of the Drosophila
Melanogaster homolog of abl, termed Dabl, and the information concerning genetic
modifiers of Dabl as well as their potential roles in Dabl signal transduction. Please note
that for clarity the Dabl protein and locus will be referred to as Abl and abl.

D. melanogaster lacking Abl function die as pharate adults or shortly after
eclosion with relatively normal external structures with the exception of roughened eyes
(143). In a search for genetic enhancers and suppressors of abl/ function hence of
substrates, four loci have been identified, three have been characterized at the molecular
level. They are termed disabled, enabled and prospero (144-146). Disabled, prospero and
a third undescribed locus were identified by screening -ethyl methyl sulfonate (EMS)
mutagenized abl null animals for mutations which shifted the lethal phase of the abl
background to an embryonic or larval death. The genetic screen was designed in such a
way that disruption of a single copy of these loci would be sufficient to give rise to earlier
lethality, thus this effect termed haploinsufficiency dependent on an abl mutant (HDA)
was also used in the description of these loci (144,146). Conversely, enabled was
identified in a screen for genetic suppressors of the abl loss of function alleles (145).

Although abl-/- embryos have no obvious defects in their nervous system, abl-/-
dab/- fail to form proper axonal connections in their central nervous system (CNS) and
an additional copy of either gene restores the axonal architecture. The cellular and
subcellular localization of both proteins is compatible with a direct interaction.
Furthermore, the Dab protein contains 10 amino acid motifs with sequence similarity to

the abl autophosphorylation site and is phosphorylated in vivo on tyrosine. However, the
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authors were unsuccessful in demonstrating a direct interaction between these two
proteins (146). A recently identified protein, which is phosphorylated in response to
stimulation by colony stimulating factor 1 (CSF-1) of Bac1.2F5 cells, shares significant
amino acid similarity to the N-terminal and C-terminal domains of the disabled protein
(20). The authors of this study suggest that this protein is involved in the signaling
cascade originating from the CSF-1 receptor in Bac1.2F5 cells (20).

Prospero had been previously identified as a gene encoding a nuclear protein
required for proper differentiation and axonal outgrowth in embryonic neurons (129).
Differences in the timing of expression and subcellular localization of the Abl and Pros
proteins would appear to preclude a direct interaction (146).

Since a reduction in the level of Enabled (Ena) can suppress the lethal effects of
abl mutant alleles, Gertler et al. suggest that Ena is serving an opposing function to that
of Abl which requires a precise control of their dosages (147). Abl- animals display
reduced Ena tyrosine phosphorylation. Furthermore, Ena colocalizes with Abl to the
axons in the developing CNS suggesting that a key role for Abl in Drosophila
development is to regulate Ena function by phosphorylation. The primary amino acid
sequence of Ena suggests that it could interact with the Abl SH3 domain since it harbours
many proline-rich motifs. In vitro studies with recombinant proteins support this
hypothesis. However, the authors were unable to demonstrate in vivo evidence for this
interaction. The exact role of Ena phosphorylation in modulating its activity is still
unclear. Finally, the murine counterparts of these gene products have not been identified
although the Ena protein shows extensive sequence similarity in some domains with

human and canine vasodilator stimulated phosphoproteins (147).
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1.2 The Ras Oncogene

1.2.1 Introduction

The Ras proteins are part of the superfamily of GTP binding proteins. This family
of proteins act as binary switches, alternating between GTP bound or "on" and GDP
bound or "off" modes, regulating a host of cellular processes including receptor signaling,
cytoskeletal structure and membrane trafficking (references within this section) (148).
The first oncogenic variants were identified in the ras subfamily.

Four different strains of acutely transforming retroviruses harbour cellular ras
genes transduced into their retroviral genome, the Harvey and Kirsten rat retroviruses as
well as the murine Balb and Rasheed strains (149-152). The ras genes were also found to
be activated by proviral insertion in avian and mammalian tumours (153) as well as in
animal models of carcinogen-induced tumorigenesis (154-157). The link between ras
activation and human tumours was first recognized when transfection assays for
dominant activated oncogenes in human tumor DNA led to the rediscovery of activated
ras genes (158-161). At this time, it is believed that as many as 30% of all human
tumours harbour mutations in ras genes (162), making ras mutations the most common
oncogenic activation associated with carcinogenesis. Finally, germinal studies by Dennis
Stacey and his collaborators suggested a pivotal role for p21¢-74S in transformation
mediated by certain oncogenes as well as in the response of normal cells to mitogens
(102,163). These properties of the ras family have fueled a very intense effort to identify
its mode of action, its substrates, effectors and modulators. The following review

summarizes the findings of these studies.

1.2.2 Ras Structure
This section will focus on the four members of the mammalian Ras family,

namely H-ras, N-ras, K-rasA and K-rasB, all of which have been shown to act as
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oncoproteins when activated by mutations or overexpressed. The Ras proteins are made
up of roughly 190 amino acids which can be divided into three different domains with
varying levels of conservation among members of the Ras subfamily. The N-terminal
third of the protein is highly conserved while the next 80 amino acids diverge slightly.
The C-terminal region is highly variable except for a highly conserved (C)ysteine-
(A)liphatic amino acid-(A)liphatic amino acid~(X) any amino acid tail (Figure 4).
According to X-ray crystallographic studies the basic backbone of these proteins is
arranged in five alpha helices, one six-stranded beta-sheet divided into two three-stranded
subsets and 10 interconnecting loops. These studies have yielded some clues to the
identity of the critical amino acids involved in nucleotide binding, GTPase activity and
effector binding.

The guanine base of GDP or GTP is bound to approximately amino acids 120 and
145 while the phosphate group contacts the protein at amino acids 12-20, 32-35 and 60.
Nucleotide binding is partly mediated by amino acids at positions 116,117 and 119. The
observation that activating and dominant negative mutations of ras often coincide with
the precise localization of these domains also supports the structural studies. For instance,
activated mammalian ras alleles often bear point mutations at positions 12,13,59,61. In
vitro generated activated alleles also harbour mutations at positions 35,63,116,119.
Certain amino acid substitutions (namely the activating ones) impair the nucleotide
binding capacity of Ras thus the mutant protein may exchange its GDP for GTP at a
higher rate which would obviate the need for a nucleotide exchange factor, a class of
proteins which has been shown to play a critical role in coupling receptor signaling to the
Ras cascade (see section 1.2.3). Considering the vast excess of GTP over GDP in cells,
this leads to a predominantly active form of the Ras variant. Mutations or activating
substitutions at positions 12,35 and 61 appear to impair the GTPase activity of Ras. In a

model outlined by Grand (164), it appears that these mutations interfere with the
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Figure 4. A) Ras protein Structure.
The linear structure is shown approximately to scale: EBD, effector binding domain ;
HV, the hypervariable region among members of the Ras subfamily; MA, membrane
association encoding the C-A-A-X motif. Open triangles represent activating point
mutations, black triangles represent dominant negative mutations. The relative position of
the amino acids responsible for binding of the phosphoryl and guanine base of the
guanine nucleotide are indicated by black boxes on the appropriate lines. (149,173)

B) The Ras Cycle
The Ras proteins alternate between GDP bound (off) and GTP bound (on) states.
Progression through the cycle is affected by : GAP, GTPase activating proteins; GEF,
guanine nucleotide exchange factors; GDI, guanine-nucleotide-dissociation-inhibitors
which may negatively affect progression through the cycle. Adapted from (148).

C) Primary Structure of p120GAP
P120GAP consists of : Hydrophobic, hydrophobic N-terminus; SH domains, 2 for SH2
domain, 3 for SH3 domain; PH, pleckstrin homology domain found in many signaling
molecules (116-118); GTPase stimulation, its catalytic or GTPAse domain. Adapted from
(148).
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followed by 2) cleavage of the C-terminal three amino acids and 3) carboxymethylation
of the newly exposed alpha carboxy group of the farnesylated cysteine residue. Some
members of the Ras family undergo a further lipid modification by the addition of
palmitic acid to cysteine residue(s), a process dubbed palmitoylation. Although
farnesylation appears sufficient to confer membrane localization these further
modifications appear to improve membrane association and actually enhance
transforming activity (171). It should be noted that stretches of basic amino acids can
substitute for palmitoylation as is seen for K-rasB (172). Palmitoylation is a dynamic
process, the half life of this modification is estimated to be approximately twenty minutes
while the half life of the protein is close to twenty four hours (173). Its exact role remains
unclear but reversible acylation has been suggested to be a mechanism for modulating the
signaling potential of small G proteins as well as the trimeric G proteins (174).
Myristylation is a cotranslational modification which is considered stable. The stability of
this modification may explain the observation that an exogenous myristylation signal can

activate the transforming potential of p217as (170).

1.2.3 Substrates, Effectors and Modulators of Ras Activity

The simple nature of the Ras proteins belies the complexity of the phenomena
they mediate. Ras proteins can affect such varied processes as the differentiation of PC12
and F9 cells into neuronal cells and endodermal cells, respectively, the differentiation of
skeletal myoblasts, the mitogenic response of NIH 3T3 to serum derived growth factors
and tyrosine kinase mediated oncogenic transformation (163,167,168,175-177). This
apparent paradox is being resolved as the identity of some of the Ras regulators/effectors
is determined, the ras proteins often interact with proteins with more complex structures
and activities. It has been suggested that Ras acts as a "turnstile" for a multitude of
different signals and that the specification of the cellular response is dictated by the

specific proteins interacting with Ras within any cellular context. These proteins either
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affect the progression of the Ras cycle or transduce the signal received from the product

of this cycle, GTP bound Ras.

1.2.3.1 Modulators of the Ras cycle

Ras proteins are GTPases which alternate between a GTP and GDP bound state.
The regulation of this cycle (see figure 4B) (148) displays remarkable complexity and
calls into play a variety of activities. These proteins can be divide into four classes: 1)
GTPase activating proteins, 2) GTPase inactivating proteins, 3) proteins that lock the
GTPase into one state and 4) proteins that affect the intracellular location of the Ras
proteins through postranslational modifications. As alluded to previously, GTP is present
in excess of GDP in cells, thus, when Ras is nucleotide free it is more likely to bind GTP.
The GTP bound form is slowly converted to the GDP bound form through its low
intrinsic GTPase activity. The nature of the reaction, hydrolysis of GTP to GDP, renders
the cycle unidirectional. GTPase activating proteins (GAPs) stimulate this GTPase
activity thus driving the process of inactivating the Ras protein. The exchange of GDP for
GTP bound to Ras is catalysed by guanine-nucleotide-exchange factors (GEFs) also
known as guanine-nucleotide-releasing proteins (GNRPs) or guanine-nucleotide-
dissociation stimulators (GDS) but can also be inhibited by guanine-nucleotide-
dissociation inhibitors (GDI). GDI also appear to inhibit GAP activity, although GDI
activities specific to Ras proteins have not been identified and will not be discussed.
A) GAPs

GAP activity was first characterized in Xenopus Laevis oocyte extracts (178).
Subsequently, genes encoding RasGAPs were isolated from human placental (179) and
bovine brain (180) cDNA librairies. The structure of the p120GAP protein is quite
complex with two N-terminal SH2 domains and one SH3 domain (see figure 4C), a

pleckstrin homology domain and a C-terminal GTPase activating catalytic domain (148).
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Its modular nature may in fact be responsible for its ambivalent interaction with Ras
proteins, acting both as a negative regulator and downstream effector for ras proteins.

Its role as negative regulator is demonstrated in the following observations: 1)
activated forms of the Ras have lower GTPase activity and are refractory to p120GAP
action (181) 2) stimulation of p2179S upon T-cell activation appears to involve decreased
GAP activity (182) 3) GAP can suppress c-ras mediated transformation (183). In
addition, certain mutations in the effector domain of the p21¢-H-7as decreased p120GAP
binding but activated its transforming potential in Rat-2 cells (184).

Conversely, a variety of other observations would appear to support a role for
pl20GAP as an effector. pl20GAP binds through its C-terminal domain to the Ras
effector domain (181,185). Oncogenic Ras effector domain mutants which do not bind to
p120GAP are transformation defective (181,185). Antibodies directed against the effector
domain block p120GAP binding and neutralize Ras activity (178,186). Furthermore, Raé
mutants which do not associate with the membrane but still bind GAP tightly inhibit the
function of membrane bound Ras and this inhibition is alleviated by addition of GAP
(187). It has been suggested that Rapla, a small G protein part of the Ras-related family,
suppresses ras transformation by binding tightly to pl120GAP and preventing Ras from
interacting with its downstream effector (188). It should be noted that a raplaGAP has
been cloned and bears no resemblance to p120GAP, thus, although a competitive model
to explain suppression of transformation by Rapla is still possible it is also plausible that
Rapla signals an antagonistic pathway through RaplaGAP (189). In Xenopus oocytes
GAP enhances germinal vesicle breakdown (GVBD) by v-Ha-ras and insulin (190,191)
and this activity requires the SH3 domain of GAP (192). A Ras-rasGAP complex is
involved in uncoupling the muscarinic receptors from the atrial potassium channels
(193,194). It has been suggested that the N-terminal portion of p120GAP is sufficient to
uncouple the muscarinic reéeptor from the Gy protein (194). Thus, the interaction with

p217as would induce a conformational change which in turn would activate the SH2-SH3



38

regions of p120GAP. The SH2 and SH3 domains are attractive candidates for mediating
the downstream effects of GAP: SH2 and SH3 domains are involved in protein-protein
interaction critical in cell signaling (please see section 1.1.2.2). It was demonstrated that
p120GAP interacts with the EGF receptor, the PDGF receptor and pp60V-5"C and is
phosphorylated by these kinases (195-202). Furthermore, certain GAP associated-
proteins, p62 and p190 are also phosphorylated as a result of transformation by activated
tyrosine kinases (198,203). One of the potential roles of GAP is to attenuate Rho
signaling through its interaction with the p190 protein, which harbours a RhoGAP
activity (204). The functional role of pl20GAP, or the GAP complexes with p62 and
p190, in v-src mediated transformation was further ascertained by the demonstration that
overexpressing the N-terminus of GAP could rescue the transforming activity of a
cytosolic transformation-defective v-src and that this transformation process was still
dependent on c-ras (205). Although, there appears to be a good correlation between
p120GAP and GAP associated protein phosphorylation with oncogenic transformation,
the requirements for GAP activity for c-ras seem very different suggesting that the
downstream effectors of oncogenic and normal Ras differ. For instance, mutations in the
GAP binding domain that impair GAP binding in oncogenic Ras and reduce
transformation activity do not affect normal Ras (206). Also, overexpression of a
truncated GAP containing the N-terminal portion, lacking the catalytic domain, inhibits
oncogenic Ras transforming activity without affecting the action of normal Ras (207). In
short, for mammalian cells GAP effector activity may be limited to activated versions of
Ras while its negative regulatory effects would be restricted to the normal ras protein.
The gene product for Neurofibromatosis type 1 (NF1), a human genetic disease
associated with increased risk of developing certain malignancies including
schwanommas was found to contain a RasGTPase domain (208-211). It was proposed
that the malignancies arose from improper modulation of Ras activity. This hypothesis

gained support with the observation that certain tumour cell lines derived from NF1



39

patients displayed elevated levels of Ras bound to GTP (212-214). In other tumour cell
lines of similar tissular origin but not from NF1 patients, it appears that inactivating
mutations in NF1 can occur without affecting cellular GTP-Ras (215). The authors
suggest that this may reflect a tumour suppressor activity independent of its RasGTPase
activity. In keeping with this hypothesis, overexpression of neurofibromin, the NF1 gene
product, in melanoma cell lines deficient for NF1 is growth inhibitory and induces
differentiation (216). It affects the proliferation of NIH 3T3 cells (216) and also affects
oncogenic transformation by v-ras (216,217) which is generally considered to be
impervious to GAP activities (178). Neurofibromin differs from pl20GAP with respect to
several biochemical properties: its GAP-like domain has a 20 fold higher affinity for
RasGTP even though its GAP activity is 30 times lower (218) and in contrast to GAP,
overexpression of a wild type or mutant GAP-like domain from NF1 can suppress
transformation by v-ras (216,217,219). Therefore, neurofibromin may provide a growth
inhibitory signal as evidenced by the melanoma differentiation studies but it could also
sequester RasGTP from some downstream effectors because of its high affinity and
further regulate RasGTP by facilitating hydrolysis to GDP through its GAP activity. Its
restricted pattern of expression may reflect the cell context specific modulation of Ras
and its exact role as either a transducer, competitive inhibitor or negative regulator of
RasGTP may be dictated by this cellular context.
B) GEFs

Guanine nucleotide exchange is slower than GTP hydrolysis. Thus, it constitutes
the rate limiting step in the Ras cycle (220). The existence of GEFs in Saccharomyces
cerevisae that can act on mammalian Ras proteins suggests that an evolutionary
conserved activity exists for mammalian Ras (221). The identification of the Drosophila
Son of Sevenless gene product (SOS) as a protein with extensive homology to the yeast
CDC25 protein (222) and its genetic relationship with the Sevenless receptor tyrosine

kinase pathway suggested it could act as a link between the activation of the Ras signal
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transduction pathway by receptor tyrosine kinases. Earlier observations had clearly
established a role for the adaptor protein Sem-5/Drk/Grb2 (see figure 5) (104-
106,113,223,224) adaptor protein in receptor tyrosine kinase signal transduction. It has
now been proven by a number of groups that upon receptor activation Grb2 is recruited to
the activated receptor via its SH2 domain and that its SH3 domains engage Sos which
harbours proline rich motifs with affinity for these SH3 domains. The relocalized Sos can
now interact with membrane bound RasGDP and catalyze GDP/GTP exchange (107-
111). Membrane localization of human Sos (hSOS) is sufficient to activate the Ras
cascade (summarized in figure 5) and overexpression of membrane bound hSos causes
transformation in immortalized fibroblasts (225). These studies underscore the
requirement of membrane localization for efficient signaling as well as uncovering a
possible negative regulatory interaction in the C-terminal portion of the protein (225). Sos
can also interact with another adaptor protein termed Nck, thus modulation of RasGEF
may be a common mechanism for signaling which may in turn rely on different adaptor
proteins (226). The GEFs are believed to be the targets of the N17 Ras dominant negative
mutants which would lock the GEFs into dead-end complexes (227,228). Other GEFs
such as the small GTP binding protein guanine-nucleotide-dissociation-stimulator may
interact with some members of the Ras family but the physiological relevance of these
interactions remains unclear (148). The vav protooncogene protein has been shown to
stimulate GEF in NIH 3T3 cells and support signal transduction through the Ras-MAP
kinase pathway, thus supporting a role for vav invras signaling in hematopoietic cells

(60,229). However, more recent data appear to dispute the GEF activity of Vav (230).

1.2.3.2 The Ras Cascade

A variety of external signals lead to the activation of extracellular regulated
kinases (114). MAP/ERK kinases are regulated by upstream dual specificity kinases
termed the MEK kinases for MAPK/ERK kinase. These kinases are also regulated by
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upstream phosphorylation events by MEKkinases or MEKKs (Figure 5). The activation
of the ERK pathway has been determined to be the critical event in Ras mediated
signaling (231,232). The link between Ras and the ERK pathway was uncovered when
the gene product of c-raf-1 was shown to interact with GTP bound Ras (233-236).
Previous studies had established that Raf could act as a MEKkinase (237-239). Ras and
Raf interact through the effector binding domain of Ras and the N-terminal regulatory
domain of Raf respectively (237,238), thus Raf and RasGAP may compete for binding of
the Ras effector domain. Since effector binding domain mutations which lead to
decreased transforming activity also result in decreased binding of Raf, it is plausible that
reduced transforming activity reflects loss of activation of Raf, not GAP binding.
Furthermore, Rapla can interact in vitro with Raf, thus one could suggest that it exerts its
Ras transformation suppressor activity through the formation of a non-productive
Rapla/Raf complex (233). It should be noted that interaction of Ras with Raf is not
sufficient to activate its kinase activity, it appears that a serum derived signal is required
for full activation (240). It has been demonstrated that once Raf is recruited to the
membrane it no longer requires Ras to be fully activated. Addition of a membrane
targeting sequence to Raf obviates the need for Ras's membrane-anchor activity and
gives rise to a fully activated Raf protein (241,242). Recent evidence suggests that Ras
may activate a number of different MAP/ERK kinase pathways (243-245). In fact, it has
been suggested that Ras activation can lead to both Raf-1 activation of the ERK pathway
as well as the activation of MEKK and the JNK (c-Jun specific kinase) pathway (246).
The ultimate outcome of both pathways are the modulatory phosphorylations of
transcription factors and their concomitant effect on gene expression (247). Finally, Ras
may interact with the components of other mitogenic pathways as evidenced by the
coimmunoprecipitation of PI-3 kinase with Ras (248). The significance of this interaction

is reviewed in the following section.
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Figure 5. Diagrammatic Representation of Ras Activation and the Ras Cascade.

Upon ligand induced activation and autophosphorylation, the Grb2-Sos complex is
recruited through the Grb2 SH2 domain (open semi-circle). Grb2 and Sos interact via
SH3 -proline rich interactions, SH3 domains are indicated by stipled and the proline rich
domains of Sos by dark boxes. Sos stimualtes GDP release from Ras and yields an
activated Ras. Other intracellular signals result in the activation of Ras and the Ras
cascade. Active Ras interacts with a number of putative effectors including GAP, PI-3
kinase, Raf, or MEKKs. The activation of Raf or MEKK leads to the phosphorylation and
activation of an ERKK (JNKK,SAPKK,MEK) which in turn phosphorylates and activates
an ERK (JNK,SAPK,MAPK). ERKs have a host of substrates, some of which are
transcription factors (single examples are shown for simplicity) whose phosphorylation
affects their transcriptional activity. Other ERK pathways have been proposed to exist
and their dependence on Ras is under investigation (243).

Note that some cytoplasmic tyrosine kinase are believed to activate Ras by recruiting the
Grb2-Sos complex through She, an adaptor protein. Thus by recruiting Shc and
phosphorylating it on tyrosine they can recruit this complex so that it can activate Ras
signaling. Raf, MEKK and ERKs are serine/threonine kinase while ERKK are dual

specificity kinase phopshorylating also tyrosine residues. Adapted from (107,240).
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1.2.3.3 PI-3 kinase

Initial reports that direct binding of the non-catalytic subunit of PI-3 Kinase (p85)
to the PDGF receptor was required for Ras activation following PDGF stimulation (59)
were supported by the studies of Valius and his colleagues (129). Utilizing addback
mutants of the PDGF receptor beta harbouring only the p85 binding site, the authors
demonstrated that the mutant PDGF receptor could still activate Ras, as evidenced by
increased levels of RasGTP, and mitogenic signaling (129). However, recent reports have
suggested that this may only occur in certain cell types (249). This finding coupled with
the observation that Nck can bind to the same site as p85, hence could activate Ras
through its own interaction with Sos, has cast some doubt on the role of PI-3 kinase as an
upstream activator of Ras. Alternatively, other studies have suggested an effector
function for PI-3 kinase (250). It was demonstrated that Ras interacts directly with the
catalytic subunit of PI-3Kinase, p110, through its effector binding domain. Other
members of the Ras family, specifically RalA and Rap2A, do not associate with p110.
The interaction does not increase the activity of the p110 kinase, thus one could propose
that some coordinate signal may be required for full activation, in a manner similar for
Raf activation. The overexpression of the N17 Ras mutant attenuates growth factor
induced production of 3'phopshoinositides in PC12 cells and overexpression of Ras
proteins results in an increase of these same products. The authors of this study propose
that a phosphoprotein-dependent Ras-independent pathway is unaffected by N17 but that
the Ras-dependent activation is affected (250). Thus, PI-3 kinase activity can be regulated
in a number of ways following growth factor stimulation, the pathways might synergize
to cause strong activation of this kinase. However, the relative importance of this
phenomenon is unclear as the mitogenic role of the phosphoinositides is still being
examined. Nonetheless, these studies underscore the remarkable variety of signals

potentially modulated by the Ras protein.
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1.2.3.4 Regulation of Ras Activity through Localization

As discussed previously the proper localization of Ras proteins is regulated
through a complex series of posttranslational lipid modifications. The enzymes that
regulate these processes have proven to be interesting targets for antitumour therapy
(251-254). The target of choice has been the farnesyl transferase since this lipid
modification is less prevalent in cells than the geranylgeranyl modification, one would
expect its inhibition to be less damaging to its cellular environment. A number of
approaches have been used to investigate the effect of inhibiting farnesyl transferase
(FTase), the enzyme which catalyzes the addition of the farnesyl moiety to the C-terminal
cysteine residue: 1) the use of organic compounds which mimic the peptide substrate of
the FTase or the farnesyl diphosphate, the lipid substrate of this enzyme, and
competitevely inhibit FTase activity 2) the disruption of endogenous FTase activity either
through the expression of antisense or dominant inhibitory constructs and 3) the
disruption of the isoprenoid biosynthetic pathway. The treatment of cells with isoprenoid
synthesis inhibitors, such as lovastatin results in non-specific cytotoxic effects (255). The
overexpression of antisense and dominant inhibitory constructs also leads to considerable
growth suppression in normal and ras transformed fibroblasts (256) probably as a result
of general effects on cellular farnesylation. The utilization of peptidomimetic compounds
has demonstrated more encouraging results: two independent groups utilizing compounds
which mimic the CaaX motif were able to reverse specifically oncogenic ras (253,254)
and src (253) mediated transformation without deleterious effects on normal cell growth
(254). These effects on ras mediated biological phenomena were extended to X. Laevis
ras-dependent GVBD where a FTase inhibitor was shown to block solely insulin (Ras-
dependent) and not progesterone (Ras-independent) induced GVBD (257). More recent
studies examining the mechanism of reversion of ras transformed cells following
treatment with a similar compound, designated L-739,749, have uncovered a more

complex mode of reversion than initially hypothesized (258). The authors of this study
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observed that not only does treatment with L-739,749 reduce anchorage independent
growth of ras-transformed cells but also that a transient treatment is sufficient to rapidly
and stably cause morphological reversion of ras-transformed cells. In examining the state
of Ras protein processing in the treated cells they determined that reversion occurred even
though appreciable levels of properly processed Ras existed. In fact, after withdrawal of
L-739,749 appearance of properly processed activated Ras protein preceded re-reversion
to the transformed morphology. It appears that this compound is capable of inducing in
normal as well as ras transformed cells rapid and substantial change in the cytoskeletal
architecture. It is of interest to note that raf transformed cells are resistant to these effects
and do not display appreciable changes in cytoskeletal architecture. Thus the authors
conclude that the antitumour effect of L-739,749 is not a consequence of altered activated
Ras protein processing and that the morphologically reverted state induced in ras-
transformed cells is not a normal cellular phenotype per se since presence of activated
Ras after removal of inhibitor is not sufficient to cause transformation. The authors
suggest that the reversion phenomenon may involve farnesylated proteins that control the
cytoskeletal architecture, such as some of the Rho/Rac protein family members (95,259).
This observation suggests an interplay between these two GTPase families in
mediating/coordinating the transformation process. In light of these results it is
interesting to note that two putative Ras effectors have putative links with rhoGAP

proteins, namely PI-3 kinase and GAP binding protein p190.
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1.3 Multidrug Resistance (MDR)

Since this thesis focused primarily on the potential role of MDR as a target for
transformation mediated by v-Ha-ras, this review will not present an exhaustive
examination of structure/function studies of the mdr proteins. The reader is referred to
several excellent reviews for these considerations (260,261)

Typically, MDR arises when cell lines are subjected to selection with a single
cytotoxic agent. MDR cells display resistance to a variety of unrelated cytotoxic
compounds. Hence, multidrug resistance (MDR) can be defined as the resistance to a
broad spectrum of cytotoxic compounds. The drugs most often involved in this
phenomenon include vinca alkaloids, anthracyclines, alkylating agents, protein synthesis
inhibitors, DNA intercalating agents, all of which share little or no structural similarity
not to mention the variety of intracellular components these drugs target (261). Germinal
studies by Victor Ling and his collaborators established that a single genetic event could
be responsible for this property (263). Furthermore, MDR is a result of the decreased
influx and increased efflux of these compounds. Subsequently, the gene product of the
mdrl gene was shown to be necessary and sufficient for both functions (262). In fact the
expression of the mdrl gene product, the P-glycoprotein, was later shown to be the most
consistent change in MDR cells (263). The mdr gene family includes three family
members in rodents while only two members exist in humans (264). Two of the members
of the mouse mdr family, mdrib and mdrla (initially named mdrland mdr3,
respectively), can independently confer MDR with some specificity (265-267) while
mdr2 can not confer the MDR phenotype (268,269). The human mdrl gene product
shares 88% identity with the mouse mdrla gene product (261) and also confers the MDR

phenotype when transfected into cells.
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1.3.1 Structure and Function

The Mdr proteins are part of a large family of transporter proteins, the ABC
transporters, for ATP-binding cassette (for review see 270). The characteristic motif of
the ABC transporters is approximately 200 amino acids long and is present in at least 50
proteins of eukaryotic and prokaryotic origin. It should be noted that not all members
have transport activity, for instance the peptide elongation factor of yeast EF-3 or the
UvrA protein of E. coli involved in DNA repair are such members. In humans, other
members of this family include the Cystic Fibrosis Transporter protein (CFTR) (271), the
gene products odf the candidate genes for Zellweger Syndrome (272) and X-linked
adrenal leukodystrophy (ADL) (273) which are believed to encode peroxisomal
transporters, and finally two linked genes (Tapl and 2) associated with transport of
peptides into the endoplasmic reticulum for class I antigen presentation (270).

