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Abstract

The Philadelphia chromosome, detected in virtually all cases of
chronic myelogenous leukemia (CML), is formed by a reciprocal
translocation between chromosome 9 and 22 that fuses Bcr encoded
sequences upstream of exon 2 of c-Abl. The Ber-Abl fusion creates a
gene whose protein product, p210bcr-abl has been implicated as the
cause of the disease. Although Abl kinase activity has been shown to
be required for the transforming abilities of Bcr-Abl and numerous
substrates of the Bcr-Abl tyrosine kinase have been identified, the
requirement of most of these substrates for the transforming
function of Ber-Abl is unknown. To further our understanding of
Bcer-Abl-induced transformation, two proteins CrkL. and Cbl both
reported to be important for Ber-Abl function, were examined in 32D
cells transformed to factor independence by p210bcr-abl We have
mapped the site of interaction between CrkL and Bcer-Abl to the
amino terminal SH3 domain of CrkL and the proline-rich region in
the C-terminus of Abl. We also showed that the CrkL. SH2 domain
binds directly to phosphorylated Cbl. Phosphorylated Cbl also binds
directly to the Abl SH2 domain. This suggests a model where Bcr-
Abl interacts directly and indirectly with both CrkL and Cbl. That is,
Ber-Abl interacts directly through its SH2 domain with Cbl which in
turn interacts with CrkL. Similarly, a proline-rich region of Ber-Abl
interacts directly with CrkL which in turn interacts with Cbl.
Predictions from this model have been confirmed using Ber-Abl
mutants lacking the SH2 domain or the proline-rich region. We have

demonstrated both loss of direct binding of Cbl to the SH2 domain

X



deletion mutant and loss of CrkL binding to the proline-rich region
deletion mutant by various in vitro assays. However, in
immunoprecipitation studies, binding of Bcr-Abl to both Cbl and CrkL
through indirect interactions is preserved which correlates with the
ability of both mutants to induce factor-independent growth of 32D
cells. Thus, we cannot exclude a role for Cbl or CrkL in mediating

Bcr-Abl transformation.
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CHAPTER 1

Introduction

"Cancer is an extraordinarily diverse disease; it arises in response to
a multitude of environmental insults and inherited biases, and it is a
disorder of that most complex attribute of living things-cell growth."

Varmus, 1985 [221].

Signaling and growth control

Normal cells need to adapt to a variety of chemical, hormonal
or electrical changes in their environment. These environmental
changes evoke responses such as cellular proliferation, contraction,
secretion, metabolic adjustment and changes in gene expression. For
these events to be possible, cells need to communicate external
environmental changes to the inside of the cell. Receptors on the cell
surface or in the cytoplasm of cells mediate these responses. Ligand
binding to a receptor is not sufficient to induce these changes,
receptors must somehow convey that a binding event has occurred.
This information is passed through intracellular mediators and
kinetic pathways that lie between ligand binding and the cellular
response.

There are three main classes of signal transduction models for
cell surface receptors bound with ligand: receptors can act as ion

channels; receptors can interact with G proteins to produce other



signaling molecules termed second messengers; and receptors
themselves can perform as enzymes [68] [156]. These three classes
generally correspond to distinct time-scales for physiological
responses in cells from fractions of seconds, seconds to minutes, and
minutes to hours respectively.

Ion channels control passage of ions such as K+ and Nat across
the cell membrane. These ions typically regulate short time-scale
behavioral phenomena, including the release of cell secretory vesicle
contents and membrane electrical potential wave propagation. The
main types of receptors using this mode of signal transduction are
neurotransmitter receptors.

In the second class, receptors interact with and activate
membrane-associated GTP-binding proteins. Activated G proteins
may in turn act on other enzymes to induce the generation of small
molecules called second messengers such as cAMP, cGMP, Ca2+, and
phospholipid metabolites with the cytoplasm. These molecules are
then capable of either directly stimulating short-term responses or
modulating intracellular enzymes activities for indirect regulation of
long-term responses. Receptors using this mode of transduction are
many and diverse, but typically regulate physiological resbonses
occurring on the time scale of minutes, e.g., chemotactic peptide
receptors.

In the third class, receptors with intrinsic enzymatic activity,
ligand binding results in the covalent modification of the activity of
the receptor by phosphorylation. The receptor then modulates
activities of other intracellular enzymes to regulate long-term

responses. Most receptors known to utilize this mode of transduction



are growth factor receptors acting as kinases and regulating
physiological responses over a time scale of hours. This class of
receptors can recruit other enzymatic proteins in the cytoplasm to
mediate its responses. As most cellular responses are quite complex,
multiple signaling pathways can be activated and quite often there is
cross-talk between different signaling pathways, for example,
between G protein-coupled receptors and receptor and non-receptor
tyrosine kinase pathways [204] [126]. Due to the regulation of
physiological responses and growth control mechanisms by these
types of receptors, many oncogenic processes target these receptors

and downstream mediators of responses to these receptors.

Oncogenesis

The events triggering transformation can be comparatively
simple; often the expression of one or two genes, called oncogenes, is
sufficient to transform a cell. An oncogene is any gene that encodes
a protein able to transform cells in culture or induce cancer in
animals. The word derives from the Greek onkos, meaning a bulk or
mass; thus oncology is the scientific study of tumors. Oncogenes are
derivatives of normal cellular genes. Cellular genes known to be
progenitors of oncogenes are called proto-oncogenes. They are
important for normal cellular processes, but they can be altered,
often in very simple ways, to become oncogenes. Because most
proto-oncogenes are important for cell growth and survival, they
have been highly conserved. Most oncogenes derive from genes

whose products act along normal cellular growth-controlling



pathways. Some oncogenes, are mutated versions of the
corresponding proto-oncogenes. In other cases, the protein products
of an oncogene and its proto-oncogene are the same; the oncoprotein
causes cancer either by being present where it normally is absent or
by being expressed at a level much higher than normal, or by loss of
normal functional regulation i.e., constitutively active.

1) One of the largest groups of oncogenes discovered encode
for constitutively activated tyrosine kinases. 2) Oncogenic tyrosine
kinases include v-abl [189], fms [12] [234], EGFR [35] [102], neu
[102] [235], v-sis [98] (PDGF), v-fps [142], src [183], and others. And
3) This data has implicated tyrosine kinases as important regulators

of cellular proliferation.

Tvyrosine Kinases

\

Two types of tyrosine kinases can be found in cells, the
receptor tyrosine kinases (RTKs) and the non-receptor tyrosine
kinases. All RTKs contain a large, extracellular ligand-binding
domain, a single transmembrane region and a cytoplasmic portion
with a conserved protein tyrosine kinase domain [89] [88]. In
addition to the catalytic domain the cytoplasmic portion contains
regulatory sequences that are subject to autophosphorylation and
dephosphorylation by various exogenous kinases and phosphatases.

Non-receptor tyrosine kinases are usually found in the
cytoplasm and can act as transducers of extracellular signals to
downstream proteins involved in pathways that regulate cellular

growth, activation, and differentiation. Many non-receptor tyrosine



kinases work in unison with transmembrane receptors, including
receptors for peptide hormones [80][5][21], immune recognition
[191{99]1[227], and hematopoietic cytokines [105][152][90][207][229].
These non-receptor tyrosine kinases are activated by extracellular
events such as ligand binding to their associated receptors [16][207]
whereas others are activated by events with no obvious link to a
specific transmembrane receptor such as cellular adhesion, calcium
influx, or cell-cycle dependent activation.

Growth factors induce oligomerization of their specific
receptors, and oligomerization