The human cDNA for the mdrl gene encodes 1280 amino acids arranged in two
similar halves each containing six transmembrane regions and one large intracytoplasmic
loop which harbours the ATP binding site (figure 6).(262,274,275). It has been
demonstrated to have ATP-dependent transport activity (261,263) as well as the ability to
act as a volume-gated chloride channel (276,277). In accordance with the latter activity, it
has been suggested that the physiological role of the human Mdrl is to act as a chloride
channel in epithelial cells that do not express the CFTR protein (278). The expression
pattern of both of these genes seems complementary. In normal cells it would appear that
expression of one of these proteins coincides with the lack of expression of the other.
Furthermore, within a single cell type under different conditions a switch in expression
can be seen. Thus, it is suggested that these two genes are coordinately regulated since
they provide redundant functions. More recent studies suggest that P-gp regulates the
activation of cell volume-activated chloride channels hence it is a channel regulator rather
than a channel itself (279). It may enhance channel activity but it also confers PKC-

sensitivity on these channels (see section 1.3.3)
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Figure 6. Diagrammatic Representation of the P-glycoprotein

A. In this linear representation of the protein the stippled boxes represent the six putative
transmembrane domains contained within each half of the protein. The dark boxes
denoted A and B represent the two regions involved in ATP binding.

B. This schematic represents the proposed structure within the membrane. The two
horizantal parallel membranes represent the cell membrane while out and in denote the
extracellular and intracellular spaces respectively. Note the six transmembrane domains
in each half of the protein and the folding of the intracellular domains which give rise to
the ATP binding domains signified by ATP. The N-terminus and C-terminus of the
protein are designated by NH2 and COOH respectively. Adapted from (263).
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The steroid transport capabilities of the Mdrl protein (280) coupled with
observations of the substrate capacities of other members of the ABC transporter family
has lead some to speculate that Mdrl may function as a pump for peptide hormones
which lack the traditional signal sequence, for instance the fibroblast growth factor (FGF)
(260). The expression profile of the murine mdrla/b genes would also support such a
hypothesis (281) and the human mdrl gene product can transport peptides (282).
However, disruption of the murine mdria gene gives rise to increased sensitivity to
ivermectin neurotoxicity as a result of its increased accumulation in the brain and no
other obvious defect (283). It is possible that the intact mdr1b can complement the loss of
mdrla. The authors of this study observed an increase in its expression with respect to
tissues in a normal animal. The authors conclude that mdrla is an important component
of the blood-brain barrier preventing toxic xenobiotics from entering the brain (283).

The human Mdr2 protein like its murine homolog does not transport drugs of the
MDR spectrum. However, murine mdr2 appears to be involved in the transport of

phospholipids into bile (284).

1.3.2 MDR Expression and Cancer

The expression of MDR poses important problems for chemotherapeutic
approaches to cancer cell treatment. The expression of MDR follows no clear patterns
with respect to tumorigenesis. Although, double minutes (DM) and homogeneous
staining regions (HSR) are common karyotypic alterations in MDR cells, increased mdr
expression in the absence of DNA amplification is often observed in cancer patients and
established cell lines (261). Furthermore, DNA amplification does not always give rise to
increased expression (285). Hence, the regulation of mdr expression is not strictly
regulated by gene copy number.

Elevated levels of expression of mdr can be found in tumours which originate

from tissues that typically express important levels of mdr. Conversely, certain
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malignancies such as acute and chronic leukemias, non-Hogdkin lymphoma,
neuroblastoma, some lung cancers express elevated levels of mdr even though the normal
tissue or cellular origin has relatively little or no mdr expression (285). A number of
observations suggest that MDR may contribute to the process of transformation and that
its expression may be affected by this process. In childhood neuroblastomas, elevated
levels of mdr expression at presentation correlates with a poor prognosis which often
coincides with failure to respond to chemotherapeutic agents (286). A study of clinical
samples of mammary carcinomas has revealed that amplification of mdr can occur in the
absence of selection with cytotoxic agents (287). It has been reported that P-gp positive
invasive colon cancer cells may have an increased potential for dissemination (288).
Studies on the human mdrl promoter have suggested that the process of malignant
transformation could increase expression of mdrl, specifically, overexpression of the c-
Ha-ras oncogene and or the p53 oncogenic variant of the p53 tumour suppressor gene can
activate expression from the mdrl promoter in NIH 3T3 cells (289). Interestingly,
transfection of the rat TAP-2 gene into a lymphoma mutant restores its tumorigenic
potential by a complex phenomenon that is believed to involve an increased capacity to
escape rapid elimination by Natural Killer (NK) cells (290). Taken together, these data
suggest that increased expression of the mdr gene product, or certain ABC transporter
proteins, may contribute to some aspects of tumour progression.

In contrast to these observations, Biedler and Spangler have reported decreased
tumorigenecity of cell lines selected in tissue culture for elevated levels of drug
resistance: Chinese Hamster lung cells, mouse sarcoma cell lines and human
neuroblastoma cell lines displayed reduced tumorigenic potential in vivo after in vitro
selection for very high levels of MDR. It should be noted that the concentrations of drugs
used far exceeded physiological doses and that in most cases the revertant cell lines
regained properties of the parental lines when maintained in drug-free medium. It is not

clear if the changes in tumorigenic potential are directly linked to the changes in MDR
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expression or to the effect of its overexpression on the integrity of the plasma membrane

or to unrelated phenomenon mediated by the selective agents (291).

1.3.3 Regulation of Mdr Activity

It is quite clear that the glycosylation of the P-glycoprotein plays little or no role
in the modulation of its activity : 1) treatment of MDR cells with tunicamycin, a potent
inhibitor of protein glycosylation does not affect the MDR phenotype 2)MDR cells can
be isolated from lectin-deficient cells which are glycosylation defective 3) finally, there
are important differences in the glycosylation sites and states between the human and
murine P-glycoproteins, thus this lack of conservation suggests that glycosylation is not
required for its function (261,262,275).

Phosphorylation of Pgp was detected in human KB carcinoma cells treated with
phorbol ester (292). The phosphorylation sites on P-gp corresponded to the sites detected
in in vitro assays with protein kinase C (PKC). Thus the increase in Pgp phosphorylation
seen in phorbol ester treated KB cells probably corresponds to the phorbol ester mediated
activation of PKC and its translocation to the plasma membrane. Furthermore, phorbol
ester treatment results in an increase in transport activity of Pgp and a concomitant
increase in drug resistance. Thus, these studies suggest that protein kinase C may
modulate drug transport. Phosphorylation by PKC also affects the channel regulator
activity of Pgp (279). In HeLa cells, which lack endogenous Pgp expression, the
transfection of a Pgp expression construct renders the activation of endogenous volume-
activated chloride channels sensitive to PKC treatment. Channel activation was decreased
after PKC treatment in transfected cells while it is unaffected in control HeLa cells.
Furthermore, cells expressing constructs for a Pgp mutant lacking the PKC consensus
phosphorylation sites do not display a PKC-dependent inhibition of channel activation.
This suggests that the phosphorylated form of Pgp inhibits channel activation(279). Thus,

it appears that phosphorylation by PKC is an important regulative modification.



O

52

1.4 References

1. Witte ON, Rosenberg N, Paskind M, Shields A, Baltimore D. Identification of an
Abelson murine leukemia virus-encoded protein present in transformed fibroblast and
lymphoid cells. Proceedings of the National Academy of Sciences of the United States of
America 1978; 5:2488-2492.

2. Reynolds FH, Jr., Sacks TL, Deobagkar DN, Stephenson JR. Cells nonproductively
transformed by Abelson murine leukemia virus express a high molecular weight
polyprotein containing structural and nonstructural components. Proceedings of the
National Academy of Sciences of the United States of America 1978; 75:3974-3978.

3. Witte ON, Rosenberg NE, Baltimore D. A normal cell protein cross-reactive to the
major Abelson murine leukaemia virus gene product. Nature 1979; 5730:396-398.

4. Wang JY, Ledley F, Goff S, Lee R, Groner Y, Baltimore D. The mouse c-abl locus:
molecular cloning and characterization. Cell 1984; 36:349-356.

5. Henkemeyer MJ, Bennett RL, Gertler FB, Hoffmann FM. DNA sequence, structure,
and tyrosine kinase activity of the Drosophila melanogaster Abelson proto-oncogene
homolog. Molecular & Cellular Biology 1988; 8:843-853.

6. Goddard JM, Weiland JJ, Capecchi MR. Isolation and characterization of
Caenorhabditis elegans DNA sequences homologous to the v-abl oncogene. Proceedings
of the National Academy of Sciences of the United States of America 1986; 83:2172-
2176.

7. Besmer P, Hardy WD, Jr., Zuckerman EE, Bergold P, Lederman L, Snyder HWIJ. The
Hardy-Zuckerman 2-FeSV, a new feline retrovirus with oncogene homology to Abelson-
MuLV. Nature 1983; 303:825-828.

8. Kurzrock R, Gutterman JU, Talpaz M. The molecular genetics of Philadelphia
chromosome-positive leukemias. New England Journal of Medicine 1988; 319:990-998.

9. Groffen J, Stephenson JR, Heisterkamp N, de Klein A, Bartram CR, Grosveld G.
Philadelphia chromosomal breakpoints are clustered within a limited region, bcr, on
chromosome 22. Cell 1984; 36:93-99.

10. Ramakrishnan L, Rosenberg N. abl genes. Biochimica et Biophysica Acta 1989;
989:209-224.

11. Risser R, Holland GD. Structures and activities of activated abl oncogenes. Current
Topics in Microbiology & Immunology 1989; 147:129-153.



53

12. Sawyers CL, McLaughlin J, Goga A, Havlik M, Witte O. The nuclear tyrosine kinase
c-Abl negatively regulates cell growth. Cell 1994; 77:121-131.

13. Kelliher MA, McLaughlin J, Witte ON, Rosenberg N. Induction of a chronic
myelogenous leukemia-like syndrome in mice with v-abl and BCR/ABL. Proceedings of
the National Academy of Sciences of the United States of America 1990; 17:6649-6653.

14. Daley GQ, McLaughlin J, Witte ON, Baltimore D. The CML-specific P210 bcr/abl
protein, unlike v-abl, does not transform NIH/3T3 fibroblasts. Science 1987; 237:532-
535.

15. Shtivelman E, Lifshitz B, Gale RP, Roe BA, Canaani E. Alternative splicing of RNAs
transcribed from the human abl gene and from the ber-abl fused gene. Cell 1986; 47:277-
284.

16. Goff SP, Gilboa E, Witte ON, Baltimore D. Structure of the Abelson murine leukemia
virus genome and the homologous cellular gene : studies with cloned viral DNA Cell
1980; 22: 777-785.

17.Van Etten RA, Debnath J, Zhou H, Casasnovas J. Introduction of a loss-of-function
point mutation from the SH3 region of the Caenorhabditis elegans sem-5 gene activates
the transforming ability of c-abl in vivo and abolishes binding of proline-rich ligands in
vitro. Oncogene 1995; 10:1977-1988.

18.Cortez D, Kadlec L, Pendergast AM. Structural requirements for BCR-ABL-mediated
transformation and inhibition of apoptosis. Molecular & Cellular Biology 1995; 15:
5531-5541.

19. Mayer B, Hirai H, Sakai R. Evidence that SH2 domains promote processive
phosphorylation by protein -tyrosine kinases. Current Biology 1995; 5:296-305.

20. Xu X-X,Yang W, Jackowski S, Rock CO. Cloning of novel phosphoprotein regulated
by colony stimulating factor 1 shares a domain with the Drosophila disabled gene
product. Journal of Biological Chemistry 1995; 270:14184-14191.

21. Renshaw MW, Capozza MA, Wang JY. Differential expression of type-specific c-abl
mRNAs in mouse tissues and cell lines. Molecular & Cellular Biology 1988; 8:4547-
4551.

22. Jackson P, Baltimore D. N-terminal mutations activate the leukemogenic potential of
the myristoylated form of c-abl. EMBO Journal 1989; 8:449-456.

23. Reddy EP, Smith MJ, Srinivasan A. Nucleotide sequence of Abelson murine
leukemia virus genome: structural similarity of its transforming gene product to other



54

oncogene products with tyrosine-specific kinase activity. Proceedings of the National
Academy of Sciences of the United States of America 1983; 80:3623-3627.

24, Luban J, Alin KB, Bossolt KL, Humaran T, Goff SP. Genetic assay for
multimerization of retroviral gag polyproteins. Journal of Virology 1992; 66:5157-5160.

25. Witte ON, Goff S, Rosenberg N, Baltimore D. A transformation-defective mutant of
Abelson murine leukemia virus lacks protein kinase activity. Proceedings of the National
Academy of Sciences of the United States of America 1980; 83:4993-4997.

26. Cohen GB, Ren R, Baltimore D. Modular binding domains in signal transduction
proteins. Cell 1995; 80:237-248.

27. Prywes R, Foulkes JG, Rosenberg N, Baltimore D. Sequences of the A-MuLV protein
needed for fibroblast and lymphoid cell transformation. Cell 1983; 34:569-579.

28. Prywes R, Foulkes JG, Baltimore D. The minimum transforming region of v-abl is
the segment encoding protein-tyrosine kinase. Journal of Virology 1985; 54:114-122.

29. Prywes R, Hoag J, Rosenberg N, Baltimore D. Protein stabilization explains the gag
requirement for transformation of lymphoid cells by Abelson murine leukemia virus.
Journal of Virology 1985; 54:123-132.

30. Daley GQ, Van Etten RA, Jackson PK, Bernards A, Baltimore D. Nonmyristoylated
Abl proteins transform a factor-dependent hematopoietic cell line. Molecular & Cellular
Biology 1992; 12:1864-1871.

31. Maru Y, Witte ON. The BCR gene encodes a novel serine/threonine kinase activity
within a single exon. Cell 1991; 67:459-468.

32. Voncken JW, van Schaick H, Kaartinen V, Deemer K, Coates T, Landing B, et al.
Increased neutrophil respiratory burst in ber-null mutants. Cell 1995; 80:719-728.

33. Hermans A, Heisterkamp N, von Linden M, van Baal S, Meijer D, van der Plas D, et
al. Unique fusion of ber and c-abl genes in Philadelphia chromosome positive acute
lymphoblastic leukemia. Cell 1987; 51:33-40.

34. Mes-Masson AM, McLaughlin J, Daley GQ, Paskind M, Witte ON. Overlapping
cDNA clones define the complete coding region for the P210c-abl gene product
associated with chronic myelogenous leukemia cells containing the Philadelphia

chromosome Proceedings of the National Academy of Sciences of the United States of
America 1986; 83:9768-9772.

35. McWhirter JR, Wang JY. Activation of tyrosine kinase and microfilament-binding
functions of c-abl by ber sequences in ber/abl fusion proteins. Molecular & Cellular
Biology 1991; 11:1553-1565.



55

36. Pendergast AM, Muller AJ, Havlik MH, Clark R, McCormick F, Witte ON. Evidence
for regulation of the human ABL tyrosine kinase by a cellular inhibitor. Proceedings of
the National Academy of Sciences of the United States of America 1991; 88:5927-5931.

37. McWhirter JR, Galasso DL, Wang JY. A coiled-coil oligomerization domain of Bcr is
essential for the transforming function of Bcr-Abl oncoproteins. Molecular & Cellular
Biology 1993; 12:7587-7595.

38. Pendergast AM, Muller AJ, Havlik MH, Maru Y, Witte ON. BCR sequences essential
for transformation by the BCR-ABL oncogene bind to the ABL SH2 regulatory domain
in a non-phosphotyrosine-dependent manner. Cell 1991; 66:161-171.

39. Muller AJ, Pendergast AM, Parmar K, Havlik MH, Rosenberg N, Witte ON. En bloc
substitution of the Src homology region 2 domain activates the transforming potential of
the c-Abl protein tyrosine kinase. Proceedings of the National Academy of Sciences of
the United States of America 1993; 90:3457-3461.

40. Muller AJ, Pendergast AM, Havlik MH, Puil L, Pawson T, Witte ON. A limited set
of SH2 domains binds BCR through a high-affinity phosphotyrosine-independent
interaction. Molecular & Cellular Biology 1992; 12:5087-5093.

41. Pendergast AM, Quilliam LA, Cripe LD, Bassing CH, Dai Z, Li N, et al. BCR-ABL-
induced oncogenesis is mediated by direct interaction with the SH2 domain of the GRB-2
adaptor protein. Cell 1993; 75:175-185.

42, Puil L, Liu J, Gish G, Mbamalu G, Bowtell D, Pelicci PG, et al. Ber-Abl oncoproteins
bind directly to activators of the Ras signalling pathway. EMBO Journal 1994; 13:764-
773.

43. Reuther GW, Fu H, Cripe LD, Collier RJ, Pendergast AM. Association of the protein
kinases c-Ber and Ber-Abl with proteins of the 14-3-3 family. Science 1994; 266:129-
133.

44. Sadowski I, Stone-JC, Pawson T. A noncatalytic domain conserved among
cytoplasmic protein-tyrosine kinases modifies the kinase function and transforming
activity of Fujinami sarcoma virus P130gag-fps. Molecular & Cellular Biology 1986;
6:4396-4408.

45. Mayer BJ, Hamaguchi M, Hanafusa H. A novel viral oncogene with structural
similarity to phospholipase C. Nature 1988; 332:272-275.

46. Pawson T. Protein modules and signalling networks. Nature 1995; 373:573-580.

47. Birge RB, Hanafusa H. Closing in on SH2 specificity. Science 1993; 262:1522-1524.



@

56

48. Schlessinger J. SH2/SH3 signaling proteins. Current Opinion in Genetics &
Development 1994; 4:25-30.

49. Feller SM, Ren R, Hanafusa H, Baltimore D. SH2 and SH3 domains as molecular
adhesives: the interactions of Crk and Abl. Trends in Biochemical Sciences 1994;
19:453-458.

50. Marengere LE, Pawson T. Structure and function of SH2 domains. Journal of Cell
Science - Supplement 1994; 18:97-104.

51. Pawson T, Gish GD. SH2 and SH3 domains: from structure to function. Cell 1992;
71:359-362.

52. Franz WM, Berger P, Wang JY. Deletion of an N-terminal regulatory domain of the
c-abl tyrosine kinase activates its oncogenic potential. EMBO Journal 1989; 8:137-147.

53. Jackson PK, Paskind M, Baltimore D. Mutation of a phenylalanine conserved in SH3-
containing tyrosine kinases activates the transforming ability of c-Abl. Oncogene 1993;
8:1943-1956.

54. Jackson P, Baltimore D, Picard D. Hormone-conditional transformation by fusion
proteins of c-Abl and its transforming variants. EMBO Journal 1993; 12:2809-2819.

55. Mayer BJ, Baltimore D. Mutagenic analysis of the roles of SH2 and SH3 domains in
regulation of the Abl tyrosine kinase. Molecular & Cellular Biology 1994; 14:2883-2894.

56. Ren R, Ye ZS, Baltimore D. Abl protein-tyrosine kinase selects the Crk adapter as a
substrate using SH3-binding sites. Genes & Development 1994; 8:783-795.

57. Cicchetti P, Mayer BJ, Thiel G, Baltimore D. Identification of a protein that binds to
the SH3 region of Abl and is similar to Ber and GAP-rho. Science 1992; 257:803-806.

58. Bar-Sagi D, Rotin D, Batzer A, Mandiyan V, Schlessinger J. SH3 domains direct
cellular localization of signaling molecules. Cell 1993; 74:83-91.

59. Fantl WJ, Escobedo JA, Martin GA, Turck CW, del Rosario M, McCormick F, et al.
Distinct phosphotyrosines on a growth factor receptor bind to specific molecules that
mediate different signaling pathways. Cell 1992; 69:413-423.

60. Gulbins E, Coggeshall KM, Langlet C, Baier G, Bonnefoy-Berard N, Burn P, et al.
Activation of Ras in vitro and in intact fibroblasts by the Vav guanine nucleotide
exchange protein. Molecular & Cellular Biology 1994; 14:906-913.

61. Songyang Z, Shoelson SE, Chaudhuri M, Gish ‘G, Pawson T, Haser WG, et al. SH2
domains recognize specific phosphopeptide sequences. Cell 1993; 72:767-778.



57

62. Songyang Z, Shoelson SE, McGlade J, Olivier P, Pawson T, Bustelo XR, et al.
Specific motifs recognized by the SH2 domains of Csk, 3BP2, fps/fes, GRB-2, HCP,
SHC, Syk, and Vav. Molecular & Cellular Biology 1994; 14:2777-2785.

63. Pascal SM, Singer AU, Gish G, Yamazaki T, Shoelson SE, Pawson T, et al. Nuclear
magnetic resonance structure of an SH2 domain of phospholipase C-gamma 1 complexed
with a high affinity binding peptide. Cell 1994; 77:461-472.

64. Overduin M, Rios CB, Mayer BJ, Baltimore D, Cowburn D. Three-dimensional
solution structure of the src homology 2 domain of c-abl. Cell 1992; 70:697-704.

65. Overduin M, Mayer B, Rios CB, Baltimore D, Cowburn D. Secondary structure of
Src homology 2 domain of c-Abl by heteronuclear NMR spectroscopy in solution.
Proceedings of the National Academy of Sciences of the United States of America 1992;
89:11673-11677.

66. Waksman G, Kominos D, Robertson SC, Pant N, Baltimore D, Birge RB, et al.
Crystal structure of the phosphotyrosine recognition domain SH2 of v-src complexed
with tyrosine-phosphorylated peptides. Nature 1992; 358:646-653.

67. Mayer BJ, Jackson PK, Van Etten RA, Baltimore D. Point mutations in the abl SH2
domain coordinately impair phosphotyrosine binding in vitro and transforming activity in
vivo. Molecular & Cellular Biology 1992; 12:609-618.

68. Marengere LE, Songyang Z, Gish GD, Schaller MD, Parsons JT, Stern MJ, et al. SH2
domain specificity and activity modified by a single residue. Nature 1994; 369:502-505.

69. McWhirter JR, Wang JY. An actin-binding function contributes to transformation by
the Ber-Abl oncoprotein of Philadelphia chromosome-positive human leukemias. EMBO
Journal 1993; 12:1533-1546.

70. Afar DE, Goga A, McLaughlin J, Witte ON, Sawyers CL. Differential
complementation of Ber-Abl point mutants with c-Myc. Science 1994; 264:424-426.

71. Hevezi P, Alin K, Goff SP. Transforming activity and tissue tropism of hybrid
retroviral genomes containing portions of the v-abl and v-src oncogenes. Oncogene 1993;
8:2413-2423.

72. Zhou S, Carraway KL, 3rd, Eck MJ, Harrison SC, Feldman RA, Mohammadi M, et
al. Catalytic specificity of protein-tyrosine kinases is critical for selective signalling.
Nature 1995; 373:536-539.

73. Pawson T. Protein-tyrosine kinases. Getting down to specifics. Nature 1995; 373:477-
478.



58

74. White MF. The IRS-1 signaling system. Current Opinion in Genetics & Development
1994; 4:47-54.

75. Sakai R, Iwamatsu A, Hirano N, Ogawa S, Tanaka T, Mano H, et él. A novel
signaling molecule, p130, forms stable complexes in vivo with v-Crk and v-Src in a
tyrosine phosphorylation-dependent manner. EMBO Journal 1994; 13:3748-3756.

76. Wang JY, Queen C, Baltimore D. Expression of an Abelson murine leukemia virus-
encoded protein in Escherichia coli causes extensive phosphorylation of tyrosine
residues. Journal of Biological Chemistry 1982; 257:13181-13184.

77. Pendergast AM, Gishizky ML, Havlik MH, Witte ON. SH1 domain
autophosphorylation of P210 BCR/ABL is required for transformation but not growth
factor independence. Molecular & Cellular Biology 1993; 13:1728-1736.

78. Kmiecik TE, Johnson PJ, Shalloway D. Regulation by the autophosphorylation site in
overexpressed pp60c-src. Molecular & Cellular Biology 1988; 8:4541-4546.

79. Kmiecik TE, Shalloway D. Activation and suppression of pp60c-src transforming
ability by mutation of its primary sites of tyrosine phosphorylation. Cell 1987; 49:65-73.

80. Piwnica-Worms H, Saunders KB, Roberts TM, Smith AE, Cheng SH. Tyrosine
phosphorylation regulates the biochemical and biological properties of pp60c-src. Cell
1987, 49:75-82.

81. Van Etten RA, Jackson P, Baltimore D. The mouse type IV c-abl gene product is a
nuclear protein, and activation of transforming ability is associated with cytoplasmic
localization. Cell 1989; 58:669-678.

82. Kipreos ET, Wang JY. Cell cycle-regulated binding of c-Abl tyrosine kinase to DNA.
Science 1992; 256:382-385.

83. Dikstein R, Heffetz D, Ben-Neriah Y, Shaul Y. c-abl has a sequence-specific
enhancer binding activity. Cell 1992; 69:751-757.

84. Fields S, Song O. A novel genetic system to detect protein-protein interactions.
Nature 1989; 340:245-246.

85. Kipreos ET, Wang JY. Differential phosphorylation of c-Abl in cell cycle determined
by cdc2 kinase and phosphatase activity. Science 1990; 248:217-220.

86. Wang JY. Oncoprotein phosphorylation and cell cycle control. Biochimica et
Biophysica Acta 1992; 1114:179-192.



59

87. Cleveland JL, Dean M, Rosenberg N, Wang JY, Rapp UR. Tyrosine kinase
oncogenes abrogate interleukin-3 dependence of murine myeloid cells through signaling
pathways involving c-myc: conditional regulation of c-myc transcription by temperature-
sensitive v-abl. Molecular & Cellular Biology 1989; 9:5685-5695.

88. Sawyers CL, Callahan W, Witte ON. Dominant negative MYC blocks transformation
by ABL oncogenes. Cell 1992; 70:901-910.

89. Arcinas M, Sizer KC, Boxer LM. Activation of c-myc expression by c-Abl is
independent of both the DNA binding function of c-Abl and the c-myc EP site. Journal of
Biological Chemistry 1994; 269:21919-21924.

90. Baskaran R, Dahmus ME, Wang JY. Tyrosine phosphorylation of mammalian RNA
polymerase II carboxyl-terminal domain. Proceedings of the National Academy of
Sciences of the United States of America 1993; 90:11167-11171.

91. Goga A, McLaughlin J, Pendergast AM, Parmar K, Muller A, Rosenberg NW, ON.
Oncogenic activation of c-ABL by mutation within its last exon. Molecular & Cellular
Biology 1993; 13:4967-4975.

93. Van Etten RA, Jackson PK, Baltimore D, Sanders MC, Matsudaira PT, Janmey PA.
The COOH terminus of the c-Abl tyrosine kinase contains distinct F- and G-actin binding
domains with bundling activity. Journal of Cell Biology 1994; 124:325-340.

94. Parmar K, Huebner RC, Rosenberg N. Carboxyl-terminal determinants of Abelson
protein important for lymphoma induction. Journal of Virology 1991; 65:6478-6485.

95. Ridley AJ, Hall A. The small GTP-binding protein rho regulates the assembly of focal
adhesions and actin stress fibers in response to growth factors. Cell 1992; 70:389-399.

96. Sun H, Tonks NK. The coordinated action of protein tyrosine phosphatases and
kinases in cell signaling. Trends in Biochemical Sciences 1994; 19:480-485.

97. Feng GS, Pawson T. Phosphotyrosine phosphatases with SH2 domains: regulators of
signal transduction. Trends in Genetics 1994; 10:54-58.

98. Tauchi T, Feng GS, Shen R, Song HY, Donner D, Pawson T, et al. SH2-containing
phosphotyrosine phosphatase Syp is a target of p210bcr-abl tyrosine kinase. Journal of
Biological Chemistry 1994; 269:15381-15387.

99. Sugimoto S, Wandless TJ, Shoelson SE, Neel BG, Walsh CT. Activation of the SH2-
containing protein tyrosine phosphatase, SH-PTP2, by phosphotyrosine-containing

peptides derived from insulin receptor substrate-1. Journal of Biological Chemistry 1994;
269:13614-13622.



60

100. Sugimoto S, Lechleider RJ, Shoelson SE, Neel BG, Walsh CT. Expression,
purification, and characterization of SH2-containing protein tyrosine phosphatase, SH-
PTP2. Journal of Biological Chemistry 1993; 268:22771-22776.

101. Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG. Protein-tyrosine-
phosphatase SHPTP2 couples platelet-derived growth factor receptor beta to Ras.
Proceedings of the National Academy of Sciences of the United States of America 1994,
91:7335-7339.

102. Smith MR, DeGudicibus SJ, Stacey DW. Requirement for c-ras proteins during viral
oncogene transformation. Nature 1986; 320:540-543.

103. Mandanas RA, Leibowitz DS, Gharehbaghi K, Tauchi T, Burgess GS, Miyazawa K,
et al. Role of p21 RAS in p210 ber-abl transformation of murine myeloid cells. Blood
1993; 82:1838-1847. '

104. Clark SG, Stern MJ, Horvitz HR. C. elegans cell-signalling gene sem-5 encodes a -
protein with SH2 and SH3 domains. Nature 1992; 356:340-344.

105. Olivier JP, Raabe T, Henkemeyer M, Dickson B, Mbamalu G, Margolis B, et al. A
Drosophila SH2-SH3 adaptor protein implicated in coupling the sevenless tyrosine kinase
to an activator of Ras guanine nucleotide exchange, Sos. Cell 1993; 73:179-191.

106. Simon MA, Dodson GS, Rubin GM. An SH3-SH2-SH3 protein is required for
p21Rasl activation and binds to sevenless and Sos proteins in vitro. Cell 1993; 73:169-
177.

107. Egan SE, Giddings BW, Brooks MW, Buday L, Sizeland AM, Weinberg RA.
Association of Sos Ras exchange protein with Grb2 is implicated in tyrosine kinase signal
transduction and transformation. Nature 1993; 363:45-51.

108. Gale NW, Kaplan S, Lowenstein EJ, Schlessinger J, Bar-Sagi D. Grb2 mediates the
EGF-dependent activation of guanine nucleotide exchange on Ras. Nature 1993; 363:88-
92.

109. Li N, Batzer A, Daly R, Yajnik V, Skolnik E, Chardin P, et al. Guanine-nucleotide-
releasing factor hSos1 binds to Grb2 and links receptor tyrosine kinases to Ras signalling.
Nature 1993; 363:85-88.

110. Rozakis-Adcock M, Fernley R, Wade J, Pawson T, Bowtell D. The SH2 and SH3
domains of mammalian Grb2 couple the EGF receptor to the Ras activator mSos1. Nature
1993; 363:83-85.

111. McCormick F. Signal transduction. How receptors turn Ras on. Nature 1993;
363:15-16.



61

112. Egan SE, Weinberg RA. The pathway to signal achievement. Nature 1993; 365:781-
783.

113. Rozakis-Adcock M, McGlade J, Mbamalu G, Pelicci G, Daly R, Li W, et al.
Association of the Shc and Grb2/Sem5 SH2-containing proteins is implicated in
activation of the Ras pathway by tyrosine kinases. Nature 1992; 360:689-692.

114. Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient versus
sustained extracellular signal-regulated kinase activation. Cell 1995; 80:179-185.

115. Wang JY. Abl tyrosine kinase in signal transduction and cell-cycle regulation.
Current Opinion in Genetics & Development 1993; 3:35-43.

116. Inglings BA. Plecstrin homology (PH) domains in signal transduction. Journal of
Cellular Biochemistry 1994; 56:436-443.

117. Harlan JE, Hajduk PJ, Yoon HS, Fesik SW. Plecstrin homology domains bind to
phosphotidylinositol-4,5-bisphosphate. Nature 1994; 371:168-170.

118. Musacchio A, Gibson T, Rice P, Thompson J, Saraste M. The PH domain: a
common piece in the structural patchwork of signalling proteins. Trends in Biochemical
Sciences 1993; 18:343-348.

119. Rao US. Mutation of glycine 185 to valine alters the ATPase function of the human
P-glycoprotein expressed in Sf9 cells. Journal of Biological Chemistry 1995; 270:6686-
6690.

120. Smit JJ, Mol CA, van Deemter L, Wagenaar E, Schinkel AH, Borst P.
Characterization of the promoter region of the human MDR3 P-glycoprotein gene.
Biochimica et Biophysica Acta 1995; 1261:44-56.

121. Druker B, Okuda K, Matulonis U, Salgia R, Roberts T, Griffin JD. Tyrosine
phosphorylation of rasGAP and associated proteins in chronic myelogenous leukemia cell
lines. Blood 1992; 79:2215-2220.

122. Skorski T, Kanakaraj P, Nieborowska-Skorska M, Ratajczak M, Szczylik C, Zon G,
et al. p120 GAP requirement in normal and malignant human hematopoiesis. Journal of
Experimental Medicine 1993; 178:1923-1933.

123. Skorski T, Kanakaraj P, Ku DH, Nieborowska-Skorska M, Canaani E, Zon G, et al.
Negative regulation of p120GAP GTPase promoting activity by p210bct/abl: implication
for RAS-dependent Philadelphia chromosome positive cell growth. Journal of
Experimental Medicine 1994; 179:1855-1865.



62

124. Oda T, Heaney C, Hagopian JR, Okuda K, Griffin JD, Druker BJ. Crkl is the major
tyrosine-phosphorylated protein in neutrophils from patients with chronic myelogenous
leukemia. Journal of Biological Chemistry 1994; 269:22925-22928.

125. Feller SM, Knudsen B, Hanafusa H. c-Abl kinase regulates the protein binding
activity of c-Crk. EMBO Journal 1994; 13:2341-2351.

126. Cantley LC, Auger KR, Carpenter C, Duckworth B, Graziani A, Kapeller R, et al.
Oncogenes and signal transduction. Cell 1991; 64:281-302.

127. Rozen M, K., Yamazaki T, Gish GD, Kay CM, Pawson T, Kay LE. Direct
demonstration of an intramolecular SH2-phosphotyrosine interaction in the Crk protein.
Nature 1995; 374:477-479. ‘

128. Kaplan DR, Whitman M, Schafthausen B, Pallas DC, White M, Cantley L, et al.
Common elements in growth factor stimulation and oncogenic transformation: 85 kd
phosphoprotein and phosphatidylinositol kinase activity. Cell 1987; 50:1021-1029.

129. Valius M, Kazlauskas A. Phospholipase C-gamma 1 and phosphatidylinositol 3
kinase are the downstream mediators of the PDGF receptor's mitogenic signal. Cell 1993;
73:321-334.

130. Varticovski L, Daley GQ, Jackson P, Baltimore D, Cantley LC. Activation of
phosphatidylinositol 3-kinase in cells expressing abl oncogene variants. Molecular &
Cellular Biology 1991; 11:1107-1113.

131. Shoelson SE, Sivaraja M, Williams KP, Hu P, Schlessinger J, Weiss MA. Specific
phosphopeptide binding regulates a conformational change in the PI 3-kinase SH2
domain associated with enzyme activation. EMBO Journal 1993; 12:795-802.

132. Carpenter CL, Auger KR, Chanudhuri M, Yoakim M, Schaffhausen B, Shoelson S,
et al. Phosphoinositide 3-kinase is activated by phosphopeptides that bind to the SH2
domains of the 85-kDa subunit. Journal of Biological Chemistry 1993; 268:9478-9483.
133. Kapeller R, Prasad KV, Janssen O, Hou W, Schaffhausen BS, Rudd CE, et al.
Identification of two SH3-binding motifs in the regulatory subunit of phosphatidylinositol
3-kinase. Journal of Biological Chemistry 1994; 269:1927-1933.

134. Langdon WY, Hartley JW, Klinken SP, Ruscetti SK, Morse HC, 3d. v-cbl, an
oncogene from a dual-recombinant murine retrovirus that induces early B-lineage

lymphomas. Proceedings of the National Academy of Sciences of the United States of
America 1989; 86:1168-1172.

135. Andoniou CE, Thien CB, Langdon WY. Tumour induction by activated abl involves
tyrosine phosphorylation of the product of the cbl oncogene. EMBO Journal 1994;
13:4515-4523.



63

136. Blake TJ, Heath KG, Langdon WY. The truncation that generated the v-cbl
oncogene reveals an ability for nuclear transport, DNA binding and acute transformation.
EMBO Journal 1993; 12:2017-2026.

137. Rivero-Lezcano OM, Sameshima JH, Marcilla A, Robbins KC. Physical association
between Src homology 3 elements and the protein product of the c-cbl proto-oncogene.
Journal of Biological Chemistry 1994; 269:17363-17366.

138. Lugo TG, Witte ON. The BCR-ABL oncogene transforms Rat-1 cells and
cooperates with v-myc. Molecular & Cellular Biology 1989; 9:1263-1270.

139. Roussel MF, Cleveland JL, Shurtleff SA, Sherr CJ. Myc rescue of a mutant CSF-1
receptor impaired in mitogenic signalling. Nature 1991; 353:361-363.

140. Rosenbaum H, Harris AW, Bath ML, McNeall J, Webb E, Adams JM, et al. An E
mu-v-abl transgene elicits plasmacytomas in concert with an activated myc gene. EMBO
Journal 1990; 9:897-905.

141. Weinberg RA. The Retinoblastoma Protein and Cell Cycle Control. Cell 1995;
81:323-330.

142. Welch PJ, Wang JY. A C-terminal protein-binding domain in the retinoblastoma
protein regulates nuclear c-Abl tyrosine kinase in the cell cycle. Cell 1993; 75:779-790.

143. Henkemeyer MJ, Gertler FB, Goodman W, Hoffmann FM. The Drosophila Abelson
proto-oncogene homolog: identification of mutant alleles that have pleiotropic effects late
in development. Cell 1987; 51:821-828.

144. Gertler FB, Bennett RL, Clark MJ, Hoffmann FM. Drosophila abl tyrosine kinase in
embryonic CNS axons: a role in axonogenesis is revealed through dosage-sensitive
interactions with disabled. Cell 1989; 58:103-113.

145. Gertler FB, Doctor JS, Hoffmann FM. Genetic suppression of mutations in the
Drosophila abl proto-oncogene homolog. Science 1990; 248:857-860.

146. Gertler FB, Hill KK, Clark MJ, Hoffmann FM. Dosage-sensitive modifiers of
Drosophila abl tyrosine kinase function: prospero, a regulator of axonal outgrowth, and
disabled, a novel tyrosine kinase substrate. Genes & Development 1993; 7:441-453.

147. Gertler FB, Comer AR, Juang J, Ahern SM, Clark MJ, Liebl EC, et al. enabled, a
dosage-sensitive suppressor of mutations in the Drosophila Abl tyrosine kinase, encodes

an Abl substrate with SH3 domain-binding properties. Genes & Development 1995;
9:521-533.



64

148. Boguski MS, McCormick F. Proteins regulating Ras and its relatives. Nature 1993;
366:643-654.

149. Barbacid M. ras genes. Annual Review of Biochemistry 1987; 56:779-827.

150. Ellis RW, Defeo D, Shih TY, Gonda MA, Young HA, Tsuchida N, et al. The p21 src
genes of Harvey and Kirsten sarcoma viruses originate from divergent members of a
family of normal vertebrate genes. Nature 1981; 292:506-511.

151. Rasheed S, Norman GL, Heidecker G. Nucleotide sequence of the Rasheed rat
sarcoma virus oncogene: new mutations. Science 1983; 221:155-157.

152. Andersen PR, Devare SG, Tronick SR, Ellis RW, Aaronson SA, Scolnick EM.
Generation of BALB-MuSV and Ha-MuSC by type C virus transduction of homologous
transforming genes from different species. Cell 1981; 26:129-134.

153. Westaway D, Papkoff J, Moscovici C, Varmus HE. Identification of a provirally
activated c-Ha-ras oncogene in an avian nephroblastoma via a novel procedure: cDNA
cloning of a chimaeric viral-host transcript. EMBO Journal 1986; 5:301-309.

154. Balmain A, Pragnell IB. Mouse skin carcinomas induced in vivo by chemical
carcinogens have a transforming Harvey-ras oncogene. Nature 1983; 303:72-74.

155. Sukumar S, Notario V, Martin-Zanca D, Barbacid M. Induction of mammary
carcinomas in rats by nitroso-methylurea involves malignant activation of H-ras-1 locus
by single point mutations. Nature 1983; 306:658-661.

156. Eva A, Aaronson SA. Frequent activation of c-kis as a transforming gene in
fibrosarcomas induced by methylcholanthrene. Science 1983; 220:955-956.

157. Guerrero I, Calzada P, Mayer A, Pellicer A. A molecular approach to
leukemogenesis: mouse lymphomas contain an activated c-ras oncogene. Proceedings of
the National Academy of Sciences of the United States of America 1984; 81:202-205.

158. Shih C, Padhy LC, Murray M, Weinberg RA. Transforming genes of carcinomas
and neuroblastomas introduced into mouse fibroblasts. Nature 1981; 290:261-264.

159. Pulciani S, Santos E, Lauver AV, Long LK, Robbins KC, Barbacid M. Oncogenes in
human tumor cell lines: molecular cloning of a transforming gene from human bladder

carcinoma cells. Proceedings of the National Academy of Sciences of the United States of
America 1982; 79:2845-2849.

160. Perucho M, Goldfarb M, Shimizu K, Lama C, Fogh J, Wigler M. Human-tumor-
derived cell lines contain common and different transforming genes. Cell 1981; 27:467-
476.



65

161. Krontiris TG, Cooper GM. Transforming activity of human tumor DNAs.
Proceedings of the National Academy of Sciences of the United States of America 1981,
78:1181-1184.

162. Bos JL. ras oncogenes in human cancer: a review. Cancer Research 1989; 49:4682-
4689.

163. Mulcahy LS, Smith MR, Stacey DW. Requirement for ras proto-oncogene function
during serum-stimulated growth of NIH 3T3 cells. Nature 1985; 313:241-243.

164. Kazlauskas A. Receptor tyrosine kinases and their targets. Current Opinion in
Genetics & Development 1994; 1:5-14.

165. Pai EF, Kabsch W, Krengel U, Holmes KC, John J, Wittinghofer A. Structure of the
guanine-nucleotide-binding domain of the Ha-ras oncogene product p21 in the
triphosphate conformation. Nature 1989; 341:209-214.

166. Pai EF, Krengel U, Petsko GA, Goody RS, Kabsch W, Wittinghofer A. Refined
crystal structure of the triphosphate conformation of H-ras p21 at 1.35 A resolution:
implications for the mechanism of GTP hydrolysis. EMBO Journal 1990; 9:2351-2359.

167. Szeberenyi J, Cai H, Cooper GM. Effect of a dominant inhibitory Ha-ras mutation
on neuronal differentiation of PC12 cells. Molecular & Cellular Biology 1990; 10:5324-
5332.

168. Cai H, Szeberenyi J, Cooper GM. Effect of a dominant inhibitory Ha-ras mutation
on mitogenic signal transduction in NIH 3T3 cells. Molecular & Cellular Biology 1990;
10:5314-5323.

169. Willumsen BM, Christensen A, Hubbert NL, Papageorge AG, Lowy DR. The p21
ras C-terminus is required for transformation and membrane association. Nature 1984;
310:583-586.

170. Buss JE, Solski PA, Schaeffer JP, MacDonald MJ, Der CJ. Activation of the cellular
proto-oncogene product p21Ras by addition of a myristylation signal. Science 1989;
243:1600-1603.

171. Hancock JF, Magee Al, Childs JE, Marshall CJ. All ras proteins are
polyisoprenylated but only some are palmitoylated. Cell 1989; 57:1167-1177.

172. Hancock JF, Paterson H, Marshall CJ. A polybasic domain or palmitoylation is
required in addition to the CAAX motif to localize p21ras to the plasma membrane. Cell
1990; 63:133-139.



66

173. Grand RJ, Owen D. The biochemistry of ras p2l. Biochemical Journal 1991;
279:609-631.

174. Casey PJ. Protein Lipidation in Cell Signaling. Science 1995; 268:221-225.

175. Hagag N, Halegoua S, Viola M. Inhibition of growth factor-induced differentiation
of PC12 cells by microinjection of antibody to ras p21. Nature 1986; 319:680-682.

176. Yamaguchi-Iwai Y, Satake M, Murakami Y, Sakai M, Muramatsu M, Ito Y.
Differentiation of F9 embryonal carcinoma cells induced by the c-jun and activated c-Ha-
ras oncogenes. Proceedings of the National Academy of Sciences of the United States of
America 1990; 87:8670-8674.

177. Olson EN, Spizz G, Tainsky MA. The oncogenic forms of N-ras or H-ras prevent
skeletal myoblast differentiation. Molecular & Cellular Biology 1987; 6:2104-2111.

178. Trahey M, McCormick F. A cytoplasmic protein stimulates normal N-ras p21
GTPase, but does not affect oncogenic mutants. Science 1987; 238:542-545.

179. Trahey M, Wong G, Halenbeck R, Rubinfeld B, Martin GA, Ladner M, et al.
Molecular cloning of two types of GAP complementary DNA from human placenta.
Science 1988; 242:1697-1700.

180. Vogel US, Dixon RA, Schaber MD, Diehl RE, Marshall MS, Scolnick EM, et al.
Cloning of bovine GAP and its interaction with oncogenic ras p21. Nature 1988; 335:90-
93.

181. Adari H, Lowy DR, Willumsen BM, Der CJ, McCormick F. Guanosine
triphosphatase activating protein (GAP) interacts with the p21 ras effector binding
domain. Science 1988; 240:518-521.

182. Downward J, Graves JD, Warne PH, Rayter S, Cantrell DA. Stimulation of p21ras
upon T-cell activation. Nature 1990; 346:719-723.

183. Zhang K, DeClue JE, Vass WC, Papageorge AG, McCormick F, Lowy DR.
Suppression of c-ras transformation by GTPase-activating protein. Nature 1990; 346:754-
756.

184. Stone JC, Colleton M, Bottorff D. Effector domain mutations dissociate p21ras
effector function and GTPase-activating protein interaction. Molecular & Cellular
Biology 1993; 13:7311-7320.

185. Cales C, Hancock JF, Marshall CJ, Hall A. The cytoplasmic protein GAP is
implicated as the target for regulation by the ras gene product. Nature 1988; 332:548-551.



67

186. Rey I, Soubigou P, Debussche L, David C, Morgat A, Bost PE, et al. Antibodies to
synthetic peptide from the residue 33 to 42 domain of c-Ha-ras p21 block reconstitution
of the protein with different effectors. Molecular & Cellular Biology 1989; 9:3904-3910.

187. Gibbs JB, Schaber MD, Schofield TL, Scolnick EM, Sigal IS. Xenopus oocyte
germinal-vesicle breakdown induced by [Vall2]Ras is inhibited by a cytosol-localized
Ras mutant. Proceedings of the National Academy of Sciences of the United States of
America 1989; 86:6630-6634.

188. Frech M, John J, Pizon V, Chardin P, Tavitian A, Clark R, et al. Inhibition of
GTPase activating protein stimulation of Ras-p21 GTPase by the Krev-1 gene product.
Science 1990; 249:169-171.

189. Rubinfeld B, Munemitsu S, Clark R, Conroy L, Watt K, Crosier WJ, et al.
Molecular cloning of a GTPase activating protein specific for the Krev-1 protein p21rapl.
Cell 1991; 65:1033-1042.

190. Dominguez I, Marshall MS, Gibbs JB, Garcia de Herreros A, Cornet ME, Graziani
G, et al. Role of GTPase activating protein in mitogenic signalling through
phosphatidylcholine-hydrolysing phospholipase C. EMBO Journal 1991; 10:3215-3220.

191. Burgering BM, Medema RH, Maassen JA, van de Wetering ML, van der Eb AJ,
McCormick F, et al. Insulin stimulation of gene expression mediated by p2lras
activation. EMBO Journal 1991; 10:1103-1109.

192. Duchesne M, Schweighoffer F, Parker F, Clerc F, Frobert Y, Thang MNT, B.
Identification of the SH3 domain of GAP as an essential sequence for Ras-GAP-mediated
signaling. Science 1993; 259:525-528.

193. Yatani A, Okabe K, Polakis P, Halenbeck R, McCormick F, Brown AM. ras p21 and
GAP inhibit coupling of muscarinic receptors to atrial K+ channels. Cell 1990; 61:769-
776.

194. Martin GA, Yatani A, Clark R, Conroy L, Polakis P, Brown AM, et al. GAP
domains responsible for ras p21-dependent inhibition of muscarinic atrial K+ channel
currents. Science 1992; 255:192-194.

195. Liu XQ, Pawson T. The epidermal growth factor receptor phosphorylates GTPase-
activating protein (GAP) at Tyr-460, adjacent to the GAP SH2 domains. Molecular &
Cellular Biology 1991; 11:2511-2516.

196. Anderson D, Koch CA, Grey L, Ellis C, Moran MF, Pawson T. Binding of SH2
domains of phospholipase C gamma 1, GAP, and Src to activated growth factor receptors.
Science 1990; 250:979-982.



68

197. Moran MF, Koch CA, Anderson D, Ellis C, England L, Martin GS, et al. Src
homology region 2 domains direct protein-protein interactions in signal transduction.
Proceedings of the National Academy of Sciences of the United States of America 1990;
87:8622-8626.

198. Ellis C, Moran M, McCormick F, Pawson T. Phosphorylation of GAP and GAP-
associated proteins by transforming and mitogenic tyrosine kinases. Nature 1990;
343:377-381.

199. Kaplan DR, Morrison DK, Wong G, McCormick F, Williams LT. PDGF beta-
receptor stimulates tyrosine phosphorylation of GAP and association of GAP with a
signaling complex. Cell 1990; 61:125-133.

200. Margolis B, Li N, Koch A, Mohammadi M, Hurwitz DR, Zilberstein A, et al. The
tyrosine phosphorylated carboxyterminus of the EGF receptor is a binding site for GAP
and PLC-gamma. EMBO Journal 1990; 9:4375-4380.

201. Koch CA, Moran M, Sadowski I, Pawson T. The common src homology region 2
domain of cytoplasmic signaling proteins is a positive effector of v-fps tyrosine kinase
function. Molecular & Cellular Biology 1989; 9:4131-4140.

202. Kazlauskas A, Ellis C, Pawson T, Cooper JA. Binding of GAP to activated PDGF
receptors. Science 1990; 247:1578-1581.

203. Bouton AH, Kanner SB, Vines RR, Wang HC, Gibbs JB, Parsons JT.
Transformation by pp60src or stimulation of cells with epidermal growth factor induces
the stable association of tyrosine-phosphorylated cellular proteins with GTPase-activating
protein. Molecular & Cellular Biology 1991; 11:945-953.

204. McGlade J, Brunkhorst B, Anderson D, Mbamalu G, Settleman J, Dedhar S, et al.
The N-terminal region of GAP regulates cytoskeletal structure and cell adhesion. EMBO
Journal 1993; 12:3073-3081.

205. DeClue JE, Vass WC, Johnson MR, Stacey DW, Lowy DR. Functional role of
GTPase-activating protein in cell transformation by pp60v-src. Molecular & Cellular
Biology 1993; 13:6799-6809.

206. Farnsworth CL, Marshall MS, Gibbs JB, Stacey DW, Feig LA. Preferential
inhibition of the oncogenic form of RasH by mutations in the GAP binding/"effector"
domain. Cell 1991; 64:625-633.

207. Clark GJ, Quilliam LA, Hisaka MM, Der CJ. Differential antagonism of Ras
biological activity by catalytic and Src homology domains of Ras GTPase activation

protein. Proceedings of the National Academy of Sciences of the United States of
America 1993; 90:4887-4891.



69

208. Wallace MR, Marchuk DA, Andersen LB, Letcher R, Odeh HM, Saulino AM, et al.
Type 1 neurofibromatosis gene: identification of a large transcript disrupted in three NF1
patients. Science 1990; 249:181-186.

209. Marchuk DA, Saulino AM, Tavakkol R, Swaroop M, Wallace MR, Andersen LB, et
al. cDNA cloning of the type 1 neurofibromatosis gene: complete sequence of the NF1
gene product. Genomics 1991; 11:931-940.

210. Cawthon RM, Weiss R, Xu GF, Viskochil D, Culver M, Stevens J, et al. A major
segment of the neurofibromatosis type 1 gene: cDNA sequence, genomic structure, and
point mutations. Cell 1990; 62:193-201.

211. Viskochil D, Buchberg AM, Xu G, Cawthon RM, Stevens J, Wolff RK, et al.
Deletions and a translocation interrupt a cloned gene at the neurofibromatosis type 1
locus. Cell 1990; 62:187-192.

212. Basu TN, Gutmann DH, Fletcher JA, Glover TW, Collins FS, Downward J.
Aberrant regulation of ras proteins in malignant tumour cells from type 1
neurofibromatosis patients. Nature 1992; 356:713-715.

213. DeClue JE, Papageorge AG, Fletcher JA, Diehl SR, Ratner N, Vass WC, et al.
Abnormal regulation of mammalian p21ras contributes to malignant tumor growth in von
Recklinghausen (type 1) neurofibromatosis. Cell 1992; 69:265-273.

214. Li Y, Bollag G, Clark R, Stevens J, Conroy L, Fults D, et al. Somatic mutations in
the neurofibromatosis 1 gene in human tumors. Cell 1992; 69:275-281.

215. Johnson MR, Look AT, DeClue JE, Valentine MB, Lowy DR. Inactivation of the
NF1 gene in human melanoma and neuroblastoma cell lines without impaired regulation
of GTP.Ras. Proceedings of the National Academy of Sciences of the United States of
America 1993; 90:5539-5543.

216. Johnson MR, DeClue JE, Felzmann S, Vass WC, Xu G, White R, et al.
Neurofibromin can inhibit Ras-dependent growth by a mechanism independent of its
GTPase-accelerating function. Molecular & Cellular Biology 1994; 14:641-645.

217. Nakafuku M, Nagamine M, Ohtoshi A, Tanaka K, Toh-e A, Kaziro Y. Suppression
of oncogenic Ras by mutant neurofibromatosis type 1 genes with single amino acid

substitutions. Proceedings of the National Academy of Sciences of the United States of
America 1993; 90:6706-6710.

218. Martin GA, Viskochil D, Bollag G, McCabe PC, Crosier WJ, Haubruck H, et al. The
GAP-related domain of the neurofibromatosis type 1 gene product interacts with ras p21.
Cell 1990; 63:843-849.



70

219. Gutmann DH, Boguski M, Marchuk D, Wigler M, Collins FS, Ballester R. Analysis
of the neurofibromatosis type 1 (NF1) GAP-related domain by site-directed mutagenesis.
Oncogene 1993; 8:761-769.

220. Haubruck H, McCormick F. Ras p2l: effects and regulation. Biochimica et
Biophysica Acta 1991; 1072:215-229.

221. Crechet JB, Poullet P, Mistou MY, Parmeggiani A, Camonis J, Boy-Marcotte E, et
al. Enhancement of the GDP-GTP exchange of RAS proteins by the carboxyl-terminal
domain of SCD25. Science 1990; 248:866-868.

222. Simon MA, Bowtell DD, Dodson GS, Laverty TR, Rubin GM. Rasl and a putative
guanine nucleotide exchange factor perform crucial steps in signaling by the sevenless
protein tyrosine kinase. Cell 1991; 67:701-716.

223. Lowenstein EJ, Daly RJ, Batzer AG, Li W, Margolis B, Lammers R, et al. The SH2
and SH3 domain-containing protein GRB2 links receptor tyrosine kinases to ras
signaling. Cell 1992; 70:431-442.

224. Buday L, Downward J. Epidermal growth factor regulates p2lras through the
formation of a complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange
factor. Cell 1993; 73:611-620.

225. Aronheim A, Engelberg D, Li N, al-Alawi N, Schlessinger J, Karin M. Membrane
targeting of the nucleotide exchange factor Sos is sufficient for activating the Ras
signaling pathway. Cell 1994; 78:949-961.

226. Hu Q, Milfay D, Williams LT. Binding of NCK to SOS and activation of ras-
dependent gene expression. Molecular & Cellular Biology 1995; 15:1169-1174.

227. Schweighoffer F, Cai H, Chevallier-Multon MC, Fath I, Cooper G, Tocque B. The
Saccharomyces cerevisiac SDC25 C-domain gene product overcomes the dominant
inhibitory activity of Ha-Ras Asn-17. Molecular & Cellular Biology 1993; 13:39-43.

228. Lai CC, Boguski M, Broek D, Powers S. Influence of guanine nucleotides on
complex formation between Ras and CDC25 proteins. Molecular & Cellular Biology
1993; 13:1345-1352.

229. Gulbins E, Coggeshall KM, Baier G, Katzav S, Burn P, Altman A. Tyrosine kinase-
stimulated guanine nucleotide exchange activity of Vav in T cell activation. Science
1993; 260:822-825.

230. Bustelo XR, Suen KL, Leftheris K, Meyers CA, Barbacid M. Vav cooperates with
Ras to transform rodent fibroblasts but is not a Ras GDP/GTP exchange factor. Oncogene
1994; 9:2405-2413.



71

231. Mansour SJ, Matten WT, Hermann AS, Candia JM, Rong S, Fukasawa K, et al.
Transformation of mammalian cells by constitutively active MAP kinase kinase. Science
1994, 265:966-970.

232. Cowley S, Paterson H, Kemp P, Marshall CJ. Activation of MAP kinase kinase is
necessary and sufficient for PC12 differentiation and for transformation of NIH 3T3 cells.
Cell 1994; 77:841-852.

233. Zhang XF, Settleman J, Kyriakis JM, Takeuchi-Suzuki E, Elledge SJ, Marshall MS,
et al. Normal and oncogenic p2lras proteins bind to the amino-terminal regulatory
domain of c-Raf-1. Nature 1993; 364:308-313.

234. Warne PH, Viciana PR, Downward J. Direct interaction of Ras and the amino-
terminal region of Raf-1 in vitro. Nature 1993; 364:352-355.

235. Vojtek AB, Hollenberg SM, Cooper JA. Mammalian Ras interacts directly with the
serine/threonine kinase Raf. Cell 1993; 74:205-214.

236. Moodie SA, Willumsen BM, Weber MJ, Wolfman A. Complexes of Ras.GTP with
Raf-1 and mitogen-activated protein kinase kinase. Science 1993; 260:1658-1661.

237. Kyriakis JM, App H, Zhang XF, Banerjee P, Brautigan DL, Rapp UR, et al. Raf-1
activates MAP kinase-kinase. Nature 1992; 358:417-421.

238. Dent P, Haser W, Haystead TA, Vincent LA, Roberts TM, Sturgill TW. Activation
of mitogen-activated protein kinase kinase by v-Raf in NIH 3T3 cells and in vitro.
Science 1992; 257:1404-1407.

239. Tsuda L, Inoue YH, Yoo MA, Mizuno M, Hata M, Lim YM, et al. A protein kinase
similar to MAP kinase activator acts downstream of the raf kinase in Drosophila. Cell
1993; 72:407-414.

240. Daum G, Eisenmann-Tappe I, Fries HW, Troppmair J, Rapp UR. The ins and outs of
Raf kinases. Trends in Biochemical Sciences 1994; 19:474-480.

241. Stokoe D, Macdonald SG, Cadwallader K, Symons M, Hancock JF. Activation of
Raf as a result of recruitment to the plasma membrane. Science 1994; 264:1463-1467.

242. Leevers SJ, Paterson HF, Marshall CJ. Requirement for Ras in Raf activation is
overcome by targeting Raf to the plasma membrane. Nature 1994; 369:411-414.

243. Herskowitz I. MAP kinase pathways in yeast: for mating and more. Cell 1995;
80:187-197.



72

244. Lange-Carter CA, Johnson GL. Ras-dependent growth factor regulation of MEK
kinase in PC12 cells. Science 1994; 265:1458-1461.

245. White MA, Nicolette C, Minden A, Polverino A, Van Aelst L, Karin MW, MH.
Multiple Ras functions can contribute to mammalian cell transformation. Cell 1995;
80:533-541.

246. Minden A, Lin A, McMahon M, Lange-Carter C, Derijard B, Davis RJ, et al.
Differential activation of ERK and JNK mitogen-activated protein kinases by Raf-1 and
MEKK. Science 1994; 266:1719-1723.

247. Davis RJ. MAPKs: new JNK expands the group. Trends in Biochemical Sciences
1994; 19:470-473.

248. Sjolander A, Lapetina EG. Agonist-induced association of the p2lras GTPase-
activating protein with phosphatidylinositol 3-kinase. Biochemical & Biophysical
Research Communications 1992; 189:1503-1508.

249. Satoh T, Fantl WJ, Escobedo JA, Williams LT, Kaziro Y. Platelet-derived growth
factor receptor mediates activation of ras through different signaling pathways in different
cell types. Molecular & Cellular Biology 1993; 13:3706-3713.

250. Rodriguez-Viciana P, Warne PH, Dhand R, Vanhaesebroeck B, Gout I, FryM], et al.
Phosphatidylinositol-3-OH kinase as a direct target of Ras. Nature 1994; 370:527-532.

251. Prendergast GC, Gibbs JB. Ras regulatory interactions: novel targets for anti-cancer
intervention?. Bioessays 1994; 16:187-191.

252. Gibbs JB, Oliff A, Kohl NE. Farnesyltransferase inhibitors: Ras research yields a
potential cancer therapeutic. Cell 1994; 77:175-178.

253. Kohl NE, Mosser SD, deSolms SJ, Giuliani EA, Pompliano DL, Graham SLS, RL,
et al. Selective inhibition of ras-dependent transformation by a farnesyltransferase
inhibitor. Science 1993; 260:1934-1937.

254. James GL, Goldstein JL, Brown MS, Rawson TE, Somers TC, McDowell RS, et al.
Benzodiazepine peptidomimetics: potent inhibitors of Ras farnesylation in animal cells.
Science 1993; 260:1937-1942,

255. DeClue JE, Vass WC, Papageorge AG, Lowy DR, Willumsen BM. Inhibition of cell
growth by lovastatin is independent of ras function. Cancer Research 1991; 51:712-717.

256. Prendergast GC, Davide JP, Kral A, Diehl R, Gibbs JB, Omer CA, et al. Negative
growth selection against rodent fibroblasts targeted for genetic inhibition of farnesyl
transferase. Cell Growth & Differentiation 1993; 4:707-713.



73

257. Garcia AM, Rowell C, Ackermann K, Kowalczyk JJ, Lewis MD. Peptidomimetic
inhibitors of Ras farnesylation and function in whole cells. Journal of Biological
Chemistry 1993; 268:18415-18418.

258. Prendergast GC, Davide JP, deSolms SJ, Giuliani EA, Graham SL, GibbsJB, et al.
Farnesyltransferase inhibition causes morphological reversion of ras-transformed cells by

a complex mechanism that involves regulation of the actin cytoskeleton. Molecular &
Cellular Biology 1994; 14:4193-4202.

259. Ridley AJ, Paterson HF, Johnston CL, Diekmann D, Hall A. The small GTP-binding
protein rac regulates growth factor-induced membrane ruffling. Cell 1992; 70:401-410.

260. Doige CA, Ames GF. ATP-dependent transport systems in bacteria and humans:
relevance to cystic fibrosis and multidrug resistance. Annual Review of Microbiology
1993; 47:291-319.

261. Gottesman MM, Pastan I. Biochemistry of multidrug resistance mediated by the
multidrug transporter. Annual Review of Biochemistry 1993; 62:385-427.

262. Gros P, Croop J, Housman D. Mammalian multidrug resistance gene: complete
c¢DNA sequence indicates strong homology to bacterial transport proteins. Cell 1986;
47:371-380.

263. Endicott JA, Ling V. The biochemistry of P-glycoprotein-mediated multidrug
resistance. Annual Review of Biochemistry 1989; 58:137-171.

264. Ng WF, Sarangi F, Zastawny RL, Veinot-Drebot L, Ling V. Identification of
members of the P-glycoprotein multigene family. Molecular & Cellular Biology 1989;
9:1224-1232.

265. Raymond M, Rose E, Housman DE, Gros P. Physical mapping, amplification, and
overexpression of the mouse mdr gene family in multidrug-resistant cells. Molecular &
Cellular Biology 1990; 10:1642-1651.

266. Devault A, Gros P. Two members of the mouse mdr gene family confer multidrug
resistance with overlapping but distinct drug specificities. Molecular & Cellular Biology
1990; 10:1652-1663.

267. Tang-Wai DF, Kajiji S, DiCapua F, de Graaf D, Roninson IB, Gros P. Human
(MDR1) and mouse (mdrl, mdr3) P-glycoproteins can be distinguished by their
respective drug resistance profiles and sensitivity to modulators. Biochemistry 1995;
34:32-39.



74

268. Gros P, Raymond M, Bell J, Housman D. Cloning and characterization of a second
member of the mouse mdr gene family. Molecular & Cellular Biology 1988; 8:2770-
2778.

269. Buschman E, Gros P. Functional analysis of chimeric genes obtained by exchanging
homologous domains of the mouse mdrl and mdr2 genes. Molecular & Cellular Biology
1991; 11:595-603.

270. Higgins CF. ABC transporters: from microorganisms to man. Annual Review of
Cell Biology 1992; 8:67-113.

271. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, et al.
Identification of the cystic fibrosis gene: cloning and characterization of complementary
DNA. Science 1989; 245:1066-1073.

272. Gartner J, Moser H, Valle D. Mutations in the 70K peroxisomal membrane protein
gene in Zellweger syndrome. Nature Genetics 1992; 1:16-23.

273. Mosser J, Douar AM, Sarde CO, Kioschis P, Feil R, Moser H, et al. Putative X-
linked adrenoleukodystrophy gene shares unexpected homology with ABC transporters.
Nature 1993; 361:726-730.

274. Hyde SC, Emsley P, Hartshorn MJ, Mimmack MM, Gileadi U, Pearce SRG, MP, et
al. Structural model of ATP-binding proteins associated with cystic fibrosis, multidrug
resistance and bacterial transport. Nature 1990; 346:362-365.

275. Chen CJ, Chin JE, Ueda K, Clark DP, Pastan I, Gottesman MM, et al. Internal
duplication and homology with bacterial transport proteins in the mdrl (P-glycoprotein)
gene from multidrug-resistant human cells. Cell 1986; 47:381-389.

276. Valverde MA, Diaz M, Sepulveda FV, Gill DR, Hyde SC, Higgins CF. Volume-
regulated chloride channels associated with the human multidrug-resistance P-
glycoprotein. Nature 1992; 355:830-833.

277. Gill DR, Hyde SC, Higgins CF, Valverde MA, Mintenig GM, Sepulveda FV.
Separation of drug transport and chloride channel functions of the human multidrug
resistance P-glycoprotein. Cell 1992; 71:23-32.

278. Trezise AE, Romano PR, Gill DR, Hyde SC, Sepulveda FV, Buchwald M, et al. The
multidrug resistance and cystic fibrosis genes have complementary patterns of epithelial
expression. EMBO Journal 1992; 11:4291-4303.

279. Hardy SP, Goodfellow HR, Valverde MA, Gill DR, Sepulveda V, HigginsCF.
Protein kinase C-mediated phosphorylation of the human multidrug resistance P-



75

glycoprotein regulates cell volume-activated chloride channels. EMBO Journal 1995;
14:68-75.

280. Ueda K, Okamura N, Hirai M, Tanigawara Y, Saeki T, Kioka N, et al. Human P-
glycoprotein transports cortisol, aldosterone, and dexamethasone, but not progesterone.
Journal of Biological Chemistry 1992; 267:24248-24252.

281. Croop JM, Raymond M, Haber D, Devault A, Arceci RJ, Gros P, et al. The three
mouse multidrug resistance (mdr) genes are expressed in a tissue-specific manner in
normal mouse tissues. Molecular & Cellular Biology 1989; 9:1346-1350.

282. Sharma RC, Inoue S, Roitelman J, Schimke RT, Simoni RD. Peptide transport by
the multidrug resistance pump. Journal of Biological Chemistry 1992; 267:5731-5734.

283. Schinkel AH, Smit JJ, van Tellingen O, Beijnen JH, Wagenaar E, van Deemter L, et
al. Disruption of the mouse mdrla P-glycoprotein gene leads to a deficiency in the blood-
brain barrier and to increased sensitivity to drugs. Cell 1994; 77:491-502.

284. Smit JJ, Schinkel AH, Oude Elferink RP, Groen AK, Wagenaar E, van Deemter L,
et al. Homozygous disruption of the murine mdr2 P-glycoprotein gene leads to a
complete absence of phospholipid from bile and to liver disease. Cell 1993; 75:451-462.

285. Sugimoto Y, Roninson IB, Tsuruo T. Decreased expression of the amplified mdrl
gene in revertants of multidrug-resistant human myelogenous leukemia K562 occurs
without loss of amplified DNA. Molecular & Cellular Biology 1987; 7:4549-4552.

286. Chan HS, Haddad G, Thorner PS, DeBoer G, Lin YP, Ondrusek N, et al. P-
glycoprotein expression as a predictor of the outcome of therapy for neuroblastoma. New
England Journal of Medicine 1991; 325:1608-1614.

287. Lonn U, Lonn S, Nylen U, Stenkvist B. Appearance and detection of multiple copies
of the mdr-1 gene in clinical samples of mammary carcinoma. International Journal of
Cancer 1992; 51:682-686.

288. Weinstein RS, Jakate SM, Dominguez JM, Lebovitz MD, Koukoulis GK, Kuszak
JR, et al. Relationship of the expression of the multidrug resistance gene product (P-

glycoprotein) in human colon carcinoma to local tumor aggressiveness and lymph node
metastasis. Cancer Research 1991; 51:2720-2726.

289. Chin KV, Ueda K, Pastan I, Gottesman MM. Modulation of activity of the promoter
of the human MDRI1 gene by Ras and p53. Science 1992; 255:459-462.

290. Franksson L, George E, Powis S, Butcher G, Howard J, Karre K. Tumorigenicity
conferred to lymphoma mutant by major histocompatibility complex-encoded transporter
gene. Journal of Experimental Medicine 1993; 177:201-205.



76

291. Biedler JL, Spengler BA. Reverse transformation of multidrug-resistant cells.
Cancer & Metastasis Reviews 1994; 13:191-207.

292. Chambers TC, McAvoy EM, Jacobs JW, Eilon G. Protein kinase C phosphorylates
P-glycoprotein in multidrug resistant human KB carcinoma cells. Journal of Biological
Chemistry 1990; 265:7679-7686.



77

1.5 Objectives and Rationale

The object of this thesis was to identify the components of the transformation
pathways involved in v-abl and v-Ha-ras mediated oncogenesis. Our laboratory has
favored a genetic approach centered around the isolation and characterization of
revertants of transformation. Reversion can occur through three distinct phenomenon: 1)
the inactivation of the oncogene 2) a mutation in an effector gene or through 3) the
activation of an anti-oncogene. We reasoned that by determining the mechanism
responsible for reversion, we could identify the critical components of the transformation
pathways.

Through the course of our studies we developed a novel technique to isolate
revertants of transformation from v-abl transformed Rat-1 cells. Our analysis of these
revertants revealed that an inactivating mutation in the v-abl/ oncogene was responsible
for the reversion process and that this mutated ab/ behaved as a dominant negative,
blocking transformation selectively by other oncogenes. Although the analysis of the
reversion process did not lead to the direct isolation of a critical signal transducer, the v-
abl mutant isolated by this process may provide us with some invaluable clues to the
important effectors of transformation by ab/ and a number of other oncogenes.

In studying a v-Ha-ras revertant cell line we uncovered evidence that suggested
that the product of the mdr gene could play a role in ras-mediated transformation. We
chose to investigate the potential role of this gene product in transformation mediated by

the v-Ha-ras oncogene.
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CHAPTER 2: ISOLATION OF A V-ABL MUTANT THAT SUPPRESSES
TRANSFORMATION BY SEVERAL ONCOGENES.
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2.1 Summary

In order to understand the mechanism by which v-abl transforms fibroblasts in
vitro we have designed a novel technique to derive revertants of transformation from v-
abl transformed Rat-1 cells. We found that the revertant lines display a characteristic
pattern of resistance to retransformation by a variety of viral oncogenes : they are
resistant to v-abl, polyoma middle T, as well as most activated forms of receptor tyrosine
kinases with the notable exception of fpr-met. Further studies indicated that these lines
were susceptible to retransformation by v-mos, v-src, v-fes, v-Ha-ras, v-Ki-ras and v-
gag-fos-fox. The revertant lines obtained all contained inactivating mutations in the v-abl
provirus that could not be complemented by a wild type v-abl virus. Our analysis of the
mutated protein coupled with our analysis of the mutant genome indicates that a largely

truncated form of p160V'abl can suppress transformation by a variety of oncogenes.
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2.2 Introduction

The v-abl oncogene was first identified as the transforming gene of the Abelson
murine leukemia virus (A-MuLV) (Witte et al., 1978; Reynolds et al.,1978; Witte et al.,
1979). The human cellular homolog of abl is rearranged in 90-95 % of the Chronic
Myelogenous Leukemias (CML) as well as in a lesser propotion of Acute Lymphoblatic
Leukemias or (ALL) Acute Myelogenous Leukemias (AML) (Kurzrock et al.,1988). In
recent years the search for a molecular answer to abl-mediated oncogenesis has led to the
identification of a large number of potential substrates, effectors and regulators of Abl
function. Some of these include the Syp phosphotyrosine phosphatase, PI-3 kinase, pRb,
the C-terminal domain of RNA polymerase II, p120Ras GAP, the so-called adaptor
proteins Grb2,Nck,Crk, the Shc proteins, the Abl SH3 binding proteins 3BP1 and 3BP2,
and c-myc which has been implicated by a large body of evidence as an important
mediator of transformation by activated forms of Abl (Tauchi et al.,1994; Varticovski et
al., 1991;Welch and Wang,1993; Baskaran et al., 1993; Druker et al., 1992; Skorski et al.,
1993; Skorski et al., 1994; Pendergast et al., 1993; Puil et al., 1994; Ren et al., 1994;
Feller et al., 1994; Cicchetti et al., 1992; Lugo and Witte, 1989; Rosenbaum et al., 1990;
Afar et al., 1994; Sawyers et al., 1992). Some of the targets of Abl have been identified
owing to their ability to form stable complexes in vivo with Abl. Alternatively, newer
technologies such as the two hybrid system have helped in identifying potential substrates
without having to rely solely on coimmunoprecipitation. Unfortunately, these techniques
do not directly address the physiological relevance of these interactions. Although a
combined approach using information from simpler genetic systems may help circumvent
this hurdle (Egan and Weinberg, 1993), our group has attempted to identify effectors of
transformation through genetic means in a mammalian system. Specifically, we are
interested in isolating and characterizing revertants of transformed mammalian cell lines.

The process of reversion can occur through three different mechanisms: 1)

through a mutation in the viral oncogene responsible for the transformation in the
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recipient cell line, 2) a mutation in an effector gene or 3) through the activation of an anti-
oncogene. In order to achieve our goals, we have devised a new technique to isolate
revertants from v-abl transformed Rat-1 cell lines. The isolation procedure relies on the
differential retention of a fluorescent dye by non-transformed and transformed cell lines.
The cells isolated by this protocol show characteristics of non-transformed cell lines.
Furthermore, the reversion process appears to have affected a critical pathway in
transformation mediated by v-abl as well as other oncogenes as demonstrated by a variety
of assays. It appears that reversion has occurred through an inactivating mutation in the
viral oncogene. Interestingly this v-abl mutant can apparently suppress transformation by
a "wild type" v-abl as well as by Polyoma middle T, v-erbB and other oncogenes while
having no effect on transformation mediated by v-gag-fos-fox, v-mos, v-Ha-ras, v-Ki-ras
and v-src. Our analysis of the v-abl mutant protein suggests that a largely truncated
version of the wild type protein is capable of suppressing transformation mediated by
several other oncogenes. These findings suggest that oncogenes from several different
classes share a common pathway that is blocked by the mutant v-ab/ but is unnecessary

for transformation by other oncogenes.
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2.3 Materials and Methods

Cell culture, Transfection, Infection,Transformation and Agar Assays

Rat-1 cells and derivatives were routinely passaged in Minimal Essential Medium
(MEM) supplemented with 10% calf serum, penicillin and streptomycin. The RC1A line
was obtained by recloning twice in agar the 1349DS8 cell line which is a Rat-1 cell line
infected with the rescued amphotropic retrovirus of a pABFBJ (v-abl) transfected Rat-1
cell line (Jolicoeur et al., 1991). The AblA cell line was derived by picking a transformed
clone from an infection of Rat-1 cells with viral supernatant from the CVII cell line. The
R1510R22 and R11164R 24,32,37,46,54 cell lines were derived by infection with
retrovirus pseudotyped from the revertant lines T5-10 and T16-4, respectively. Briefly,
Rat-1 cells were infected with retroviral supernatant MoMuLV infected T5-10 or T16-4
cell lines. Cells were diluted in order to pick individual clones. 50 and 60 clones were
picked at random from each infection. RNA was extracted from these clones and
prepared for dot blot analysis (see below). Clones expressing v-abl RNA were expanded
and Southern analysis with an abl-specific probe was performed to ascertain the presence
of a mutant v-abl proviral insertion.

Viral infections, transfections, foci titrations and agar assays were performed
essentially as described (Zarbl et al., 1987) with the following modifications: for titration
of the neomycin resistance harbouring retrovirus 0.2 mg/mL G418 was added to the
medium right after infection (GIBCO BRL). Plates were stained with 0.2% methylene
Blue (Sigma) and darkly stained foci were counted on duplicate plates for every viral
dilution. Transfections for transformation assays were carried out using approximately 10
pg of the indicated oncogene bearing plasmid as well as 2 pg of pSV2neo (Southern and
Berg, 1982). 48 hours following transfections cells were passaged 1:4 for foci assay and
1:8 for neo selection. Medium was changed every 3-4 days with fresh MEM 10% and
antibiotics for the foci assay while medium with G418 (at 0.2 mg/mL) was used for neo

selection. The MMTV-NEU (Bouchard et al., 1989) and Tpr-met (Rodrigues and Park,
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1991) have been described elsewhere, the fpr-met construct was kindly provided by
Morag Park (Molecular Oncology Group, Departments of Medicine, Oncology and
Biochemistry McGill University).

Cells were plated in soft agar at a density of 1 X 104cells per 35 mm plate. For
agar assays coupled to infection with transforming retroviruses , 5 X 104 cells were
infected with 1:5 dilutions (10 plates each) of the appropriate retroviral supernatants
using typical infection protocols. 24 hours later cells five plates of each were trypsinized
and plated in soft agar as previously described at a cell density of 5 X 104cells per 60 mm

plate. The others were kept for a focus forming assay in petris.

Retrovirus stocks

Most retroviruses were generated by rescue of transforming retroviruses from
previously described cell lines 208mt-R1 (polyoma middle T antigen), FBR-R2 (v-gag-
fos-fox), 1333Emol also known as pHTV-8 R1 (v-mos). The CVII cell line producing an
ecotropic helper-free v-abl was kindly provided by Naomi Rosenberg. The erbBneo (v-
erbB) virus was obtained by infecting with a replication competent amphotropic
retrovirus a cell line containing the pMLVerbBneo3 construct generously provided to us
by J. Michael Bishop. The neofms (v-fins) virus was also obtained from J. Michael

Bishop.

P12 staining, FacSTAR analysis and sorting of putative revertant lines

P12, also termed P-96, was from Molecular Probes Inc. Stock solution was
prepared in anhydrous DMSO (SIGMA). 1 X 105 cells were stained for 2 hours in
medium containing 20 pM P12 without serum. Cells were washed in complete medium 2
times and then trypsinized, pelleted and resuspended in 1 mL of PBS or medium and
filtered through a nylon mesh (70 um) to separate clumps. Cells were put on ice and

analyzed for cell size and fluorescence. The analysis was carried out on a FacSTAR
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(Becton Dickinson) utilizing the combined UV lines 351nm and 364nm (Nahas et al.,
1987). A dielectric filter was used to exclude scattered laser light from the fluorescence
detector. Cell size was determined by forward angle light scatter.

Five 100mm plates containing 1 X 100 cells were treated with EMS at a concentration of
5.5mM. Cells were extensively washed in PBS after a 20 hour incubation period. Cells
were split 1:3 on day five post-treatment. P12 staining was carried out on day 7
posttreatment as described in previous paragraph. The window for sorting was simply set
to select 1X104 cells with the strongest fluorescence intensity out of 2 X 106 cells sorted.
Cells were plated at 500 cells per 100 mm plate (20 plates) and clones were picked after
14-21 days.

Rescue of Retroviruses

Revertant cell lines were infected with replication competent Moloney murine
leukemia virus (MoMuLV). Cells culture supernatants were tested seven days post
infection for reverse transcriptase activity as described (Rassart et al., 1988). Positive cell
culture supernatants, containing rescued retrovirus, were titrated by focus forming assay
as well as for the presence of retroviral RNA (see next section). Rescued retrovirus from
the appropriate cell line was used to infect NIH 3T3 cells in rollers and 20 hours post
infection Hirt supernatants were collected and tested by Southern hybridization for the

presence of unintegrated provirus as described previously (Aziz et al., 1989).

Nucleic Acids Analysis

Genomic DNA was prepared by phenol extraction and ethanol precipitation (Jiang
et al., 1994). Hirt DNA was extracted from freshly infected cells as previously described
(Hirt, 1967). DNA was digested with restriction endonucleases following the

manufacturers recommendations (EcoRI, Pharmacia). DNA fragments were separated on
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1% agarose gels and transferred onto Nylon membranes (Amersham) as previously
described (Sambrook et al, 1989).

Total RNA was extracted from cell lines by the Method of Chomczynski and
Sacchi (Chomczynski and Sacchi, 1987). Total RNA was separated on 1% Agarose-
formaldehyde gel and transfered to Nylon membranes (Amersham).

For viral RNA studies, five mL of cell culture supernatant containing rescued
retrovirus was centrifuged at 15000rpm to pellet virions. Pelleted virions were subjected
to the same RNA extraction protocol and virion RNA was dot blotted with a Scheiler and
Schuell dot blot apparatus, according to manufacturer's recommendations, onto a Nylon
membrane.

For the screening of Rat-1 clones infected with rescued retrovirus from the T5-10
and T16-4 cell lines, a rapid extraction method was used. Briefly, cells were rinsed with
PBS and harvested by scraping in 1 mL of PBS and pelleted by centrifugation in a
microfuge for 30 seconds. Cell pellets were resuspended in 45uL of cold 10mM Tris pH
7.0, 10mM EDTA. SuL of 5% NP40 was added to lyse the cells and incubated on ice for
5 minutes. An additioﬂal 5 pL of NP40 was added prior to a 2.5 minute spin in the
microfuge at maximal speed. 50uL of the supernatant was mixed with 30pL of 20XSSC
and 20 pL of a 37%(w/v) formaldehyde solution (Fisher). Samples were incubated at
600°C for 15 minutes prior to dot blotting onto a nylon membrane (Hybond N,
Amersham) soaked in blotting buffer, 50%H0:30% 20XSSC:20% 37% formaldehyde.
Hybridization procedure was as previously described (Jiang et al.1994). The abl specific

probe is a 1.8 kb Sacl- HindIII fragment from the plasmid pAB160 (Latt et al. 1983).

Protein Analysis and Antisera
Cells were metabolically labeled with 35S methionine (>1000Ci/mmol) and
immunoprecipitation was performed as described previously (Huang and Jolicoeur, 1990)

with a minor modification. Protein-A sepharose bridged to a Rabbit antiGoat antiserum
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was used to collect the immunoprecipitates. Bridging was accomplished by preincubating
protein-A Sepharose CL-4B (Pharmacia) for 1-2 hours with Rabbit anti-goat
Immunoglobin antiserum (Jackson Immnumologicals Laboratories) and then washing
several times with RIPA buffer to remove unbound antiserum.

Western blot analysis was carried out as previously described (Balsalobre and Jolicoeur,
1995)

Goat anti-MuLVpl2 and goat anti-MuLVpl5 sera were obtained from the
Program and Logistics, Viral Oncology, National Cancer Institute, Bethesda, Md. Anti-
pEX-5 antibody was harvested according to established protocols (Harlow and Lane;
1988) from hybridoma line 24-21-20-2 (Schiff-Maker et al, 1986) a generous gift from

Dr. Naomi Rosenberg, Tufts University, Boston, Ma.

Tumorigenicity in vivo
CD1 nu/nu mice (Charles River Laboratories) were injected subcutaneously at 2
sites with 1x107 cells of the appropriate cell line. Mice were sacrificed after 8 weeks and

autopsies of the injection sites performed.

Cloning and Sequencing of the Mutant ABL

Genomic DNA was prepared from the Arevertant line T5-10, digested with EcoRlI,
fractionated by sucrose density centrifugation as previously described (Lemay and
Jolicoeur,1984; Villemur et al., 1987). A fraction containing fragments of 7 to 12 kbp
was ethanol precipitated. The DNA was used to clone into EMBL4 phage arms according
to manufacturer's recommendations (Stratagene). The phage insert was sublconed into
pBR322 and pSV2neo yielding plasmids ABLMUt5-10 and pSVABLMUt5-10, The
pBR322 subclone was used as a double-stranded substrate for the Sanger
dideoxynucleotide sequencing method (Sanger et al.,1980). Primers were derived for the

region of interest by consulting the published sequence (Reddy et al.,1983): primer 98
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CGGTATGAAGGGAGG [1952-1966], primer 99 CGCACCGACATCACC [2171-
2185], primer 100 GAACCACCATTCTAC  [2378-2392], primer 101
GTGAAGGTGGCTGAT [2584-2598], primer 103 CCCTAGCAGCTGCAC [2365-
2351], primer 104 ACCGTAGATAGTGGG [2157-2123], primer 105
CTCACTCTCCCGCAC [1921-1907], primer 106 CATCGTTCTGTGTTG [1042-1056],
primer 107 CAAGGTCTTTTCACC [1291-1305], primer 108 CGCTCATCGACCTAC
[1551-1565], primer 157 GTAGGTCGATGAGCG [1565-1551]. pABFBJ (Jolicoeur et
al., 1991) contains the p160V'abl sequences until the BamHI site where a BglII-HindIII
fragment from the FBJ-2 clone (Curran et al., 1982), containing 3' LTR and flanking
genomic sequences, was inserted by standard cloning methods (Sambrook et al., 1989).
Since the retrovirus had gone through at least one round of replication both Long
Terminal Repeats (LTR) were FBJ-2 derived. Thus, we constructed a composite map
using the GCG program with the following sequences: msjmusv [101-573]; mlapro [527-
1355]; mlamlva [5-3818] and msjmusv [3097-4126]. The initiation codon and
termination codons for pl160V-@bl are thus located at positions 1094 and 4255

respectively of this composite map.
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2.4 Results

Rat-1 and v-abl Transformed Rat-1 cells, Have Different Spectra for P12, a
Fluorescent Dye.

Previous work from our laboratory had shown that differences in Rhodamine 123
retention could be used to enrich for revertants of v-fos transformed cells (Zarbl et al.,
1987). Unfortunately, Rhodamine 123 proved limited in its applicability since only v-fos
transformed Rat-1 cells had a significantly different pattern of retention that could easily
be exploited using Fluorescence Activated Cell Sorting (FACS) (Zarbl et al.,1987;
unpublished fesults). Thus, we set about to find another combination of v-onc
transformed cell line and fluorescent dye that woﬁld yield such an exploitable pattern.
Our studies led us to the following combination: P12, a fluorescent fatty acid analog and
v-abl transformed Rat-1 cell lines. In figure 1, we show the difference in fluorescent
spectra between v-abl transformed cells (RC1A) and Rat-1 cells. This difference would

serve to separate revertants of transformation from transformed cells.

Isolation Scheme of Revertants

We hypothesized that revertants of transformation would have a fluorescent
spectra similar to that of the untransformed parental Rat-1 cells. Thus, we treated with the
mutagen ethyl methyl sulfonate (EMS) the v-ab! transformed cells, RC1A, to increase the
frequency of reversion and sorted cells in a Rat-1 specific window (figure 2). The
separated pool was then plated at low density in order to isolate clones. The pool
represented approximately 0.5% of the total number of cells sorted. Our second criteria
for selection of revertants was a flat morphology in tissue culture. Therefore clones which
exhibited a flat morphology, as shown in figure 3 were picked and characterized further.
Over 95% of the clones present exhibited a flat morphology. We chose five lines for

further study, they are designated T3-8, T5-10,T12-6, T16-4 and T19-7.
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Growth Characteristics of Revertants: Revertants Have Characteristics of non
transformed Cells.

All five putative revertant cell lines failed to form foci at confluence maintaining
a uniform monolayer with a morphology similar to that of the parental non-transformed
Rat-1 cells (data not shown). A more stringent assay for transformation (growth in agar)
was also performed. Control normal Rat-1 cells as well as the five revertant cell lines
assayed did not form foci while the parental v-ab/ transformed formed large colonies in
agar with a plating efficiency ranging between 5 and 8%. No foci were detected in plates
containing as many as 1x104 revertant cells. Furthermore, none of the revertants gave rise
to tumours in nude mice while the transformed RC1A line gave rise to large tumours 6-8
weeks post-inoculation (data summarized in Table 1). Therefore, it appears that the flat

clones are revertants of transformation.

Flat Clones are Derived from v-abl Transformed Cells (RC1A): Southern and
Northern Analyses of Putative Revertants.

To ascertain that the revertants arose from the parental transformed cells and not
from contaminating non-transformed cells, we performed a Southern analysis. As shown
by restriction analysis with an abl- specific probe, the revertant clones have the same v-
abl integrated genome as the transformed parental RC1A cells (fig.4). This confirms that
the revertant lines were derived from RC1A cells. Furthermore, they still express the v-
abl mRNA as evidenced by the 6.1kb band detected by Northern blot analysis (figure 5).
Note that the proto-oncogene c-abl is detected by this probe both at the DNA and RNA

levels, although the mRNA levels for c-abl are inferior to those of its viral counterpart.
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The Revertants Exhibit a Specific Pattern of Resistance to Retransformation by v-
abl as well as Other Oncogenes.

We assessed the ability of the revertants to resist to transformation by a variety of
oncogenes. For this purpose we infected the revertant clones with oncogene harbouring
retroviruses. Our initial tests used a simple focus forming assay to determine the
susceptibility of these cell lines. Interestingly, a significant decrease in the number of foci
with respect to the number detected in Rat-1 cells was detected after infection of the
revertants with retroviruses harbouring v-abl, v-erbB and polyoma middle T. For other
oncogenes such as v-gag-fos-fox, v-mos, v-Ha-ras and v-Ki-ras, no significant difference
in the number of foci induced in the revertant lines with respect to the number in Rat-1
cells was seen. An example of assays for viruses that induce and do not induce foci
growth are shown in Table 2. Similar results were also obtained with a more stringent
assay for transformation: in this assay, resistance to some oncogenes (v-abl, v-erbB and
polyoma middle T) translated into a lower plating efficiency in agar of pools of infected
cells (Table 3). Note that the revertant clones still retained the ability to form comparable
numbers of large colonies in agar when infected with v-Ha-ras. Thus the lack of foci in
some assays does not reflect an inherent inability to form foci nor does it reflect a
decreased infectability. The latter possibility was tested further with an infection with a
neomycin resistance harbouring retrovirus. Revertant cell lines showed comparable
numbers of G418 resistant colonies to that of Rat-1 cells (data not shown).

These results indicate that the resistance to retransformation is selective. Thus, the
genetic event responsible for the reversion of the v-abl transformed cells also affects the
transformation process mediated by different but not all classes of oncogenes. This in turn
suggests that certain elements of the transformation process are shared by different
classes of oncogenes. The data from a series of transformation assays (summarized in

Table 4), suggests that v-abl, v-erbB, polyoma middle T, v-fins and neu share a common
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element in their transformation pathways as indicated by their inability to retransform the

revertant lines.

The Mechanism of Reversion Is Virus Borne.

To determine whether the reversion was caused by a mutation in the v-abl
oncogene or in some cellular gene(s) essential for the transformation process, we did a
rescue experiment. After three separate trials we were unable to detect any transforming
activity by v-abl virions "rescued” in supernatants from the revertants (data not shown).
Analysis of the RNA genome present in the pseudotyped virions shows that the v-abl
genome was indeed encapsidated (fig.6). Furthermore, Southern analysis of Hirt
supernatants from newly infected cells (16 hours post infection) revealed that the cells
were infected by v-abl harbouring retroviruses and that the genome was reverse
transcribed (fig.6). Therefore, these results suggest that the v-abl genome has been
mutated in the revertant cell lines and has become transformation defective. Furthermore,
this inactivating mutation in the v-abl/ oncogene would not only be responsible for
reversion, but may also suppress transformation by v-abl as well as by other oncogenes.

Thus the mutated v-ab/ would behave as a dominant negative mutant.

The Reversion Phenotype is Induced by a Viral Mutation and not by a Mutation in
a Cellular Gene.

Our inability to retransform the revertant lines with a wild type v-ab/ coupled with
the observation that the revertant produces a transformation defective v-ab/ virus (Table 2
and fig.6) suggested to us that the mutated v-ab/ was acting as a dominant negative. In
order to ascertain that no accessory/independent cellular mutation was contributing to the
suppression phenotype, the mutant virus from two revertant cell lines T5-10 and T16-4
was rescued by infecting with helper Moloney murine leukemia virus (MoMuLV) and

used to infect Rat-1 cells. Clones were picked from each infection at random and tested
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for high levels of v-abl RNA expression by a rapid RNA extraction protocol. Putative
positives were tested by Southern analysis to confirm the integration of a v-ab! retrovirus
(data not shown). One non-transformed clone, clone R1510R 22, was obtained from
infection with the T5-10 viruses, while five non-transformed clones were obtained from
infection with the T16-4 viruses, clones R1164R 24,32,37,46,54. The ability of these
clones to resist retransformation after infection with v-abl, v-erbB oncogenic retroviruses
or after transfection with neu or tpr-met DNA constructs was assessed in a focus forming
assay. The data are summarized in Table 5. Since the resistance to retransformation is
transmitted by infection with the mutant virus, we conclude that the suppression of
transformation is encoded by the v-ab/ mutant derived from our revertant lines. Thus it

behaves as a dominant negative mutant.

The v-abl Mutant Protein is a largely Truncated version of the Wild-Type p160Y-
abl .

Our analyses of the v-abl DNA and RNA present in the revertant lines had not
revealed any considerable deletions or rearrangements of the v-abl genome (figures 4 and
5). Other groups had reported dominant negative cytoplasmic tyrosine kinase with point
mutations in the tyrosine kinase domain rendering it inactive (Anderson et al, 1993;
Levin et al.,1993; Devary et al.,1992). We set about to determine the structure of the v-
abl mutant oncoprotein. For this purpose, revertant cells harbouring the mutant virus, the
revertant lines T16-4 and T5-10, Rat-1 cells and wild type v-abl (AblA) transformed Rat-
1 cells were metabolically labelled with 35S-methionine. Lysates from these cells were
subjected to immunoprecipitation with a goat polyclonal serum directed against the p15
(MA) gag moiety present at the N-terminus of the p160V'abl. A distinctive protein
product of approximately S0 kDa was immunoprecipitated from the revertant lines. The
absence of a wild type species of 160 kDa suggested to us that the mutant v-abl encodes a

truncated version of the wild type protein (Figure 7, lanes designated 5-10 and 16-4).
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Subsequent analyses by Western blot with the anti- p15 antiserum as well as anti-p12, an
epitope C-terminal with respect to pl15 but still present in the gag moiety, also detected
this novel ~50 kDa species (data not shown). Western blotting with an antibody directed
against a C-terminal epitope, 24-21-20-2 (Schiff-Maker et al., 1986), fail to detect p160V-
abl in lysates from the revertant lines (data not shown). These results suggested that a
large portion of p16OV'abl, potentially C-terminal to the gag moiety, has been deleted.
This 50kDa species was detected in the five revertant lines tested. Thus, it appears that all
the revertant lines originated from a common predecessor expressing this truncated

protein.

The v-abl Mutant Genome has a Small Deletion which Causes Premature
Termination of the Open Reading Frame.

In order to clone and sequence the mutant genome, we constructed a genomic
lambda phage library from one of the revertant cell lines, T5-10. The library was screened
with an abl-specific probe and one clone was obtained. The purified phage DNA was then
used to subclone the provirus into plasmid vectors. The observation that the mRNA
present in the revertant lines was detected by a probe which detects a region of the v-abl
sequence coding for the last 225 C-terminal amino acids as well as 3' untranslated region,
coupled with our data from the Western analysis suggested to us that a small deletion or
point mutation may cause premature termination of the open reading frame. Thus, we
derived sequencing primers to cover a region extending up to 1.8 kb downstream of the
initiation codon. We determined that a 2bp deletion at nucleotides 2248-2249 of our
composite map (refer to Materials and Methods for generation of this map) causes a
frameshift in the open reading frame. The resulting open reading frame terminates at
codon 416. Therefore, the last 28 amino acids of this protein are frameshift encoded. A
search of SWISSPROT protein sequences did not reveal any significant homology

between these 28 amino acids and sequences contained within this database. The
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estimated molecular weight of the protein product would be 46kDa which is lower than
our observations. A preliminary phosphoamino acid analysis (data not shown) has
revealed that this may be accounted for by phosphorylation of serine and threonine
residues. We also detected five point mutations in the wild type and the mutant virus with
respect to the published sequences. These were all located in the gag encoding sequences.
Four out of five mutations did not result in an amino acid substitution. The point
mutation at position 1748 of our composite map results in the substitution of an alanine
residue for a threonine residue but this mutation is present in the wild type virus and does
not appear to impact on its transforming activity (data not shown). Thus, the mutant
protein would consist essentially of the gag moiety and the SH2 domain while most of
the tyrosine kinase domain and the entire C-terminal domain is deleted. Figure 8 shows a

schematic representation of our sequencing data.

The Cloned Retrovirus Suppresses Transformation

To ascertain that the retrovirus was sufficient to sﬁppress transformation, we
transfected the cloned mutant viral genome into Rat-1 cells. Clones expressing various
levels of the mutant protein were subjected to a focus forming assay with v-mos and v-abl
harbouring retroviruses. It should be noted that Western blot analysis of the transfectants
revealed the presence of a protein of identical size as the one in the revertant lines,
providing further proof that the cloned retrovirus codes for a truncated v-ab! protein.
Clones 392-19 and 392-27 as well as clone RIP5-1 demonstrated significant resistance to
retransformation by v-abl in two separate trials. These two series of clones were derived
from separate transfections. Interestingly, clone 392-27 did show a moderate resistance to
retransformation by v-mos as evidenced by the five-fold decrease in the number of foci
induced by v-mos infection in two separate trials (Table 6). In comparing the levels of
expression of the mutant protein in these clones, we observe that clones expressing levels

comparable to the revertant line displayed resistance. This finding suggests that the
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mutant's ability to block transformation is dosage sensitive. It is also tempting to
speculate that very high levels of expression may impede transformation by the second
class of oncogenes defined by our assays on the revertant lines. Our preliminary
experiments with chimeric retroviruses expressing the mutant virus with a selectable
marker, which consistently (in our hands) produce less protein than the cloned mutant,
appear to support this finding. The dosage sensitivity of the transformation block is

currently under investigation.
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2.5 Discussion

We have successfully devised a new technique to isolate revertants from v-abl
transformed Rat-1 cells. By mutagenizing v-abl transformed cells with EMS and then
selecting cells that show fluorescence intensities specific to Rat-1 cells after P12 staining,
we were able to pick flat clones that exhibited properties of non-transformed cells. The
proportion of revertants obtained, 1 per 200, is much larger than the anticipated 1 per 103
(Zarbl et al., 1987). This large proportion of reversion may reflect some increased
propensity for reversion of rat fibroblast cell lines transformed with the v-abl oncogene,
this phenomenon having been reported by another group (Oka et al., 1990). Alternatively,
certain steps of our EMS treatment protocol may have impacted on our selection for
revertants. Other groups have previously reported the isolation of revertants of v-fos
transformation by successive rounds of washing with a cation deficient PBS (Wisdom
and Verma, 1990). In washing the cells extensively following EMS treatment we may
have selected against v-abl transformed cells. Finally, keeping in mind the reported
cytotoxic and growth inhibitory effects of v-abl transformation on fibroblasts (Goff et al.,
1982; Renshaw et al., 1992), the recovery period following the treatment may have
further enriched the culture for revertants. All five lines were picked from different plates
following sorting and low density plating. The observation that all five harbour the same
mutant protein suggests that they are identical and that one very successful revertant
clone may have been overrepresented prior to sorting. It should be noted that prior to
mutagenesis the cell lines had been Ec_lg&ag_ twice. Thus, it is unlikely that the selection
process had taken place prior to our treatment. The two base pair deletion detected in the
cloned retrovirus is not the typical mutation expected with the EMS treatment. However,
there is evidence that EMS can cause such mutations (reviewed Sega G.A,1984)

Our data suggests that an inactivating mutation in the v-abl is not only responsible

for the reversion phenomenon but that the truncated protein encoded by this mutant may

suppress transformation by wild type v-abl. The revertant cell lines show a distinct
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pattern of resistance to retransformation by a variety of other viral oncogenes: they are
resistant to v-abl, polyoma middle T, as well as most activated homologs of receptor
tyrosine kinases with the notable exception of tpr-met. Furthermore, they are susceptible
to a wide scope of transforming oncogenes such as the serine/threonine kinase v-mos, the
cytoplasmic tyrosine kinase v-src, two forms of activated v-ras, and a nuclear oncogene
v-fos. Interestingly, polyoma Middle T which has been shown to bind to and activate
pp60C-S7C (Cantley et al., 1991) is also affected by the mutant protein. Thus, it is
tempting to speculate that the mutant blocks an early event in signal transduction that is
common to activated receptor tyrosine kinases, v-abl and potentially c-src.

To our knowledge this constitutes the first demonstration of a dominant negative
mutant of v-abl. Dominant negative mutations of oncogenes have been described for a
variety oncogenes and proto-oncogenes from many classes including nuclear oncogenes
(Ransone et al.,1990; Lloyd et al.,1991), receptor tyrosine kinases (Ueno et al., 1991;
Kashles et al., 1991), small G proteins (Farnsworth et al., 1991; Szeberenyi etal., 1990;
Cai et al., 1990), cytoplasmic tyrosine kinases (Hirai and Varmus, 1990; Anderson et al,
1993; Levin et al.,1993; Devary et al.,1992), serine/threonine kinases (Kolch et al.,1991)
and dual specificity kinases (Cowley et al., 1994). Dominant negative forms of anti-
oncogenes have also been described although their effects lead to a different outcome
(Milner and Medcalf, 1991). In some of these examples the block in transformation can
extend to several different classes of oncogenes (Ransone et al, 1990; Cowley et al,
1994). However, to our knowledge the v-ab/ mutant described here constitutes the only
example of a dominant negative cytoplasmic tyrosine kinase which suppresses
transformation by other classes of oncogenes. It should also be noted that the blocking
action of the mutant protein does not appear to seriously impede cell growth.

Dominant negative proteins are believed to exert their effect through several
different mechanisms that are not mutually exclusive (Herskowitz, 1987). One such

mechanism is the formation of inactive dimers: truncated forms of the PDGFb receptor
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(lacking the kinase domain) interfere with normal mitogen induced signaling by forming
dimers with normal PDGFb receptors thus leading to receptor dimers that cannot fully
autophosphorylate therefore are not activated upon ligand binding (Ueno et al., 1991). A
similar mechanism has been proposed for some EGF receptor variants (Kashles et
al.,1991). For the v-abl mutant, it has been suggested that the gag portion may allow the
protein to dimerize (Luban et al.,, 1992). However, although this is an attractive
explanation for the block of v-abl transformation it can not account for the suppression of
transformation by oncogenes lacking this gag moiety (middle T for instance). In other
cases it is postulated that the dominant negative form impedes the function of its normal
counterpart by interacting with and titrating out crucial components in the signal
transduction pathway. For example c-jun mutants (lacking their activation domain) may
inhibit the binding of transcription factors to jun motifs or form inactive homo or
heterodimers with other transcription factors (Ransone et al,, 1990). Our sequence
analysis has revealed that the mutant v-ab/ encodes a largely truncated form of the wild
type protein. This mutant contains only the gag and SH2 portions of the wild type
protein. It is now well established that the SH2 domain binds phosphotyrosine residues
and that it acts in mediating protein-protein interactions critical for cellular signaling (for
recent reviews Cohen et al., 1995; Pawson, 1995). Thus the structure of the mutant would
suggest that it suppresses transformation by sequestering a vital component of the
transformation pathway via its SH2 domain. There is some similarity in the structure of
the mutant Abl with the SHC adaptor proteins (Pelicci et al., 1992). However, unlike the
SHC proteins overexpression of the mutant does not lead to transformation. This may
reflect the unique properties of the Abl SH2 domain. All SH2 domains share a common
affinity for tyrosine phosphorylated peptides but detailed studies (Songyang et al., 1993)
have shown that it may be possible to group SH2 domains according to their relative
affinity for specific phosphopeptides. It should be noted that the ab! SH2 may also bind
to phosphoserine or threonine (Pendergast et al., 1991; Muller et al., 1992). The Abl SH2
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has been demonstrated to be essential for transformation (Mayer and Baltimore, 1994) by
activated forms of Abl. In contrast, certain reports suggest that the Abl SH2 may serve a
negative regulatory function within the c-abl protein (Muller et al., 1993). Some have
suggested that the cytoplasmic localization of the activated Abl proteins may have
contributed to the uncoupling of the negative regulatory effect of the Abl SH2 domain
from its ability to elicit a transforming signal (Muller et al., 1993). Our studies indicate
that the truncation may have reactivated this negative regulatory function. Some
preliminary studies on the localization of the mutant suggest that it is still associated with
the plasma membrane (unpublished data). Mayer and Baltimore had shown that other
SH2 domains can effectively substitute for the Abl SH2 in an activated form of p150¢-
abl 1t will be interesting to determine if other SH2 domains can substitute for the Abl
SH2 in the mutant protein. It iS noteworthy that no specific substrate for the abl SH2
domain has been reported. Although it has been shown to bind in vitro with the EGF
receptor (Zhu et al., 1993) and a number of potential substrates have been identified
through a search in the protein sequence data bases (Songyang et al., 1993), a
physiological target remains elusive. The mutant described in these studies may provide
us with a unique opportunity to identify this critical component of the transformation
pathway which interacts with the Abl SH2 domain and is potentially a critical mediator of
transformation by a number of other oncogenes. Finally, we can not exclude the
possibility that the gag moiety is necessary for the mutant's activity.

The gag moiety is a remnant of the recombination event that gave rise to the v-abl/
genome (for review on structure Risser and Holland, 1989). The role of gag in
transformation in fibroblast appears minimal since large deletions covering almost all gag
encoded amino acids do not affect the fibroblast transforming ability of the virus.
However, in lymphoid cells these residues may be essential for protein stability (Prywes
et al., 1985). It is believed that the major role of the gag moiety is to localize the v-abl

gene product to the membrane through its myristylation signal contained at its N-
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terminus (Risser and Holland, 1989). However, these observations do not necesssarily
preclude some other contribution of the gag moiety to the mutant's action since the
phenotype assayed is quite the opposite of cellular transformation. Recent evidence
suggests that a protein with sequence similarities with retroviral gag proteins may be part
of a microfilament-associated signal transduction particle (Juang et al., 1994). Also, the
etiological agent of Murine Acquired Immunodeficiency Syndrome (MAIDS) has been
demonstrated to be a defective retrovirus which codes solely for a p60848 polyprotein
with extensive homology with the Murine Leukemia viruses gag proteins (Aziz et al.,
1989). Thus a potential role for the gag coding portion of the mutant v-abl protein should
not be ruled out and is presently being assessed.

In closing the mutant we isolated seems to define a common step in a tumorigenic
pathway utilized by a number of different oncogenes. A molecular dissection of the
mutant protein and the identification of its target could ultimately lead to the design of

specific blockers of transformation.
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\V 2.7 Figures and Tables

Figure 1. Flow cytometric analysis of Rat-1 and v-abl transformed Rat-1 cells treated
with P12.

Staining procedure, cell processing and FACstar analysis are described in Materials and
Methods.

(A) Cell sizing. Approximately 1X10° were analyzed. Cell size was determined by
forward light scatter for treated and untreated cells utilizing a FACStar. Untreated Rat-1
cells are in red, P12 stained Rat-1 in black, two stained v-abl transformed Rat-1 cell lines,
RCI1A and RCIC are in blue and in green, respectively.

(B) Analysis of P12 fluorescence spectra.

The same samples were analyzed for fluorescence. Designation for each curve is as

described in (A). The boxed area represents a section that appears Rat-1 specific.
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Figure 4. Southern analysis of putative revertants.

Genomic DNA was extracted from cell lines of interest and 20 pg were digested with
EcoRI. Putative revertants are cell lines T3-8, T5-10, T12-6, T16-4, T19-7 (lanes 1-
5,respectively). Rat-1 cells are represented in lane 6 while the parental v-ab/ transformed
Rat-1 cells, RC1A, are in lane 7. The ab! apecific probe used (see Materials and Methods)
recognizes a band corresponding to c-abl. The v-abl genome is present only in the
putative revertants and in RC1A cells. Lane MW contains 32p_labeled molecular weight

markers.






116

Figure 5. Northern blot analysis of putative revertants.

A) 15 micrograms of total RNA was loaded on the gel, transferred on nylon membranes
and hybridized with the abl-specific probe. RNAs from revertants T3-8, T5-10, T12-6,
T16-4, T19-7 were loaded into lanes 1-5 respectively, while Lane 6 and 7 contained RNA
from normal Rat 1 and parental v-ab/-transformed, RCIA cells. Again, c-abl is detected
by this probe, its location with respect to the v-ab/ mRNA is indicated. The sizes (kb) of
molecular weight standards are indicated at left.

B) The same filter was washed and rehybridized with an actin probe to control for

transfer efficiency and equal loading. Lane designation same as in panel A.
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Figure 6. Characterization of virions produced by revertant cell lines.

(A) Hirt analysis of newly-infected cells.

The supernatant obtained (see below and Materials and Methods) from T5-10 revertant
cells was used to infect NIH 3T3 cells (~ 12 X 106 cells). As a positive control a virus
harbouring a transforming v-abl, CVII, was used to infect NIH/3T3 cells in similar
conditions. 16 hours post-infection, Hirt supernatant DNA was extracted from the
infected cells and analyzed by Southern analysis using the abl-specific probe. Hirt-
extracted DNA from cells infected with Abelson virus of revertant T5-10 (lane 1) or with
control infectious Abelson CVII virus (lane 2). In lane 3, control EcoRI cleaved genomic
DNA from the T5-10 cell line was loaded. Abelson viral DNA (6.5 kbp) designated as v-
abl* was detected in both Hirt supernatants. C-ab/ and v-ab! bands in the genomic sample
are also indicated.

(B) Dot blot analysis of retroviral RNA. Revertant cell lines were infected with a
replication competent retrovirus, a Moloney murine leukemia virus (MoMuLV) for
rescue, Cells were then routinely passaged for two weeks. After verifying the rA.dT for
the presence of virions in the supernatant with reverse transcriptase activity we collected
and filtered supernatants for RNA extraction. Extracted RNA was loaded on a dot blot
and probed with the 32p_labeled abl-specific probe. The negative control is a supernatant
from cells infected with MoMuLV (dot 7) while the positive control is a transforming v-
abl supernatant 1349D8 (dot 8). Rescued viral RNAs from lines T3-8, T5-10, T12-6,
T16-4, T19-7 as well as parental transformed RC1A cells were blotted in dots 1-7. A

strong signal is detected in all revertant cell lines.
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Figure 7. Immunoprecipitation of v-ab/ mutant

Cells were metabolically labeled with 358-methionine and lysed in RIPA buffer. Lysates
from normal Rat-1 (lanel), v-abl transformed Rat-1 cells, Abl A (lane 2), revertant lines
T5-10 (denoted 5-10) T16-4 (denoted 16-4) were immunoprecipitated with a polyclonal
goat antiserum directed at the pl5 epitope of retroviral gag antigen. Arrows indicate the
presence of the wild type p160V‘ab[ in the ADbIA cell line (w.t.v-abl 160kDa) and the
presence of the truncated form in both revertant lines (mutant ~50kDa). The size (kDa) of

molecular weight standards (Sigma) are indicated at left.
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Figure 8.Comparison of the nucleotide and amino acid sequence of the cloned v-agbl

mutant wit wild type v-abl

The sequence of the pBR322 subclone containing the entire retroviral genome of the T5-
10 cell line was determined. The mutant sequence is indicated. Differences in the
published sequence are indicated above the string. Note that all the single base pair
mutations with respect to the published sequence were also found in the wild type
(transformation competent) virus. Our analysis revealed that the mutant had sustained a 2
bp deletion indicated by the gap in the string at codon 388 or position 2258-2259 of our
composite map, for the generation of this map please refer to Materials and Methods.
This gave rise to a frameshift (28 amino acids are encoded by this frameshift) and
premature termination at codon 416. The resulting protein is depicted on the following
page. It is comprised of the entire gag portion of the v-abl wild type but only extends
slightly pass the SH2 domain. Therefore it lacks the entire tyrosine kinase domain and C-

terminal domain of the wild type.
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Figure 9. Western blot analysis of Rat-1 clones transfected with the mutant viral genome.

Extracts were prepared from Rat-1 clones expressing the mutant virus. These were
derived by transfection with the cloned mutant v-ab/ DNA, ABLMUt3-10 DNA for 392
clones or pSVABLmUtS'10 for the RIP clones. 50 micrograms of protein were loaded in
the following manner: lane 1 and 6: clone 392-1; lane 2: clone 392-3; lane 3: clone 392-4;
lane 4: 392-6; lane 5: clone 392-19; lane 7: clone 392-26; lane 8: clone 392-27; lane 9:
clone RIP5-1; lane 10: clone RIP5-7; lane 11: T5-10. Note that the extract from T5-10
was harvested under suboptimal conditions and does not adequately reflect the usually
higher levels of expression of the mutant in this cell line (data not shown), it was used

strictly as a reference for the migration of the mutant protein.
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Morphology | Growthin | Tumorigenecity | DNA | RNA

Agar in vivo v-abl | v-abl
T3-8 Flat - - + +
T5-10 Flat - - + +
T12-6 Flat - - + +
T16-4 Flat - - + +
T19-7 Flat - - + +
Rat-1 Flat - - - -
RCIA Refringent + + + +

Table 1. Growth and Molecular Characteristics of Revertants Cell Lines.

(A).Morphology. Cells were observed at confluence in tissue culture dishes in
MEM+10%C.S.. Flat designates a cell line that displays an organized monolayer in these
conditions which translates into a non-refringent aspect under phase contrast microscopy
at low magnification. Refringent indicates that a cell line displays a refringent aspect
under such microscopy conditions as well as a disorganized monolayer under these
culture conditions.

(B) Growth in Agar; Assay for Anchorage Independent Growth.

2 plates were seeded for each cell line. (-) signifies a number of foci that is equal or less
than that found in Rat-1 and/or the absence of foci larger than that found in Rat-1. (+)
signifies the presence of foci that are significantly larger than those found in Rat-1 and
present in greater numbers as exemplified by RC1A.

(C) Tumorigenicity in vivo.

30-40 day old female nu/nu CD1 mice were injected subcutaneously at 2 different sites.
This was repeated with another mouse for each line. Mice were then checked every week
for the presence of tumours. (+) signifies the presence of tumours of 1 cm or more in
diameter while (-) signifies the absence of tumours (less than 2mm in diameter) after 8
weeks. In the case of RC1A, tumours appeared 5-6 weeks post-injection. No tumours or
masses were found after 8 weeks in all revertant cell lines.

(D) DNA analysis. (+) Denotes the presence and (-) the absence of a v-gbl insertion
similar in size to that of RC1A as shown in figure 4.

(E) RNA analysis. (+) Denotes the presence and (-) the absence of a v-abl mRNA as
evidenced in figure 5.
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viral dilution control 1:5 1:100 1:1000
T3-8 0 >100 25.5 2.5
T5-10 0 nd 19.5 0
T12-6 0 >100 n.d. 0a
T16-4 0 >100 13.5 0.5
T19-7 0 >60 7.5 0a
Rat-1 0 >100 22 4

A) FBR virus, v-gag-fos-fox oncogene.
a= duplicate lost to contamination

n.d.= both plates lost so undetermined.

viral dilution control 1:5 1:100 1:1000
T3-8 0 0 0 0
T5-10 0 1 0 0
T12-6 0 0 0 1]
T16-4 0 0.5 0 0
T19-7 0 0 0 0
Rat-1 0 33 2.5 0

B)208mt virus, Polyoma middle T antigen oncogene.

Table 2. Foci assay of revertants with middle d v-fos retrovi

Cells were seeded at 5x104 in duplicate 60mm plates for each dilution the day before
infection. Cells were infected with 0.2 mL of the appropriate dilution of virus in
MEM+10%C.S. with polybrene. Once at confluence the cells were fed twice a week with
MEM+5%C.S.. After 4 weeks foci were counted. The control column refers to uninfected
60mm plates. These represent typical examples of retroviruses that transform (v-fos) and

do not retransform (Polyoma middle T) the revertant clones.
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v-0nc v-Ha-ras Middle T v-abl v-erbB

Foci | XL L M | XL L M L M S L M S

size

Rat-1 | 29 51 47 23 10 | 0.5 | 1.7 6 6 4 16 29
(6) (6) 5) 4

T5-10 | 25 45 46 3 2 04 (03 1}071]{03] 07 1 2
“) (7 (6) (3)

T16-4 | 23 50 44 0 0.7 | 0.5 0 0 1.2 0 1.5 1
(5) (6) G 2)

Table 3. Resistance to retransformation assayed by agar growth.

60 mm petris were seeded with 5x104 cells for each cell line and infected with 1:5 and

1:10 dilutions of the appropriate virus. Four petris infected with each virus of interest at a

1:5 dilutions were trypsinized the next day and 1x105 cells from each plate were seeded

at 5x104 cells per 60mm agar plates as described in table 1. A focus forming assay in

petris was conducted in parallel with the remaining infected cell lines (for procedure refer

to legend to table 2). The size standards were set according to the range found in Rat-1

agar clones for all the viruses assayed in this table. Thus XL= extra large, L=large,

M=medium and S=small. The numbers indicated are the average number of foci (per

plate) belonging to each size category for a given cell line and retroviral infection. The

number of agar plates utilized to derive this average is indicated in parentheses.
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Retroviral Stock Reference Number

1349D5 Cvil 208mt ERB-B neofms MMTV
neub
Oncogene
v-abld v-abld PyMT2 v-erbBa v-fms neu
T3-8 R R R R R N.D.
T5-10 R R R R R R
T12-6 R R R R R N.D.
T16-4 R R R R R N.D.
T19-7 R R R R R N.D.
Rat-1 S S S S S S
Retroviral Stock Reference Number
MPSRC 1338a7 Ka3l 1333Emol FBR tpr-met?
Oncogene
v-src v-Ha-ras® | v-Ki-ras v-mos | v-gag-fos- | tpr-met
fox
T3-8 S S S S S N.D.
T5-10 S S S S S S
T12-6 S S S S S N.D.
T16-4 S S S S S N.D.
T19-7 S S S S S N.D.
Rat-1 S S S S S S

Table 4. Summary of retransformation assays of revertants by various oncogenes.

Assays were carried out as described in previous pages. S=susceptible, R=resistant,
N.D.=not determined.a=assays were done both in agar and in petris for these retrovirus
stocks. Note that for v-abl/ and v-Ha-ras assays in agar (re:Table 3) were done with other
stocks. Other oncogenes were not assayed by titration of foct in agar

b=assay carried by transfection: briefly, cells were transfected with the same calcium
phosphate precipitate and allowed to grow to confluence. Foci were counted after 4

weeks.
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Line no. Origin of Resistance to Number of | Susceptibility to
pseudotype | retransformation | Integrations | retransformation
R1510R 22 T5-10 v-abl 1 tpr-met
v-erbB
neu
R1164R 24 T16-4 v-abl 1 n.d.
R1164R 32 T16-4 v-abl 1 tpr-met
neu
R1164R 37 T16-4 v-abl 1 n.d.
R1164R 46 T16-4 v-abl 2 tpr-met
neu
R1164R 54 T16-4 v-abl 2 n.d.
T5-10 n.a. v-abl 1 tpr-met
neu
T16-4 n.a. v-abl | tpr-met
neu
Rat-1 n.a. n.a. 0 n.a.

Table 5. Resistance to retransformation is virus borne: characteristics of Rat-1 clones
infected with pseudotyped mutant v-abl.

Rat-1 cells were infected with pseudotyped retrovirus from revertant lines T5-10 and
T16-4 to obtain mutant v-abl expressing cell lines. One clone was derived from the T5-10
pseudotype infection while 5 clones were obtained from the T16-4 pseudotype infection.
These clones were assayed for resistance to transformation by several oncogenes in order
to ascertain that the resistance phenotype observed in the "parental" revertant lines was
caused by the mutated v-abl.

Line no.= Designation of clonal line

Origin of pseudotype= Origin of retroviral supernatant used to derive this line.

Resistance or susceptibility to retransformation= A focus forming assay was carried out.
Resistance was defined as ten fold or greater decrease in the number of foci (with suitable
corrections for each cell line's infectability and transfectability) with respect to controls
while susceptibility was defined as a decrease inferior to five fold. Assays were either
with retroviruses (v-abl, v-erbB) or by transfection (new, tpr-met).

Number of integrations= number of proviral v-abl genomes as revealed by Southern
Analysis.
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Transforming Retrovirus Titers
v-mos (X104 ffu) v-abl (X104 ffu)
Trial 1 Trial 2 Trial 1 Trial 2
392-1 9.8 29 34 6.0
392-3 26 8.9 3.3 4.6
392-4 27 2.6 6.2 <1
392-6 13 13.1 43 n.d.
392-12 31 n.d. 3.9 n.d.
392-19 3.1 n.d. <13 <13
392-26 23 22 4.7 n.d.
392-27 1.7 4.3 <11 <.06
RIP5-12 9.5 4 <.05 <.05
RIP5-72 1.3 nd. <.05 n.d.

Table 6. The cloned mutant abl blocks transformation: analysis of transformation
susceptibility of Rat-1 clones transfected with the mutant viral genome

Rat-1 clones expressing the mutant virus were derived by transfection with the cloned
mutant v-abl DNA, ABLMUt5-10 DNA for 392 clones or pSVABLMUt5-10 for the RIP
clones. Clonal lines were infected with oncogenic retroviruses CVIL (v-abl) and the
1333Emol (v-mos). Data from two separate trials for each oncogenic retrovirus are
presented. To control for infectability clones were infected with the N2 virus expressing
the neo resistance gene. The titer of the N2 virus was used to normalize for the
calculation of the titer. Focus forming assays were carried out as described previously
(Zarbl et al, 1987).

a= since the transfectant DNA also has a neo resistance gene relative titers were not
normalized for these two cell lines. Note the 392-1 (and 392-12) clone does not express
detectable levels of the mutant protein by Western analysis and serves as a positive
control for these assays.

b= titers preceded by < indicated that no foci were detectable at the highest concentration
of virus utilized. These values represent the lower limit of detection (corrected for
infectability) for these particular in each trial.
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In order to determine the mode of action of the mutant ab/ we undertook a molecular
dissection of the mutant protein. We also sought to determine if the mutant could
interfere with other cellular signalling processes that were not intrinsically linked to
transformation. The following chapter details the results of our preliminary attempts

aimed at identifying the mode of action of the mutant.
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CHAPTER 3 ADDENDUM TO CHAPTER 2: STUDY OF THE EFFECT
OF THE V-4BL MUTANT ON DIFFERENT CELLULAR
SIGNALING PROCESSES.
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3.1 Summary

In order to determine the mode of action of the mutant isolated in our previous
studies, we generated a series of variants of the mutant to assess the relative contribution
of each of the remaining domains in the resistance to retransformation. As a natural
extension of this work we were also interested in determining if the mutant affected
signal transduction in other well characterized signal transduction pathways such as PC12
neuronal differentiation as well as B and T cell receptor complex signaling and a
proliferative pathway in a factor dependent cell line.

The second avenue of research we undertook focused on the isolation of a putative
substrate for the abl/ mutant. We used an in vitro assay utilizing recombinant mutant ab/
protein as a an immobilized substrate for affinity chromatography (GST pull down) of
cell lysates.

In studying the variants, we found that the ab/ mutant/neo chimeric virus we
constructed for the purposes of these studies was unable to block transformation. This
inability to block transformation may reflect an inadequate expression level and suggests
that the transformation block is dosage sensitive. The results of our analyses with
signaling in other cellular context revealed that the mutant can affect PC12 neuronal

differentiation. Our observations are detailed in the following chapter.
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3.2 Materials and Methods
Cell lines

Rat-1 cells and derivatives were maintained in MEM (GibcoBRL) supplemented
with 10% calf serum (HYCLONE) and penicillin/streptomycin. PC12 cells were obtained
from the ATCC and maintained in RPMI1640 (GibcoBRL) supplemented with 10% heat-
inactivated fetal bovine serum (FBSI) and 5% horse serum (Gibco). For neomycin
resistance selection during titration, G418 (GibcoBRL) was added to a final concentration
of 400pg/mL. For puromycin selection of transfectants with the inducible abl construct
pL7/ABLMut>-10 puromycin (Sigma) was added to a final concentration of 4ug/mL.
BiKR3 and WEHI-3B cell lines were maintained as previously described (Tsubata et al.,
1993). Bacl.2F5 cells (Schwarzbaum et al., 1984; Morgan et al., 1987) were grown in
DMEM supplemented with 10% FBSI and 20% L-cell conditioned medium as a source of
CSF-1. Following infection with neomycin resistance encoding retroviruses, Bac1.2F5

were selected in complete medium supplemented with 400pg/mL G418.

T cell Receptor Signaling Assay

The assays with the BiKR3 cells were carried out in the following manner:
approximately 1X100 BiKR3 cells were incubated with 3 mL of virus (SAM 12 for the
mutant virus, and N2 for the neo control) in complete medium with polybrene at 2pg/mL
overnight. Cells were precipitated and resuspended in complete medium and plated at 103
cells per well in 96 well plates in complete medium containing 750ug/mL G418. After
complete selection, pools of G418 resistant Bi cells were tested for expression of TCR by
staining with FITC conjugated anti-TCR antibody, H57FITC, followed by FACS analysis
according to standard protocols (Kubo et al., 1989). For TCR activation, pools of G418
resistant/ TCR+ BiKR3 pools were seeded at 5X104 cells per well in a 96 well plate
precoated with the H57 antibody as previously described (Kubo et al., 1989). After an

overnight incubation at 37°C, plates were centrifuged and the supernatant was diluted
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serially in four fold dilutions in complete medium. 5X103 CTLL-2 cells, an IL-2
indicator cell line, were seeded in these dilutions and incubated for 48 hours at 370C, at
which time 10uCi of H3-Thymidine was added to each well. After a 16 hour pulse, the

pools were washed and harvested and thymidine incorporation was measured.

B Cell Receptor Signaling and PC12 Neuronal Differentiation
WEHI-3B stimulation and PCI12 cells neuronal differentiation assays were
conducted esssentially as previously described (Tsubata et al., 1993; Hempstead et al.,

1994).

Plasmids and Constructs

The constructs were made according to established protocols (Sambrook et al.,
1989). The chimeric abl mutant virus containing a SV40 promoter neo resistance cassette
was constructed in the following manner: 1) a BamHI-EcoRI fragment containing the
SV40 neo cassette of pLJ (obtained from R.J. Mulligan, ) was subcloned into PSL.1180 2)
a HindIII fragment containing the 3' Long Terminal Repeat (LTR) of pABFBJ (Jolicoeur
et al.,, 1991) was subcloned into pBR322 (pAB/FBJ-LTR3"). To construct the complete
retrovirus an Eco RI-HindIII fragment from the cloned mutant retrovirus, ABL mut5-10,
was ligated to 1) the SV40 neo cassettte excised by a BstXI-EcoRI digest via a HindIII-
BstXI linker, 2) a EcoRI-Xbal fragment from pAB/FBJ-LTR3' and 3) the pJRD184
vector digested with EcoRI-Xbal (Heuterspreute et al., 1985). This construct is referred to
as ABL mut5-10/neo_ Thjs construct serves as the basic backbone for the variants of the
abl mutant.
Construction of the myristylation variant:

The myristylation mutant was constructed by PCR directed mutagenesis: two
mutagenic primers were synthesized to create a point mutation at nucleotide position

1098 of our composite map (please refer to chapter 2, figure 8) resulting in the
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substitution of a G for a C and Gly—Ala substitution at the amino acid level. This
substitution had been demonstrated previously to abolish N-terminal myristylation and
membrane association in murine leukemia viruses (MuLVs) (Rein et al., 1986). The
primers spanning the mutation had the following sequence, the base substitution is
underlined:  5S'AAAATATGGCCCAGACTGTTAC3'  (oligo 142,sense)  and
5'TAACAGTCTGGGCCATATTTTC3' (oligo 140, antisense). Primers 139
5'GCGGACCCGTGGTGGAACS3' (position 783-800 of the composite map) and 141
5'CCGTCTCGCGGCCATCCG3' (position 1254-1237) were used for amplification.
Briefly, in the first round of synthesis, 10ng of ABL mut3-10 was amplified using primer
pairs 139-140 and 141-142 in two separate reactions. The PCR reaction was subjected to
three cycles with an annealing temperature of 500C, then further amplified for 22 cycles
at 570C. The resulting PCR products were gel purified, mixed in equimolar quantities and
amplified with primers 139 and 142 for three cycles with an annealing temperature of
550C and for a further 22 cycles at 579C. The resulting PCR product was digested with
Pstl, gel purified and ligated to PstI digested pGEM4 (Promega) to make ABL-MYR"/A.
The mutation was verified by sequencing utilizing the Sanger method as previously
described (Aziz et al., 1989). ABL-MYR/A was digested with Pstl, the Pstl fragment
was subcloned into ABL mut5-10 /K_S 5'(2.3) which was constructed by ligating a Kpnl-
Sacl fragment containing a portion of the 5' long terminal repeat (LTR) and the abl
mutant ORF from ABL mut5-10 jnto g Kpnl-Sacl digested pSL1180 vector (Pharmacia).
This construct is termed ABL-MYR/B. To obtain a myristylation variant abl/neo
chimeric virus, a Kpnl-BstEII fragment from ABL-MYR-/B was ligated to a BstEII-Kpnl
fragment from ABL mut5-10/neo containing the SV40 neo cassette and a portion of the
3'LTR and a Kpnl-Kpnl fragment from this same plasmid containing 5' and 3' LTR

sequences as well as vector.
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nstruction of the SH2 deleted variant:

The SH2 deleted variant was constructed in the following fashion: a Kpnl-Xhol
fragment from ABL Mut5-10 was cloned into the pJRD184 vector cut with Kpnl and
Xhol, this construct was named ABL mut5-10/ K-Xhol(5"). A partial Hincll digest was
performed and the fragment of interest was gel purified. This fragment was ligated to the
amber stop oligo, oligo 153 5’CTAGTCTAGACTAGS3', which inserts stop codons in all
three reading frames as well as one Xbal site at position 1813 of our composite map. A
KpnI-Xhol fragment from this construct, ABL Mut5-10/K_XhoI(5')/153, was ligated to
KpnI-Xhol and Xhol-Xhol fragments from ABL mut3-10/n€o o create the deleted SH2
variant of the ab/ mutant/neo chimera.

Construction of the gag deleted variant:

The gag deleted variant was constructed by digesting the ABL mut5-10/K .
XholI(5") construct with BstEIl and Hincll which eliminates the intervening sequence
which encodes for the gag portion of the protein. These two ends were ligated by using
the following pair of oligos SSGTTACCCCGGTC3' and S'GACCGGG?3' for an in frame
fusion. A Kpnl -Xhol fragment from this construct, ABL mut5-10/AGAG-A, was ligated
to the Kpnl-Xhol and XhoI-Xhol described in the previous paragraph to yield the deleted
gag variant of the abl mutant/neo chimera, ABL mut5-10/AGAG-B.

Construction of the inducible gbl mutant:

The inducible construct was made by digesting pL7CAT (Baim et al., 1991) with
Stul and Hpal and inserting a Smal fragment from ABL mut5-10/n€o which contains the
entire open reading frame of the abl mutant. This plasmid was designated pL7/ABL
mut3-10, The pSV2puro plasmid is a derivative of pSV2neo (Southern and Berg, 1982)
and has a puromycin resistance encoding gene under the control of the SV40 promoter
(Jolicoeur and Laganiere; unpublished results). The pHPALAP267 was described

previously (Baim et al., 1991).
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The GST fusion construct was obtained by ligating a BstEIl(blunted)-Smal
fragment from ABL mut5-10 /K_S 5'(2.3) into a Smal digested pGEX-3X to yield ABL
mut5-10/Bs-Sm. Sequence analysis revealed that a portion of the BStEIl (the GGT

portion) was deleted during the blunting reaction but the frame is not disrupted.

Transfections and Generation of Retroviral Stocks

Transfections on Rat-1 cells to produce a Rat -1 cell line expressing the inducible
abl mutant clone were carried out using lipofectin (Gibco BRL) according to the
manufacturer's recommendations. PL7/ABL mut5-10, pHBATLAP267 (5pg each) and
pSV2puro (1pg) were cotransfected into Rat-1 cells plated the previous day at a density
of 3.5X103 cells per 60mm tisue culture plate. 48 hours after transfection, cells were split
into eight 100mm tissue culture plates. 24 hours after plating, the media was changed
with normal medium containing 4pg/ml puromycin. The medium was changed every 3-4
days. 40 clones were picked and expanded. To test for expression, 90-95% confluent
duplicate plates of each clone were incubated for 10 hours in medium with or without
ImM IPTG, a concentration that had been shown to be maximal for induction in previous
experiments (Balsalobre and Jolicoeur; 1995). Cells were harvested after the 10 hour
incubation and RNA was extracted using an NP40 extraction protocol (see below).

Retroviral stocks for the variants were generated by transient transfection into
BOSC23 cells, kindly provided by Dr. Warren S. Pear, Department of Biology MIT, as
previously described (Pear et al; 1993). For the mutant abl/neo a stable transfectant was
also derived by transfecting the W2 packaging cell line with the ABLmMut5-10/neo
construct as described in the previous paragraph. V2 cells were selected in DME 5% calf
serum with 400pg/ml G418. A clone producing the desired virus, SAM12, was further
expanded. Viral supernatant from transient transfections on BOSC 23 cells for all the

viruses (including the mutant abl/neo) were used to infect the amphotropic packaging cell



135

line GP+envAm 12 (Markowitz et al., 1988) and pools of G418 selected cells from these

infections were used to generate the amphotropic stocks of viruses .

NP-40 RNA Extraction

Briefly, cells were rinsed with PBS and harvested by scraping in 1 mL of PBS and
pelleted by centrifugation in a microfuge for 30 seconds. Cell pellets were resuspended in
45uL of cold 10mM Tris pH 7.0, 10mM EDTA. Cells were lysed by addition of S5uL of
5% NP40 and incubation on ice for 5 minutes. An additional 5 pL. of NP40 was added
prior to a 2.5 minute spin in microfuge at 15 000 rpm. 50uL of the supernatant was mixed
with 30uL of 20XSSC and 20 pL of a 37%(w/v) formaldehyde solution (Fisher).
Samples were incubated at 60°C for 15 minutes prior to dot blotting onto a nylon
membrane (Hybond N, Amersham) soaked in blotting buffer, 50%H>0:30%
20XSSC:20% 37% formaldehyde. The filter was hybridized with an ab! specific probe
which was the 1.8kb Smal fragment used to construct pL7/ABL mut5-10 (see previous

paragraph).

Anti-sera, Western Blot analysis

Cell lysates were prepared and separated by SDS-PAGE on 7.5%-15% acrylamide
gradient gels as previously described (Balsalobre and Jolicoeur, 1995). Protein
concentrations of lysates were determined by microBCA assays (Pierce). The
antiphosphotyrosine antibody was obtained from UBI (#05-321) and the manufacturer's
protocol was used in western analysis. Anti-gag antisera were described previously
(Houle and Jolicoeur, 1995). The secondary antibodies were from DAKO and used

according to manufacturer's recommendations.
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Affinity Chromatography with the Abl Mutant Protein

The fusion protein produced from ABL mut5-10/Bs-Sm was prepared by Sarkosyl
extraction (Lavoie, 1995) with the following modifications: the bacteria, Y1090,
(Sambrook et al, 1989) were incubated at 250C during induction which was carried out
with 100uM IPTG for four hours. The control GST protein was produced from pGEX-3X
transformed DH5a (Sambrook et al, 1989). Glutathione agarose was used according to
the manufacturer's recommendations (Sigma). 500uL of packed slurry was incubated
with approximately 270ug of the appropriate fusion protein for 30 minutes on ice. The
slurry was washed twice in HNTG buffer ( 20 mM Hepes [pH7.5], 200mM NaCl, 0.1%
Triton X-100, 10% glycerol, 1mM sodium orthovanadate; Koch et al., 1992).
358 labelled lysates were prepared according to established protocols (Harlow and Lane,
1988) for immunoprecipitation except that the cells were lysed in PLC-LB (Koch et al.,
1992) buffer at 200mM NaCL and 0.5% DOC (Fisher). The lysates were cleared by
ultracentrifugation at 30 000 rpm for 20 minutes in a TL-100 rotor (Beckmann). The
lysates were split into two equal portions which were incubated for 90 minutes on ice
with either S0puL of packed slurry prebound to GST or GST-abl mut. After the incubation
the slurry was spun down and washed several times with HNTG with protease inhibitors
(aprotinin, leupeptin, pepstatin, TLCK, EDTA). The final pellet was resuspended in 50puL
2XSDS loading buffer and 25uL of each was loaded onto a gel and processed as
previously described (Sambrook et al., 1989). The gel was transferred to a PVDF

membrane (Millipore) and exposed.
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3.3 Results
Generation of a ABL. Mutant/NEO Chimeric Virus and Variants

In order to assess the contribution of the remaining domains to the abl mutant to
its transformation blocking activity, and potential effects in other signaling pathways, we
generated SH2 and gag deleted variants of the abl/ mutant. Furthermore, we also
generated a myristylation signal defective variant to determine if the localization of the
mutant affected its ability to block transformation. Previous studies have underscored the
importance of the myristylation signal in directing membrane association and the proper
localization of gag proteins (Rein et al; 1986). We believed that these variants could
provide some insights into the potential targets of the abl mutant. Figure 1a is a schematic
representation of the gene products produced by these variants. Stocks of chimeric
retroviruses were generated by transient transfection of BOSC 23 cells. These viral
supernatants were used to infect Rat-1 cells. Pools of neomycin resistant clones were
analysed to determine if the chimeric retroviruses allowed for expression of the expected
variant protein. Western blot analysis was conducted on cell lysates from these pools, as
shown in figure 2. The gag deleted variant was not detectable with the antibodies used
(data not shown) due to the large deletion of gag amino acids. As expected the
myristylation mutant gave rise to a gene product of identical size to that of the mutant
since the loss of the myristoyl group does not significantly affect its migration. The
deleted SH2 variant was detectable after prolonged exposure only with one of the gag
directed antiserum, a-p12, which we have observed to be more sensitive than the a-p15
(unpublished results). The myristylation defective infected pool was further analysed by
cell fractionation to determine if the amino acid substitution introduced by PCR-directed
mutagenesis resulted in a predominantly cytosolic localization as expected. For this
purpose, myristylation defective mutant and mutant ab!/ infected pools were fractionated
and the relative proportion of each species in S100 and P100 fractions compared. As

demonstrated in figure 2C the proportion of cytosol localized mutant Abl versus
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membrane associated Abl appears to be inverted in the cells infected with the
myristylation-defective variant such that the most intense signal is found in the S100 or
cytosolic fraction. The amount of protein loaded in each lane was rigorously controlled.

This result confirms that this mutation affects the cellular localization of the mutant Abl.

The Ability of the Mutant Abl to Block Transformation Is Dosage-Sensitive

We proceeded to determine if these chimeric and variant retroviruses could block
transformation. Our assays are summarized in table 1. Foci appearing in duplicate plates
were counted and the average number is indicated in the appropriate box. Note that in
previous experiments expression of the abl mutant in a different construct had been
shown to suppress dramatically transformation by v-erbB and Polyoma middle T while
having little or no effect on v-Ha-ras mediated transformation. The pool of cells infected
with the mutant abl/neo chimeric retroviruses does not resist to retransformation by v-abl
and Polyoma middle T (chapter 2). A preliminary Western analysis of this pool of cells,
shown in figure 3, reveals that the quantity of mutant Abl present in this pool is inferior
to that of the revertant cell line 5-10 from which the mutant v-ab! was originally cloned
(refer to chapter 2). This analysis was repeated and similar results were obtained. These
results suggest that the ability of mutant Abl to block transformation is dosage sensitive
which is supported by other observations with cells transfected with the cloned mutant
virus (chapter 2). The extra bands that appear in the mutant infected pools are proteolytic
cleavage products of gag precursor proteins of a replication competent helper virus which
arose spontaneously in our ¥2 packaging cell line (SAM12). The presence of this helper
virus should not affect the ability of the mutant Abl to block transformation: cell lines
derived from infection with rescued v-ab/ mutant virus (chapter 2) display an identical
pattern of resistance to retransformation as the revertant cell lines from which this virus

was derived even though they contain helper virus.
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As an alternative approach, we placed the abl mutant ORF under the control of an
IPTG inducible promoter. Rat-1 cells were transfected with the pL7/ABLmut>-10
construct as well as a selectable marker and a construct expressing constitutively the
LAP267 IPTG-inducible activator protein. After selection clones were analysed for
inducible expression of the transfected gene. Ten clones were found to have the desired
expression profiles at the mRNA level (data not shown). All were subjected to Western
analysis but none displayed comparable levels of Abl mutant expression (data not shown)
at concentrations of IPTG previously shown to induce maximal expression (Balsalobre
and Jolicoeur, 1995). As expected, even the highest expressor fails to block
transformation (data not shown). We proceeded to study the effect of the mutant Abl in
other cellular contexts with these chimeric viruses even though these constructs do not

afford sufficient levels of mutant protein to block transformation.

fi f The M i h Factor, B T r Com ignali

In an effort to identify the substrates of the mutant abl/ protein, we studied the
effect of the mutant's expression on other cellular processes with well-defined signaling
pathways. Our initial findings that the mutant could block transformation by activated
receptor tyrosine kinases prompted us to determine its effect on signaling through
receptor tyrosine kinases involved in the survival and differentiation of established cell
lines. Thus we looked at the effect of the expression of the mutant Abl in 1) Bacl.2F5
cells, which require the addition of CSF-1 and concomitant activation of the c-fins
receptor tyrosine kinase in order to proliferate, 2) PC12 cells, which survive serum
starvation and differentiate into neurons in the presence of Nerve Growth Factor (NGF).
NGF signaling occurs through the frk4 protooncogene, a member of the receptor tyrosine

kinase family (Barbacid; 1995 ).
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We also investigated the effects of the mutant Abl on signaling through the B-cell
receptor and T-cell receptor complexes by antibody induced crosslinking in WEHI-3B
cells and Bi cells respectively. Our experiments with the mutant abl/neo chimeric virus
demonstrated virtually no effect on three of the assay systems evaluated.

Firstly, we reasoned that if the mutant blocked cell signaling through the c-fins
receptor tyrosine kinase, the CSF-1 dependent Bacl.2F5 cell line should not be able to
tolerate the expression of the mutant Abl. To assay this possibility, we infected Rat-1
cells and Bac1.2F5 cells with the mutant abl/neo chimeric retrovirus (8694Aam12) and a
neomycin resistance encoding retrovirus, N2. If the mutant v-abl causes cell growth arrest
or death, we would expect that the number of neo® clones in Bacl.F5 cells infected with
the chimera to be smaller than in a comparable infection of Rat-1 cells where the mutant
Abl has little or no effect on cell growth. The infection with the N2 virus serves as
indicator of the relative infectability of these cell lines. After selection with G418, the
number of neo resistant (neof) colonies in both the Rat-1 and Bacl.F5 infected cells were
counted. The results are summarized in table 2. There is very little difference in the
relative titer of these retroviruses in Bacl.2F5 versus Rat-1 cells, indicating that the
chimera has little or no apparent effect on signaling through the c-fins pathway. It Vis also
possible that the level of protein afforded by the neo chimera is not sufficient to
efficiently block this pathway.

Secondly, the B-cell receptor complex signaling pathway was assayed by
crosslinking surface IgM with anti-IgM antibodies, and measuring the level of radioactive
thymidine uptake. Under these conditions WEHI-3B cells undergo apoptosis with
increasing amounts of crosslinking and thus have reduced thymidine uptake. Pools of
mutant abl/neo infected cells and control N2 infected cells were subjected to this analysis.
As evidenced in figure 4a, there is no marked decrease or enhancement of the response to

the anti-IgM antibody. A similar trial with increasing amounts of antibody also fails to
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uncover a potentiating or inhibiting effect (figure 4b). Thus, the mutant Abl does not
appear to affect this pathway.

Thirdly, in the T-cell receptor signaling assay, Bi cells are treated with anti TCR
antibody to stimulate IL-2 production. The supernatant from these cells is used to feed an
IL-2 dependent cell line which is pulsed with ftritiated thymidine. The level of
incorporation of tritiated thymidine reflects the level of IL-2 production in Bi cells, thus
the stimulation along this pathway. Two independent pools of neo chimera infected cells
and a number of N2 derived pools were derived. The cells were tested for their level of
surface TCR expression. Pools with the proper level of expression were treated with anti
TCR and the supernatant was harvested. Two separate pools of the mutant abl/neo
infected cells gave opposite responses: in one of these pools IL-2 production was
dramatically decreased while in the other there was little or no effect on IL-2 production
(data not shown).

The infection of PC12 cells yielded surprising results. In deriving neo resistant
clones from PC12 we noticed that we obtained far fewer clones than in an identical
infection with an N2 viral stock of similar titer. If we compare (table 3) the apparent titer
of the SAM12 (mutant abl/neo) and the N2 viruses on PC12 to that obtained on Rat-1
cells, we observe a 10 fold lower ratio with the SAM12 virus. Thus it appears that a
significant percentage of SAM12 infected PC12 fail to form colonies. Furthermore, under
microscopic examination the clones appear darker and flatter than the parental cell line or
the N2 clones. Other groups have suggested that this altered morphology represents an
early response to NGF differentiation signals (Stephens et al, 1994) Clones were
expanded and their ability to undergo neuronal differentiation was examined. The less
refringent morphology of the SAMI2 clones appeared to suggest an increased
susceptibility to the differentiative process. Thus the ability of these cells (and control N2
infected cells) to undergo differentiation was measured over a wide range of NGF

concentrations in low serum conditions. It appears that the SAM 12 expressing clones can
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undergo a substantial amount of neuronal differentiation at NGF concentrations of
5ng/mL which is ten fold lower than the usual concentration required for normal PC12
cells or N2 infected cells (figure 5). Furthermore, the mutant expressing cells often
display sprouting of numerous small axons (data not shown). Thus, this suggests that the
expression of the mutant protein facilitates neuronal outgrowth and possibly

differentiation.

The Search for Effectors of the v-abl Mutant's Action: Detection of a Putative
60 kDa Candidate.

A recombinant GST-mutant ab! fusion protein coupled to glutathione agarose was
used to precipitate proteins which interacted with the mutant protein. We incubated 35s-
methionine labelled lysates from 1) Rat-1 cells or 2) Rat-1 cells harbouring the mutant (5-
10) or 3) Rat-1 cells harbouring the wild type v-abl (AblA) with GST-mutant ab! fusion
protein absorbed to glutathione agarose. In a control experiment the lysates were
incubated with GST protein absorbed to glutathione agarose. The data is presented in
figure 6A. We observed specific 35S labeled bands only in the lysates from cell lines 5-
10 and AbIA precipitated with the GST-mutant abl fusion protein. This suggests that
either the presence of an ab/ protein in the cells affects the availability of these interacting
proteins after lysis, or that in these lysates, specific complexes are formed and the
recombinant abl displaces the mutant and wild type v-abl in these structures.
Alternatively, the smaller species may represent degradation products of the larger
protein of 60kDa, even though protease inhibitors were used throughout experimentation.
Interestingly, when we blot for the presence of phosphotyrosine in these precipitates
(figure 6B) we do not detect these specific bands in the lysate from a cell containing the
mutant. After prolonged exposure only faint bands appear which do not comigrate with
the 35S labelled proteins. Furthermore, this faint reactivity is also seen in the Rat-1 lysate

precipitated with GST-mutant abl. In contrast, in the lysate from v-abl transformed cell
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precipitated with the GST-mutant abl, we observe three predominant bands. The most
intense signal is seen for a protein migrating at approximately 60 kDa where one the 35S
labelled substrate was detected. Thus, this putative substrate reacts with the
antiphosphotyrosine antisera. The other bands in the v-abl lane may reflect the presence
of transformation specific substrates or spurious binding to the recombinant GST-mutant
abl due to the generalized increase in phosphotyrosine in the v-abl transformed cells.
These results suggest that the mutant protein can interact with these putative signal
transducers in a phosphotyrosine independent manner and that the 60kDa substrate is

usually phosphorylated on tyrosine in v-ab/ transformed cells.
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3.4 Discussion

Although the initial aims of these experiments were not achieved, these studies
suggest that the dosage of the mutant protein is critical for its transformation suppression
activity. Our inability to observe a measurable effect in other cell signaling contexts may
also be the result of insufficient expression. The determination of the contribution of each
of the remaining domains to the mutant protein’s suppression activity must await the
development of expression constructs with reproducibly higher levels of expression.

However, our results suggest that the mutant Abl levels afforded by the neo
chimeric virus is sufficient to affect neuronal differentiation in the PC12 cell line. It is
tempting to speculate that the observed phenotype in PC12 cells requires a lower
threshold of expression. It is also noteworthy that the estimated number of trk4 molecules
in PC12 is low, some estimates suggesting that only 10000 molecules are present per cell
(Hempstead et al., 1994). This may also explain the dramatic effects of the mutant Abl on
PC12 growth. NGF stimulation in low serum conditions rescues PC12 cells from
apoptosis (Batistatou et al., 1993). The effect of the mutant appears to be increased
neuronal outgrowth in low NGF concentrations which would appear to reflect decreased
apoptosis. In contrast, in high serum conditions the decreased titer of neo! clones
observed following infection with the mutant expressing virus would appear to suggest
decreased proliferation. The darker and flatter morphology of the few clones obtained
also suggest a predifferentiative state (Stephens et al., 1994). These results lead us to
speculate that the mutant stimulates differentiation. Interestingly, our observations
parallel those reported by an other group (Hempstead et al., 1994) who studied the effect
of v-crk expression on PC12 cells. PC12 cells expressing v-crk displayed a slight
flattening of the cell body as well as increased sensitivity to NGF induced neurite
outgrowth. The v-crk oncogene resembles the ab/ mutant in that it is composed of a gag
moiety as well as an SH2 domain although it also contains an SH3 domain (Reichman et

al., 1992). The authors suggest that the v-crk gene product may interact directly with the
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trkA receptor and potentiate signaling through this pathway. Furthermore, the
overexpression of v-crk in PC12 cells renders them capable of differentiation upon
stimulation with EGF which usually elicits a proliferative response in PC12 cells. Our
preliminary experiments suggest that the expression of the Abl mutant does not affect the
proliferative response to EGF nor does it give rise to EGF-dependent differentiation (data
not shown). It is not clear if the same pathways are involved in fibroblast-transformation
and PC12 differentiation, nonetheless previous studies with ras and dominant negative
forms of ras as well as v-src and MAPKK (Bar-Sagi and Feramisco; 1985; Noda et al;
1985; Szeberenyi et al; 1990; Alema et al; 1985; Cowley et al; 1994) have suggested that
similar pathways are involved. Thus, the substrate(s) of the mutant Abl could potentially
play a role in two opposing phenomena i.e. differentiation and transformation. Our in
vitro experiments have provided us with some clues as to the possible nature of this
substrate and the potential mode of action of the mutant in blocking transformation.

Our ability to precipitate specifically three metabolically labelled proteins from
cells expressing the mutant and wild type v-abl proteins suggest the existence of a
multicomponent complex in these lines. Furthermore, the binding of substrates to the
mutant may not require phosphotyrosine as demonstrated by the lack of immunoreactivity
of the complexed proteins with the phosphotyrosine specific antibodies. The increased
level of phosphorylation on the 60kDa subunit of this putative complex in extracts from
cells infected with the wild type v-abl might reflect increased phosphorylation following
recruitment into this complex. Thus, it is tempting to speculate that in cells harbouring
the mutant this substrate is sequestered and not adequately modified (tyrosine
phosphorylation) thus preventing signal transduction through an oncogenic pathway. Our
analysis will eventually extend to cells with the variants of the mutant to determine if the
presence of this complex correlates with the resistance phenotype and also to determine
which domain of the mutant is critical for complex formation. Other groups have

observed phosphotyrosine independent binding of proteins to the Abl SH2 domain
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although this interaction is believed to be much weaker (Pendergast et al., 1991; Muller et
al., 1992). The lack of a requirement for tyrosine phosphorylation also suggests that a
genetic system such as the two hybrid system (Phizicky and Fields, 1995) may be

amenable to identifying substrates for the mutant.
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C 3.6 Figures and Tables

Figure 1. Schematic representation of the mutant Abl and its variants.

The gene products encoded by the mutant and the variants are presented to scale except
for the myristyl group (myr-) present on all proteins save for the myristylation-defective
variant. Note that the mutant encodes a largely truncated form of the p16OV'abl. The gag
encoded amino acids present in the mutant (and wild type v-abl) are comprised of the
entire p15(MA), p12 and 20-21 aminoacids of p30(CA) gag from the Moloney Murine
Leukemia virus (MoMuLV gag). The SH2 domain is approximately 100 amino acids
long. It is absent in the SH2 deleted variant due to premature termination of the ORF.
Finally gag deleted variant lacks some 200 amino acids of the gag due to an in frame

deletion.
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Figure 2. The mutant abl/neo chimeric virus, the myristylation-lacking variant and SH2
deleted variant express the expected gene products.

Extracts were prepared from pools of neo resistant Rat-1 clones from infections with the
mutant, myristylation minus, SH2 deleted viruses as well as N2 virus (neomycin
resistance encoding) as a negative control. Approximately 50 pg of total protein from
pools of mutant abl/neo chimera infected Rat-1 cells (lane 1 panels A,B); myristylation
defective variant infected Rat-1 (lane 3, panels A,B); SH2 deleted variant infected Rat-1
cells (lane 2, panels A,B) and N2 infected Rat-1 cells (lane 4, panels A,B) were loaded
onto a gel and transferred for Western blot analysis.. Panels A and B represent the result
of Western blot analysis with anti-pl2 and anti-pl5 antisera, respectively. Molecular

weight markers are indicated in the middle.

Figure 2 C. The myristylation-defective variant does not associate with membranes.

S-100(cytosolic) and P-100(particulate) fractions were prepared from pools of G418
resistant Rat-1 clones from infections with the mutant and the myristylation-defective
variant. Fractions from uninfected Rat-1 cells were also prepared and a total protein
lysate from a Rat-1 clone infected with rescued mutant R1164R37 (chapter 2) was used
as a positive control. Approximately 50 pg of each of these fractions were loaded onto a
gel in the following order: lanel, total lysate from R1164R37; lane 2, 3: P-100 and S-100
fractions from Rat-1 uninfected; lanes 4, 5: P-100 and S-100 fractions from mutant
infected Rat-1 pool; lanes 6, 7: P-100 and S-100 fractions from myristylation-defective

infected Rat-1 pool.
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Figure 3. The mutant abl/neo chimeric virus produces less Abl mutant protein.

Protein extracts were prepared from a pool of SAM 12 (mutant abl/neo) infected Rat-1
cells, the D2 pool. These extracts were used in a comparative Western blot analysis with
the anti-p12 antiserum. Decreasing amounts of protein extracts from a revertant line 16-4
(chabter 1), resistant to retransformation and expressing the original mutant ab/ from
which the chimera was derived, and the D2 pool were loaded in each lane. In panel A,
lanes 1, 3, 6 contained respectively 50, 10 and 5 pg of total protein from cell line D2 (see
table 1); lanes 2, 5, 7 contained respectively 10, 5 and 1 pg of total protein from cell line
16-4 . Lane 4 contained 10 pg of total protein from Rat-1 cells as a negative control. In
panel B, This analysis was repeated. the lane designations are as follows: lanes 2, 3, 6, 8
contained 50, 25, 12.5 and 10 pg of total protein from cell line D2; lanes 1, 4, 5, 7
contained 50, 25, 12.5 and 10 pg of total protein from the revertant line 16-4.

For both panels, the molecular weights standards are indicated to the left of the gel and

the position of the mutant Abl is indicated by an arrow.
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Figure 4. The mutant ab/ does not affect B-cell receptor signaling in WEHI-3B cells.

Pools of G418 resistant WEHI-3B cells from infections with 1) the mutant abl/neo virus,
designated as Wehi/PS12, and 2) the N2 designated as Wehi/N2. Uninfected and
unselected cells were added as a control (Wehi). In panel A, the concentration of antibody
in the +gam assay was 10pg/mL (white colums). In panel B on the following page,
increasing amounts of antiserum were used and are indicated in the legend (0-10pg/mL).
Tritiated thymidine uptake values represent the average of triplicates for each set. Error

bars represent the standard error of the mean.
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Figure 5. The mutant ab/ affects neuronal differentiation in PC12 cells.

Cell lines were derived by infection with the SAMI12 (mutant abl/neo) and N2
retroviruses. A neuronal differentiation assay was carried out as previously described
(Hempstead et al., 1994) at a concentration of 5ng/mL of NGF. Panels a, b, ¢ are
representative fields of neuronal outgrowths from three different N2 infected clones,
Y2N2-1, -6, -7 respectively, after a week long induction. Panels d, e, f are representative
fields from SAM12 infected PC12 cell lines, 1752 NB-12, -13, -19 respectively, under

the same induction conditions. Magnification 100X.
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Figure 6A. Substrates of the mutant ab/ protein.

Briefly, 35S-methionine labeled lysates (in PLC-LB) from Rat-1 cells (lanesl, 2), the
revertant line T5-10 (lanes 3, 4) and the v-abl-transformed Rat-1 cell line, AblA (lanes 5,
6) were incubated with either recombinant GST bound to GSH-agarose (lanes 1, 3, 5) or
GST-rabl mutant (lanes 2,4,6) for 1 hour on ice. After 3-5 washes in HNTG buffer the
GSH- agarose was pelleted and SDS loading buffer was added. The samples were run on
a 7.5-15% gradient SDS PAGE . The gel was blotted onto PVDF and exposed to film.
Molecular weight markers are indicated in the middle of this figure.

Predominant bands that do not appear in the Rat-1 control have apparent molecular

weights of 15, 45, and 60 kDa.

Figure 6B. Interaction of the mutant v-ab/ and with its putative substrates does not
require phosphotyrosine.

The membrane from panel A was subjected to Western blot analysis with a monoclonal
mouse antibody to phosphotyrosine (UBI #05-321) and the secondary antibody was a
horseradish peroxidase conjugated antimouse immunoglobulin antibody. Some very light
bands are detected in the Rat-1 and T5-10 lysates precipitated with the recombinant ab/
protein and these bands comigrate. Additional bands are seen in the AblA sample
precipitated with the GST-rab/ mutant, one of which appears to comigrate with the 60kDa

358-1abelled substrate.
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Tables
A)Ras focus forming assay
Sample Control 1:10 1:100
Rat-1 0 47 3.5
D2 0 65 8
B) MiddleT focus forming assay
Sample Control 1:10 1:100 1:1000
Rat-1 0 40 5.5 0.5
D2 0 42 4 0.5
C) ErbB focus forming assay
Sample Control 1:10 1:100 1:1000
Rat-1 0 tmce 31 2
D2 0 tmc 40 6

Table 1. Expression of the mutant abl/neo chimeric virus fails to block transformation.
Rat-1 cells infected with the SAM12 virus were selected with G418 and the resulting

clones were pooled and expanded to form the D2 pool. The D2 pool and control Rat-1
cells were infecting with transforming retroviruses harbouring the following oncogenes:
v-Ha-ras, v-erbB and polyoma middle T, according to previously published protocols.
The designation in the first row of every table indicates the dilution of the transforming
virus used during infection. The control column indicates the number of foci present
following mock infection and thus corresponds to the spontaneous occurence of foci. The
infectability of each line was tested by infection with a puromycin resistance encoding
retrovirus and subsequent selection in puromycin.

tmc= too many to count, the foci are too tightly clustered to permit proper enumeration.
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Virus Stock Titer on Rat-11 Titer on Ratio
Bacl.2F51 tit. Bac1.2F5/tit.
Rat-1
AmphoN2 2.9X105 7.5X104 0.26
8694A am12P2 900 600 0.67
8694A am12P3 1000 360 0.36

Table 2. The mutant abl/neo chimeric virus does not affect the growth of Bac1.2F5 cells.

Bacl.2 F5 and Rat-1 cells were infected with an amphotropic stock of the N2 virus
encoding a neomycin resistance gene and viral supernatant from two separate (G418

selected) pools of GP+envAm 12 cells infected with mutant abl/neo chimeric virus from a

transient transfection on BOSC23 cells (please refer to Materials and Methods).

1 After selection in complete medium containing G418, neomycin resistant colonies were

visualized by staining with methylene blue and the titer, neo! colonies forming units/mL

virus, determined.
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Virus Stock Titer on Rat-1 Titer on PC12 Ratio
tit. PC12/tit. Rat-1

WIN2 2.5 X105 1.5 X103 0.006

SAM12 2.1 X103 1.3 X102 0.0006

Table 3. The mutant abl virus affects the growth of PC12 cells,

Rat-1 cells and PC12 cells were infected with the mutant abl/neo chimeric virus from the
stable transfectant SAM12 and a W2 stock of the N2 virus. After selection with G418,
titers were determined as described in Table 2 except that the plates were not stained with

methylene blue to visualize the colonies. Thus, the titers represent the number of neof

colonies/mL of retrovirus.
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We were interested in identifying components of the ras transformation pathway in an
epithelial cell context. In order to achieve this goal, we employed a similar strategy to

that detailed in chapter 2. Thus, we attempted to isolate revertants from v-Ha-ras

transformed Mink cells.
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CHAPTER 4 THE ISOLATION OF REVERTANTS OF TRANSFORMATION
FROM V-HA-RAS TRANSFORMED MINK CELLS.



162

4.1 Summary

In order to understand the mechanism by which v-Ha-ras transforms epithelial
cell lines in vitro we have devised a technique to isolate revertants of transformation from
v-Ha-ras transformed Mink cells. We successfully isolated one revertant cell line. The
expression of the mdr gene in the parental cell line is significantly lower than in the
parental transformed cell line. Furthermore, the revertant line no longer harbors the
amplification of the mdr locus of the transformed parent. In order to assess the
contribution of mdr expression to v-Ha-ras transformation, we utilized two distinct
approaches: 1) we overexpressed the murine mdrlb gene to determine if it can act as an
oncogene in this cellular context and 2) we overexpressed an antisense cDNA to block
expression of endogenous mdr in transformed cells. Our results do not support a role for

mdr expression in ras-mediated transformation.
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4.2 Introduction

Studies have implicated activated ras alleles in 30 % of all human tumours (Bos
et al., 1989). Our laboratory has been interested in studying the mechanism by which the
activated ras mediates the oncogenic process in an epithelial cell line. We have favored a
genetic approach which centers around the isolation and characterization of revertants of
v-Ha-ras transformed mink epithelial cells.

Previous studies have reported the differential retention of a supravital dye,
rhodamine 123 (rho 123), in transformed versus non-transformed mink cells (Johnson et
al., 1982; Haynes and Downing, 1988; Kato and Sherr, 1991). We used this property to
select for revertants in a mutagenized population of v-Ha-ras transformed Mink cells. In
the present study, we report the isolation of one revertant cell line, from v-Ha-ras
transformed mink cells, using an isolation technique which relies on differential rho 123
retention and fluorescence activated cell sorting technology. These revertant cells have
the desired growth characteristics of non-transformed cells. Through the course of our
studies we determined that the transformed parental line contained an amplified mdr
locus even though the cells had not been selected for resistance to chemotherapeutic
agents. Interestingly, the revertant line isolated by this method demonstrated reduced
amplification of the mdr locus as well as reduced expression and multidrug resistance
(MDR) activity. Other groups have suggested that regulation of mdr expression may play
a contributive role to malignant transformation (Weinstein et al., 1991;Chin et al., 1992;
Lonn et al.,1992). These reports coupled with our own observations prompted us to
determine if mdr plays an important role in v-Ha-ras mediated transformation. We show
that murine mdrlb overexpression is not sufficient to transform cells and that inhibiting

MDR does not prevent v-Ha-ras transformation.
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4.3 Materials and Methods

Cell Lines, transfections , infections, growth in agar and somatic hybrids

Mink cells and derivatives were routinely passaged in DMEM (GibcoBRL)
supplemented with 5% calf serum (Hyclone) and penicillin/streptomycin. The
transformed cell line 1532N was passaged in medium containing 15-20% calf serum. The
traﬁsformed cell line was derived from the infection of normal mink cells with rescued
pp7(v-Ha-ras) retrovirus which was obtained from the infection of a Rat-1 cell line,
transfected with the pp7 plasmid, with an amphotropic replication competent helper virus
(Zarbl et al., 1987). These cells as well as the revertant cell line produce amphotropic
helper and pp7 amphotropic pseudotype constitutively.

Assays for growth in agar and the derivation of cell lines carrying each selectable
marker for the somatic hybrids were done essentially as described previously except that
fusions were passaged into eight 100mm plates for selection and that individual clones
from every fusion were picked and expanded before plating in agar at 2X104 cells per 35
mm plate (Zarbl et al., 1987).

Rhodamine 123 staining, FACs analysis and isolation of revertants

Typically, 1 X 103 cells were plated 24 hours before treatment into 60 mm plates.
Cells were stained for 30-45 minutes in complete medium containing 10pug/mL
Rhodamine 123 (Sigma) and incubated at 37C. Cells were washed in PBS twice and then
incubated at 37C for approximately four hours. The medium was changed every hour
during this time. Cells were then trypsinized, pelleted and resuspended in 1 mL of PBS or
medium and filtered through a nylon mesh (70 um) to separate clumps. Cells were put on
ice and analyzed for cell size and fluorescence. The analysis was carried out on a
FacSTAR (Becton Dickinson) as previously described (Zarbl et al.,1987). Cell size was

determined by forward angle light scatter.
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For the isolation of revertants, 1X106 1532N cells were plated per 100 mm plate
24 hours prior to treatment with ethyl methyl sulfonate (EMS). Cells were incubated with
EMS for a period of 22 hours at a concentration of 5.5mM EMS in complete medium.
After this time cells were thoroughly rinsed and allowed to recover for a week. Cells were

processed for tho123 staining as described in the previous paragraph.

Vincristine Resistance

1X105 mink or v-Ha-ras transformed (1532N) cells were seeded in 15 plates for
each cell line. The next day cells were fed fresh medium containing varying
concentrations of vincristine (0-50ng/mL). After 7 days the cells were trypsinized and
counted with a hemocytometer. In the clonogenic assay 1X104 cells were seeded per
60mm plate in triplicate for each concentration of vincristine. The next day the cells were
fed fresh medium with the various concentrations of vincristine. The cells were then
incubated for 10 days. The medium was not replaced during this time. The number of
clones was determined by staining the cells with methylene blue (Sigma) and counting

the darkly staining clones.

Viral Stocks

Viral stocks of the sense and antisense expressing retroviral vectors were
generated by transfection of the appropriate construct into BOSC 23 cell lines according
to established protocols (Pear et al., 1993). The retroviral supernatant obtained in this
fashion was used to infect AM12G+env (Markowitz et al., 1988), an amphotropic
packaging cell line, and the cells were subjected to puromycin selection at 2pug/mL
puromycin (Sigma). Retroviral supernatant from a pool of infected clones and used to
infect Mink cells chronically infected with a replication competent xenotropic virus.
Puromycin resistant clones were selected and clones producing the highest titer (tested by

titration with puromycin selection) were expanded and the supernatant from these clones
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was used to infect Mink and 1532N cells according to previously described protocols
(Zarbl et al., 1987). For selection 1532N cells were subjected to selection at 10pg/mL
puromycin while the Mink cells were selected at 2ug/mL. The v-Ha-ras retrovirus was

harvested from 1532N.

Plasmids and Constructs

The complete murine mouse mdrlb cDNA was excised by an EcoRI digest of
pMT2K, graciously provided by Dr. Philippe Gros (Gros et al., 1986a,b) and cloned into
the pPBABEpuro vector (Morgenstern and Land, 1990) in both orientations. This fragment

was also used as a probe for Southern and Northern analyses (see below).

Southern and Northern Blot Analysis

High molecular weight DNA was prepared by phenol extraction and ethanol
precipitation (Jiang et al,, 1994). DNA was digested with restriction endonucleases
following the manufacturers recommendations (Pharmacia EcoRI). DNA fragments were
separated on 1% agarose gels and transferred onto Nylon membranes (Amersham) as
previously described (Sambrook et al., 1989).

Total RNA was extracted from cell lines by the Method of Chomczynski and
Sacchi (Chomczynski and Sacchi, 1987). Total RNA was separated on 1% Agarose-
formaldehyde gel and transfered to Nylon membranes (Amersham). Hybridization
procedure was as previously described (Jiang et al., 1994). The complete murine mdri1b
cDNA (see above) was used as a probe. The actin probe was described elsewhere
(Tremblay et al., 1992). The ras probe was obtained from Dr. Helmut Zarbl, Fred
Hutchison Cancer Center, Seattle, WA, USA.
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4.4 Results
Mink cells and v-Ha-ras transformed mink cells differ in their pattern of Rhodamine 123
retention.

Previous studies had shown that established epithelial cell lines accumulate
rhodamine 123 (rho 123), a supravital dye, at remarkably high levels. Our lab and others
have shown that oncogene transformed mink cells display decreased rho 123 retention
(Johnson et al., 1982; Haynes and Downing, 1988; Kato and Sherr, 1991). As evidenced
in Figure 1, the difference in rho 123 retention between non-tranformed mink and v-Ha-
ras transformed mink cells (1532N) can span three orders of magnitude. The v-Ha-ras
transformed mink cells, 1532N cells, retain very little rho 123 as illustrated by a very low
fluorescence intensity. Interestingly, the decreased rho 123 retention in v-Ha-ras
transformed cells correlates with an increased resistance to vincristine (Fig.2), a cytotoxic
agent that is part of the MDR spectrum (Gottesman and Pastan, 1993). The 1532N cells
are practically unsusceptible to vincristine's toxic effects even at levels (50ng/mL) that
significantly exceed the lethal dosage for mink cells (10ng/mL). Note that the increased
cell numbers (greater than 100%) at lower concentrations can be accounted for by the
tendency of 1532N cells to detach at high cell density. Consequently the quick wash step
preceeding trypsinization may have resulted in the loss of some cells and an
underestimation of the number of cells in the control. Resistance to vincristine as well as
rtho 123 clearance in mammalian cells has been shown to be conferred by the P-
glycoprotein encoded by the multidrug resistance gene (mdr) (Chaudhary and Roninson,
1991; Weaver et al., 1991; Neyfakh, 1988).

To determine if the vincristine resistance and the low rho 123 retention seen in v-
Ha-ras transformed cells were caused by an increase in mdr gene expression, the MDR
RNA levels were measured in these cells by Northern blot analysis (Fig.3). The v-Ha-ras
transformed mink cells (1532N) showed a very significant increase in mdr RNA levels

compared with non-transformed mink cells, probably sufficient to account for the
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increased resistance to vincristine in these cells. The increased mdr RNA levels could
result from the activation of mdr transcription, as has been reported by other groups (Chin
et al., 1992). In addition, amplification of the mdr gene itself has been reported frequently
in cells selected for resistance to drugs from the MDR spectrum. Although gene
amplification does not always lead to overexpression of mdr, we decided to determine if
the mdr locus was amplified in the transformed cells. By Southern analysis, we detected
amplification of the mdr locus in the v-Ha-ras transformed clone, 1532N. (Fig. 4). This
transformed clone was never subjected to selection with cytotoxic drugs but was
subcloned several times to obtain a highly transformed clone. It should be noted that we
did not observe DNA amplification of the mdr locus in a number of other v-Ha-ras mink
cell lines (data not shown). Thus, this is not a hallmark of this transformation process.
However, all lines v-Ha-ras transformed lines display significantly higher levels of
vincristine resistance than the normal cell lines and little or no retention of rho 123. Thus,
these results clearly show that v-Ha-ras transformation induced a marked increase in the
mdr gene expression leading to an active efflux of rho 123 and vincristine out of these

cells.

Isolation of revertants from v-Ha-ras transformed mink cells, 1532N,

We hypothesized that the putative revertants of v-Ha-ras transformed mink cells
(1532N) would exhibit a rho 123 retention pattern similar to that of Mink celis. To
increase the frequency of reversion of 1532N cells, they were treated with ethyl methyl
sulfonate (EMS) and allowed to recover before sorting on the FACStar. We gated the
mutagenized population in order to recover cells that displayed high rho 123 retention, a
pattern similar to the non-transformed mink cells (Fig.5.). The six mutagenized plates
contained a total of 7.2X100 cells. Approximately, 2.5X100 cells were analyzed and
1.2X103 cells were found to have the desired retention spectra. Cells were plated at

2X103 cells per 100mm plate in order to recover isolated clones. The v-Ha-ras
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transformed mink cells have a refringent morphology in culture and tend to form
disorganized arrays of cells. Therefore, as a second criteria for selecting putative
revertants, clones that were less refringent and more organized were picked. One putative
revertant, KS1-4, was further characterized. Our initial analysis revealed that this clone
still contained transformed cells: the pattern of rho 123 retention clearly showed two very
distinct and distant peaks in fluorescence intensity (data not shown). Furthermore, a
vincristine kill curve of this line was biphasic (data not shown). For these reasons we
recloned these cells by low density plating followed by rho 123 coloration and selection
of cells with high fluorescence. Revertant line KS1-40 was obtained by this method and
constituted a single uniform population of cells as judged by rho 123 retention and FACS

analysis. This cell line was further characterized.

KS1-40 displays some growth characteristics of non-transformed Mink cell

We analyzed KS1-40 revertant cells for anchorage independent growth and
tumorigenecity in vivo. As summarized in Table 1, these cells do not form colonies in
agar (figure 6). However, filtered supernatants of KS1-40 contained focus forming
retroviruses at a lower titer than the transformed parent. Thus the v-Ha-ras retrovirus is
intact (further proof is provided in following paragraphs) We were unable to assay
tumorigenecity in vivo since both the revertant and transformed line shed a large quantity
of transforming retrovirus which effectively transforms cells surrounding the injection
site thus giving rise to mouse borne tumors. Nonetheless, KS1-40 has lost the ability to

grow in soft agar thus, by this criterion has reverted to a non-transformed phenotype.

The KS1-40 revertant clone arose from the parental transformed 1532N cells but differs
in its expression of mdr.
In order to verify that KS1-40 cells arose from the parental transformed 1532N

cells, we performed Southern analysis and looked for common bands of proviral
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integration using a ras specific probe. As demonstrated in Figure 7, KS1-40 DNA had
the same proviral integration sites as 1532N, indicating that this clone originated from the
transformed parental line and not from contaminating non-transformed cells. As
expected, the KS1-40 cells display a tho 123 fluorescence spectrum similar to that of
Mink cells (Fig. 8). In addition, the MDR RNA levels were dramatically decreased in
these revertant cells, as compared to the parental transformed cells (Fig. 9A), while the v-
Ha-ras transcript was still expressed at a comparable level to that of the transformed
1532N line (Fig. 9B). Interestingly, the KS1-40 has also lost the DNA amplification of
the mdr locus (Fig. 10) initially present in the transformed cell line.

Together these results indicate that KS1-40 cells displays characteristics of non-

transformed cells despite the expression of an active v-Ha-ras oncogene.

Overexpression of mdr does not transform Mink cells.

The reversion process occured concomitantly with a loss of the mdr gene
expression suggesting that the two events may be functionally related. Thus, we decided
to investigate the potential contribution of mdr expression to the transformation process.
In order to assess the contribution of mdr to the transformation process, we cloned the
murine mdrlb cDNA into a retroviral expression vector in both orientations. We
introduced the chimeric retroviruses into Mink cells by infection and selected for
puromycin resistance and vincristine resistance. We hoped to determine if mdr expression
is sufficient to transform Mink cells. We selected vincristine resistant clones at
concentrations of vincristine (Sﬁg/mL) which kill most normal mink cells but still have
relatively little or no effect on the growth of v-Ha-ras transformed cells (figure 2). The
clones obtained in this fashion were subjected to an agar growth assay. Only one of the
13 clones infected with the +sense construct (MKSE12) displayed appreciable growth in
agar (Table 2). Thus it appears that overexpression of mdr at this level is not sufficient to

cause transformation.
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verexpression of an antisense mdr does not block v-Ha-ras-mediated transformation

After determining that mdrlb overexpression was not sufficient to cause
transformation, we were interested in determining if blocking the expression of mdr
would be sufficient to block transformation. Hence, if overexpression of mdr is a
necessary event in v-Ha-ras mediated transformation. The antisense retrovirus was tested
for its ability to block vincristine resistance in 1532N. To do so we compared the number
of puromycin resistant clones of 1532N cells infected with a high titer of antisense
expressing retrovirus and subjected to selection with puromycin or puromycin and
increasing doses of vincristine. The number of puro! clones decreases substantially at 5
and 10ng/mL (data not shown) while in previous assays uninfected 1532N cells remain
unaffected at these concentrations of vincristine (figure 2). Our experiments with other v-
Ha-ras transformed cell line had suggested that the level of vincristine resistance in
1532N was unusually high and that typically, v-ag-ras transformed cells were considerably
more susceptible to vincristine levels of 10 ng/mL. In fact, only 10% of cells from
another v-Ha-ras transformed Mink cell line survived at this level in a clonogenic assay
(data not shown). Therefore, we derived Mink clones overexpressing the antisense mdr
cDNA in the retroviral vector described above, and proceeded to infect them with a
transforming retrovirus harbouring the v-Ha-ras oncogene. We surmised that the average
transformed clone derived in this fashion would have a sufficient amount of antisense
cDNA expression to effectively block mdr expression. The results are summarized in
table 3. None of the clones tested (MAS) showed a significant decrease in the number of
foci with respect to control lines. In fact, at the lowest dilution of transforming retrovirus
all clones tested had a large number of foci that was indistinguishable from the control
lines infected with the puro vector (MkV) or the + sense (MkSE) coﬁstruct discussed in
the previous paragraph Therefore, mdr overexpression does not appear to be a necessary

event in v-Ha-ras mediated transformation.
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The reversion have occured through two independent genetic events.

Reversion can occur through three different mechanisms including inactivation of
the oncogene, mutation in an effector gene or activation of an antioncogene. Since the
revertant line produces transforming retrovirus we can discount the first possibility. To
differentiate between the two last options we made somatic hybrids with the revertant line
and the transformed or normal cell lines. The resulting somatic hybrids were plated in
agar and scored for anchorage independent growth as an assay for transformation (table
4). Unfortunately, our results do not provide us with a clear answer: the non-transformed
phenotype of the hybrids with the normal cells suggests that the reversion phenomenon is
dominant while the phenotype of the hybrids with the transformed cells suggests that the
reversion phenomenon is recessive. These observations lead us to believe that reversion

occured through two seperate genetic events.
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4.5 Discussion

To study the mechanism of v-Ha-ras mediated transformation in epithelial cells,
we have successfully isolated a revertant cell line from v-Ha-ras transformed mink cells.
The KS1-40 revertant does not grow in agar. Reversion appears to have occured through
at least two separate genetic events, as evidenced by our sudies with somatic hybrids. The
amplification of the mdr locus in the parental cell line in the absence of drug selection
may suggest that the parental line is genetically unstable. Other groups have suggested
that expression of an activated Ha-ras can contribute to genetic instability (Denko et al.,
1994). Thus, the EMS treatment coupled with an underlying genetic instability due to ras
transformation may have given rise to the revertant line. It should be noted that the
amplification of the mdr locus was not repeatedly detected in other independently derived
clones (our unpublished results). Nonetheles, all ras-transformed clones displayed
increased expression of the mdr gene and Pgp activity. Therefore, it appears that the
amplification of the mdr locus is not a typical event in this transformation process but its
increased expression does correlate with v-Ha-ras expression. Alternatively, the
amplification of the mdr locus which occured in the absence of selection with
chemotherapeutic drugs of the mdr spectrum may reflect a selective growth advantage for
a highly tumorigenic clone. Recent evidence suggests that mdr gene expression is a target
for ras mediated tranformation (Chin et al., 1992 ; as well as the data presented here).
The expression of the mdr gene is increased in mink cells transformed by some defective
oncogenic retroviruses (Johnson et al., 1982; Haynes and Downing, 1988; Kato and
Sherr, 1991). This increased expression translates into decreased rho 123 retention and
increased resistance to vincristine. Our ability to isolate revertants of v-Ha-ras
transformed cells by selecting cells with increased rho 123 retention and decreased
vincristine resistance (reflecting mdr gene expression and activity) shows that a
breakdown in the transformation process mediated by v-Ha-ras occurs simultaneously

with a loss of the ras's ability to activate mdr gene expression. The revertant also displays
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less DNA amplification of the mdr gene than the transformed parental cell line. Our
observations suggested a possible role for mdr gene expression in this transformation
process. Other groups had reported a putative link between transformation and mdr
expression, for instance, in childhood neuroblastomas elevated levels of mdr expression
at presentation correlates with a poor prognosis as a result of increase resistance to
chemotherapeutic agents (Chan et al., 1991). In a study of clinical samples of mammary
carcinomas, amplification of the mdr locus has been rported in the absence of selection
with cytotoxic agents of the MDR spectrum (Lonn et al.,, 1992). Finally, it has been
reported that P-gP positive invasive colon cancer cells may have an increased potential
for dissemination (Weinstein et al., 1991). Interestingly, another member of the ABC
transporter family the TAP-2 gene, has been shown to restore the tumorigenic potential of
a lymphoma mutant line (Franksson et al., 1993) by enabling it to escape rapid
elimination by Natural Killer (NK) cells.

We decided to determine if mdr plays a role in the tumorigenic process. Our
studies with the sense construct suggests that the overexpression of the mouse mdrib
gene to levels confering vincristine resistance at levels comparable to that of the typical
ras-transformed Mink cells is not sufficient to cause transformation in Mink cells.
Furthermore, the overexpression of an antisense mouse mdrlb at levels which reduced
vincristine resistance in ras-transformed cells to Mink cell levels, did not adversely affect
transformation. These findings suggest that mdr expression is not necessary for
transformation and that its overexpression reflects ras mediated changes in the
transcriptional machinery. Alternatively, the level of Mink mdr gene expression required
for maintaining transformation may be inferior to that detectable by our vincristine
resistance assay. Thus, drug efflux may not adequately reflect its true physiological or
transforming function. One possible function would be in the modulation of chloride
channel activity. The human mdrl gene product appears to modulate the activity of

volume-gated chloride channels (Hardy et al., 1995). The ability of the mdrl protein to
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modulate these channels is affected by phosphorylation of Pgp by protein kinase C (PKC)
(Hardy, et al., 1995). Interestingly, phosphorylation by PKC is also believed to increase
Pgp transport activity (Chambers et al., 1990).

We have not identified the number of mdr genes in Mink cells.There are two mdr
genes in humans while mouse and rat cells have three mdr genes (for review Gottesman
and Pastan, 1993). The probe used in this study was the complete cDNA of the murine
mdrlb gene and it detected what appeared to be a single species. Previous studies had
shown that a smaller probe contained within this sequence was capable of detecting all
three members of the family (Croop et al., 1989). It is possible that the two or three
members of the Mink family produce mRNA species that could not be resolved in our
electrophoresis conditions. Thus, the single band may in fact be mink mdrla/b,2 mRNAs.
The increase in vincristine resistance would suggest that the mdrla/b homologs were
present but we can not rule out the possibility that the mink homolog to the murine mdr2
gene was also expressed. Since the activity of the mdr2 gene product is poorly
understood, although recent reports suggest a role for it in phospholipid transport into bile
(Smit et al.,1993), we can not rule out that the mdr2 gene is actually the transformation
effector gene nor can we be sure that we effectively diminished its activity with our
antisense construct.

In conclusion, our studies indicate that overexpression of the murine mdrlb gene
is not sufficient to transform Mink cells. Furthermore, decreased drug efflux by Pgp in
mink cells does not seriously impede transformation by the v-Ha-ras. Nonetheless, ras-
transformation correlates with increases in mdr expression and a breakdown in the
transformation process translates into decreased mdr expression. This study further
supports a direct effect of ras-mediated transformation on mdr gene expression in a
specific cellular context: the increased mdr expression could have serious consequences
on the course of treatment of such tumours. Finally, the ras-transformed Mink cells and

the revertants isolated by the protocol detailed in this paper could provide valuable
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insight into the ERK kinase cascades involved in ras transformation. The dramatic effects
on mdr gene expression seen in these cells may result from the modification of the

transcription factors which are the targets of these cascades (review Davis, 1994) .
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4.7 Figures and Tables

Figure 1. Fluorescence Spectra of Cells Treated with Rhodamine 123.

1x105 cells were seeded the day before. Cells were incubated for 30-45 minutes in
complete medium containing 1mg/ml. Rhodamine 123 and then washed every hour with
PBS. After 4 hours the cells were trypsinized, spun down at 250g and resuspended in
complete medium. The anélysis was performed on FACScan using parameters described
by Zarbl et al., 1987. Panel A) represents non-transformed Mink cells and panel B) v-Ha-
ras transformed Mink cells, 1532N.
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Figure 2. Rhodamine Retention Inversely Correlates with Resistance to Vincristine.

1X105 mink or v-Ha-ras transformed (1532N) cells were seeded in 15 plates for each cell
line. The next day cells were fed fresh medium containing varying concentrations of
vincristine (0-50ng/mL). After 7 days the cells were trypsinized and counted. The average
number of cells for each set of four plates, representing each dilution are expressed as a
percentage of the average found in the control plates (without vincristine). Error bars

represent the standard deviation.
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Figure 3. Northern Analysis of mdr Gene in Normal and v-Ha-ras Transformed (1532N)

Cells.

Total RNA was extracted from 1532N and mink cells and 20ug were loaded and blotted
with the mouse mdrlb cDNA probe . The lower portion depicts the same blot probed
with an actin probe to control for loading and transfer of the samples. Lane 1, marker ;

lane 2, v-Ha-ras transformed cells 1532N; lane 3, normal mink cells.
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Figure 4. Southern Analysis of the mdr Gene in Normal and v-Ha-ras Transformed
(1532N) Cells.

A) Genomic DNA was extracted from the appropriate lines and digested with EcoRI. The
probe used for blotting is derived from a mouse cDNA clone of the mdrib gene. Thus,
lower stringency hybridization conditions were used. Lanes 1,3: 20ug of digested mink
DNA; lanes 2,4: Sug and 20ug respectively of 1532N DNA. M is the 32P labeled
molecular weight markers.

B) The blot was reblotted with a mouse ras probe and the protooncogene specific
restriction fragment served to verify the relative amounts of DNA loaded in each lane.
The viral integrations bands also ascertained that 1532N is infected with v-Ha-ras

harbouring retroviruses.
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Figure 5. Sorting Spectrum of Mutagenized v-Ha-ras transformed (1532N) cells.

Six 100mm plates were seeded with 1 X 106 1532N cells. The following day the cells
were plated in medium containing EMS at a concentration of 5.5 mM for 20 hours. After
extensive washing cells were allowed to recover for 7 days. At this point the cells were
processed for rho 123 staining and pooled. Approximately 2.4x100 cells were screened
and 0.5 % were isolated in the gated window. The Jow curve are non-mutagenized 1532N
cells, the high curve are non-mutagenized mink cells while sort represents the
mutagenized population of 1532N. All cells with a fluorescence intensity equal or greater

to the lower sort limit were isolated and plated at low density for cloning.
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Figure 6. Growth in Agar of Mink, 1532N and Revertant KS1-40.,

Cells were plated in semisolid media and growth in agar was scored after two weeks.
Pictures represent a typical field at a 100X magnification of A) Mink, B) 1532N and C)
KS1-40 cells.
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Figure 7. Southern Analysis of the Ha-ras Gene.

Genomic DNA was extracted and 20 ug was digested with EcoRI and loaded onto a gel.
The blot was probed with a ras specific probe. The revertant KS1-40 arose from the
transformed parent 1532N (see text) since they share the same integration pattern. Lane 1,
32p_lambda marker ; lanes 1532N(20) and 1532N(10) contained 20ug and 10ug of
digested 1532N DNA. The lanes designated by Mink and KS1-40 contained 20ug of

digested DNA from from the appropriate cell line.
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Figure 8. Analysis of Rho 123 Fluorescence Spectrum of KS1-40.

Cells were processed as described in the legend to Figure 1. The spectrum is similar to

that of the normal Mink cells shown in Figure 1.
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Figure 9. Northern Blot Analysis of mdr Expression.

15ug of total RNA from each cell line, 1532N, Mink and KS1-40 was loaded onto a gel,
transferred to a Nylon membrane and hybridized with a A) ras-specific or an B) mdrib-
specific probe. The revertant KS1-40 has little MDR RNA but a comparable amount of

ras RNA with respect to the transformed parent 1532N.
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Figure 10. Southern Analysis of the mdr Gene.
EcoRI digested genomic DNAs were loaded on a gel, transferred and hybridized with the

mdr1b mouse probe. The blot utilized in figure 7 was used for this analysis thus the c-Ha-
ras band detected in this previous analysis served as a control for proper transfer and

loading. Lane designations are the same as in figure 7.



(OL)NZESL * »
Ot-LSM s >
JUIN
(0ZINZeS)

WMN




193

Cell line Tumorigenicity in Growth in Agar Rescue
vivo
Mink no tumours - n.d.
KS1-40 4 weeks - +
1532N 2 weeks + +

Table 1. KS1-40 Cells Have Some Growth Characteristics of Non-Transformed Mink
Cells.

A) Tumorigenicity in vivo.

30-40 day old female nu/nu CD1 mice were injected subcutaneously at 2 different sites. 1
site was injected with 1x106 cells the other with 1x107. This was done with 2 mice for
each line. The length of time shown corresponds to the amount of time required for the
appearance of palpable masses to appear (approx. 0.3 cm in diameter). For both 1532N
and revertant KS1-40 large tumours of more than 1 cm in diameter were present two
weeks after the initial appearance of the smaller masses.

B) Growth in agar; assay for anchorage independent growth.

2x104 cells were seeded in a top layer containing 0.3% noble agar and DME+20% Calf
serum over a bottom layer containing 0.5% noble agar covering the surface of a 35mm
petri plate.

-, no growth of colonies in agar, only single cells; +, growth of colonies

C) Rescue of oncogenic retroviruses.

The 1532N produces an amphotropic virus that also serves to pseudotype the v-Ha-ras
defective retrovirus transforming this cell line. The revertant KS1-40 cells produce the
same retroviruses. Supernatants from these lines were harvested and filtered when cells
were 90-95% confluent. These supernatants were titrated by infecting Rat-1 cells at
different viral dilutions. Rat-1 cells were allowed to grow to confluence foci that

appeared on the confluent monolayer were counted.
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phosphotyrosine independent. It was reported that the Abl SH2 domain can interact with
other proteins in a phosphotyrosine (Pendergast et al; 1991; Muller et al; 1992). This
particular interaction is believed to be mediated by phosphoserine or phoshothreonine
motifs (Pendergast et al; 1991; Muller et al; 1992). The weaker affinity of the Abl SH2
domain for these motifs compared to phosphotyrosine containing peptides led the authors
to suggest that these interactions may be involved in the initial recruitment of the
substrate to the kinase. Our data suggest that the initial interaction between the substrate
and the kinase may have to be more stable, stronger than that afforded by these
interactions. Interestingly, other cytoplasmic tyrosine kinases, particularly of the Src
family, appear to utilize their SH3 domains for the initial recruitment of substrates while
the SH2 domain may serve to stabilize the interaction between kinase and substrate once
the substrate is modified (Richard et al; 1995). This difference may explain the ability of
the activated cytoplasmic tyrosine kinases to transform cells that contain the mutant v-
abl. This two-tiered interaction offers a teleological explanation for the presence of
adjoining SH2 and SH3 domains in a number of signal transducers. At this point, we can
not rule out that the gag moiety in the v-ab/ protein plays some role in this process.
Undoubtedly, the variants of the mutant we described in previous chapters will help
define the contribution of each domain to the mutant's action.
B) Blocki i r tyrosine ki

Alternatively, the presence of an overexpressed SH2 domain could interfere with
signaling by competition for phosphopeptide binding sites. Receptor tyrosine kinases
appear to be largely unspecific in vitro (Zhou et al; 1995). The SH2 domains of certain
kinase substrates serve to recruit them to the activated kinases where they are activated
through phosphorylation events or through the change in subcellular localization that
results from their association (Rodrigues and Park; 1995). Thus, the Abl mutant could
interfere with the modification or activation of a crucial component of the transforming

cascade by blocking access to the kinase. Several in vifro studies have uncovered some
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putative interactions between the Abl SH2 domain and the activated EGF receptor (Zhu
et al, 1994a; Zhu et al., 1994b). However, the site of interaction appears
underphosphorylated in vivo and its physiological role is unclear. Hence, the Abl SH2
does not appear to compete for a phosphopeptide binding site with any of the known
signal transducers which associate with the activated EGF receptor. Our studies in PC12
cells may actually offer clues to which particular mode of action is employed by the
mutant. In light of previous studies with transforming proteins (Alema et al., 1985; Bar-
Sagi and Feramisco., 1985; Noda et al., 1985; Cowley et al., 1994; Hempstead et al.,
1994), the potentiating effect of the mutant is difficult to reconcile with its ability to
block transformation.

However, several experiments involving protein tyrosine kinase inhibitors may
offer a reasonable hypothesis to explain this apparent paradox. In one study, genistein, a
protein tyrosine kinase inhibitor was shown to potentiate NGF-induced neurite outgrowth
in PC12 cells (Miller et al., 1993). The authors observed that the growth coné of untreated
cells exhibited more extensive remodeling of their lamellipodia and filopodia (Miller et
al., 1993). Thus, it appears that tyrosine phosphorylation may serve as a negative
regulatory signal in neurite outgrowth. Further experiments have demonstrated that
tyrosine phosphorylation may play a significant role in neurite retraction in response to
environmental stimuli (Smalheiser, 1993). We have observed in mutant expressing PC12
cells not only a larger number of cells with neurites but also a higher frequency of
sprouting cell bodies with ten or more neurites after NGF treatment (Houle et al.,
unpublished results). It is tempting to speculate that the inhibition of phosphorylation of a
specific substrate could give rise to the potentiation phenomenon in mutant expressing
cells. Therefore, a single molecular mechanism could elicit transformation suppression in
one cellular context and potentiation of neurite outgrowth in an other.

A number of issues need to be addressed concerning the effect of the mutant on

PC12 growth and differentiation: 1) Does expression of the mutant induce differentiation
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in the absence of NGF? 2) Does it induce cell death? Is it programmed cell death (PCD) ?
PC12 cells undergo PCD in the absence of growth factors and NGF (Batistatou et
al;1993). 3) Does the mutant interfere with proliferative signals in complete medium in
PC12 and give rise to a predifferentiative state that could be rescued from apoptosis by
addition of NGF? 4) Is this neurite outgrowth a true differentiation or is it, as suggested
by the studies with the inhibitors of tyrosine phosphorylation, an unregulated outgrowth
with few if any of the hallmarks of NGF-induced differentiation in normal PC12 cells?
The inducible construct described in chapter 3 will aid substantially in clarifying these
issues. This construct would also enable the generation of a cell line where mutant Abl
dosage could be modulated and its effect on transformation by downstream oncogenes
studied.

In order to determine the mode of action of the mutant, cell lines can be derived
that harbour both the mutant and the wild type v-abl to determine if the presence of the
mutant affects the phosphorylation status of the putative substrate. Using this line, the
status of certain Abl signal transducers such as the SAPK could also be analysed. The
identification of the putative substrate sequestered by the mutant could aid in determining
the mode of action of the mutant as well as substantiating the role of this target in
transformation as well as other cellular processes. Presumably, this would require a
higher affinity interaction between the mutant protein and the substrate than postulated by
the weak interaction of the Abl SH2 domain with a non-phosphotyrosine containing
target (Pendergast et al., 1991; Muller et al., 1992). Since the interaction appears
phosphotyrosine-independent, we have utilized the two-hybrid system to identify
interacting proteins. At this time we have several candidates and it appears that at least
one binds specifically to the Abl SH2 domain (Cool and Jolicoeur, unpublished results).
Its role in the transformation process will be examined. Alternatively, we could used a
large-scale purification approach utilizing the recombinant mutant abl as an affinity

matrix to isolate this substrate (Phizincky and Fields, 1995). However, the inherent
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difficulties in producing large amounts of the GST-rAbl mutant (Houle, Beaulieu and
Jolicoeur; unpublished results) may preclude such an effort. Finally, the analyses with the
variants of the mutant will be repeated to ascertain the role of the remaining domains in
the cellular processes the mutant affects. More subtle point mutations in the SH2 domain
which block phosphotyrosine binding will also be studied. Again, we can not rule out that
the gag moiety plays a role in recruiting these putative substrates.

There is an increasing body of evidence which suggests that gag proteins may not
only play a role in virion assembly but also in cellular signaling and pathogenesis: 1) a
recently identified gene present in a microfilament-associated signal transduction particle
has extensive sequence similarity with retroviral gag proteins (Juang et al., 1994); 2) the
retroviral genome of the Murine Acquired Immunodeficiency Syndrome (MAIDS) virus,
encodes a p60 protein composed solely of gag amino acids (Aziz et al., 1989). The
constructs presented in chapter 3 will prove very useful in determining the contribution of
the gag moiety to the mutant's activity. Studies of gag deletions in the transforming v-abl
suggest that the role of the gag moiety in transformation may be limited to proper protein

localization and stabilization effects in specific cellular contexts (Prywes et al., 1983).

The Use of the Mutant Abl for Blocking Tumour Growth

The ability of the mutant v-abl/ to block transformation without adversely
affecting cell growth could provide us with an ideal therapeutic agent for treating certain
types of tumours. To determine the feasibility of such an approach, we have attempted to
derive a transgenic animal model but have failed to isolate animals expressing detectable
levels of the mutant mRNA (Houle and Jolicoeur, unpublished observations). At this time

it is unclear if expression of the mutant is compatible with development.



208

D ras-Transformation

We attempted to isolate revertants from ras-transformed Mink cells based on the
well documented observation that transformed mink cells have decreased retention of the
supravital dye rhodamine 123 (Kato and Sherr, 1991; chapter 4). Decreased rhodamine
retention reflects increased drug efflux mediated by the P-glycoprotein (data presented in
chapter 4). The revertant line we isolated utilizing this scheme possessed the expected
mdr expression characteristics. It also lacked the marked amplification of the mdr locus
present in the parental transformed cell line. This finding suggested that the amplification
of the mdr locus in the parental line could reflect some selective advantage for
transformation. We addressed the possibility that mdrib was an effector of ras-

transformation through a number of approaches.

Overexpression of mdr1b in the Mink Cell Line is not Transforming

We reasoned that if the stimulation of MDR activity was a vital requirement for
ras transformation then its overexpression could lead to transformation. Our studies
indicated that increases in drug efflux activity as measured by vincristine resistance was
not sufficient to cause transformation. However, it is possible that overexpression of the
mdr protein is not sufficient to render it transforming. A number of cellular counterparts
to viral oncogenes such as c-abl (Muller et al., 1993) require more than just
overexpression to become transforming. The Mdr protein is phosphorylated and its
activity is potentially modulated by this process (Chambers et al., 1990; Hardy et al.,
1995; Germann et al., 1995). We did not examine the protein levels nor the
phosphorylation status of Mdr in the mink clones. We never achieved levels of vincristine
resistance that paralleled the transformed parent although this particular clone may have
had an unusually high level of resistance (Houle and Jolicoeur; unpublished results). Our
constructs afforded vincristine resistance at levels comparable to that of other (Ras-

transformed) clones derived independently, yet we can not rule out some effect of Ras
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mediated transformation at the post-translational level. In an alternative approach we
sought to determine if the overexpression of an antisense cDNA to MDR could revert
ras-transformed cells to a non-transformed phenotype. Our observations revealed that
overexpression of the antisense construct was not sufficient to block transformation.
These observations suggested that MDR was not a necessary phenomenon in ras-
transformation.

These studies do not rule out some contribution to the transformed phenotype by
the gene products of the mdr gene family for the following reasons. Firstly, our assays
measured vincristine resistance but the physiological activity of the mdr gene products
remains to be elucidated. Some recent work has suggested that Mdr may regulate chloride
channel potentiation (Hardy et al., 1995). Another member of the murine mdr family, mdr
2, may be involved in the efflux of toxic chemicals across the blood-brain barrier. Thus,
the vincristine resistance assay may not adequately reflect the inactivation of a relevant
activity for cellular transformation. Secondly, two murine mdr genes are responsible for
drug efflux (mdrla and mdrib) and confer distinct drug-resistance phenotypes (Devault
and Gros, 1990). Thus, it is possible that the vincristine resistance assay did not assess the
relevant drug efflux activity for transformation. Since the murine mdrl genes are highly
homologous and the homology between the human and mouse genes can run as high as
88%, we are confident that the failure of the overexpression of the antisense mdrib
cDNA to block transformation was not due to a lack of sequence identity between the
murine and mink genes. The number of mink genes is unknown at this time. The
existence of murine mdr gene-specific probes may help resolve this issue.

Finally, a number of studies have suggested that overexpression of mdr may be a
necessary step in progression of tumours. Thus, the inactivation of the gene product may
have little effect on growth in agar (as we assayed) but may hinder progression of the

disease in vivo.
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MDR Promoter Activity as a Tool for Studying ras-induced Changes in
Transcriptional Activity

The increase in MDR activity parallels transformation in the Mink cell line. The
rapid increase in MDR activity following infection with the v-Ha-ras transforming
retrovirus suggests that Ras signaling affects directly mdr promoter activity. Interestingly,
ras-mediated transformation affects mdr expression in a number of different cellular
contexts (Chin et al, 1992; Gaboury and Jolicoeur; unpublished results). Furthermore,
mutant p53 proteins also affect MDR1 promoter activity, leading some to speculate that
this promoter may be specifically activated during tumour progression since many cells
acquire mutations in both p53 and ras during the later stages of tumorigenesis (Chin et
al., 1992). The study of clinical samples has suggested that increased MDR expression
may be necessary for progression (Chan et al., 1991; Weinstein et al., 1991; Lonn et al.,
1992). The amplification of the mdr locus in the parental ras-transformed mink cell line
does suggest that the cell line is genetically unstable. As discussed previously, this may
result as a consequence of ras-transformation (Denko et al., 1994) or from mutations in
the p53 gene which may occur frequently in established cell lines (Harvey and Levine,
1991; Ulrich et al., 1992; Donehower et al., 1992; Finlay, 1992). The status of p53 alleles
was not assessed in the Mink cell lines. The finding that mutations in genes associated
with tumour progression significantly affect the expression of the mdr genes suggests that
treatment of tumours with chemotherapeutic agents which result in selection for cells
with increased MDR activity may in fact lead to selection of cells in later stages of
tumorigenesis.

Analysis of the murine mdrlb promoter reveals the presence of potential
recognition sequences for the Spl and AP-1 transcription factors as well as some
homology with an hepatitis B virus enhancer element (Raymond an Gros, 1990).
Oncogenic Ras stimulates phosphorylation of the Jun activation domain by the Jun

specific kinase (JNK) which in turn leads to the activation of c-Jun activity (Binetruy et
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al., 1991). c-Jun can form homo or hetero-dimers with other members of the Jun family
or the Fos family of proteins thus leading to the active AP-1 transcription factor. AP-1
has been shown to recognize a number of sequence elements including the 12-O-
tetradecanoylphorbol-13-acetate (TPA) responsive element (TRE) and in concert with the
c-ets-1 transcritption factor the ras responsive element or RRE (Angel and Karin, 1991;
Hill and Treisman, 1995). Ras-transformation also results transiently in increased c-fos
promoter activity. This increase is believed to be mediated by the serum responsive factor
(SRF) which recognizes a serum responsive element (SRE) in the c-fos promoter (Hill
and Treisman, 1995). It is believed that Ras activates the ERK/MAP kinase cascade
which results in the phosphorylation and activation of the elk-1 protein, a component of
the SRF (Hill and Treisman, 1995). Ras mediated transformation not only leads to
transcriptional activation but also repression. As transcriptional activation is thought to be
a necessary event in unregulated cell proliferation, the need to repress the expression of
transformation impeding genes is also critical. Ras transformation leads to repression of a
number of cytokeletal protein encoding genes (Leavitt et al., 1985; Herrlich and Ponta,
1989; Kumar and Chang, 1992; Rodriguez-Fernandez et al., 1992; Gluck et al., 1993;
Kim et al.,, 1994). The importance of this phenomenon is further underscored by the
observation that overexpression of some of these genes targeted for repression reverts
cellular transformation mediated by Ras (Rodriguez-Fernandez et al., 1992; Gluck et al.,
1993). The sequence elements involved in this repression are similar to those involved in
activation, namely the SREs, although the transcription factors mediating repression may
be different (Bushel et al., 1995). The rapid and persistent transcriptional activation of the
mdr promoter by Ras may be useful in dissecting the roles of Ras effectors in Ras
signaling. In closing, considering the importance of the targets of Ras-mediated
transcriptional activation and repression, it is surprising that the mdr gene, which

apparently has a Ras-sensitive promoter, does not play a detectable role in transformation.
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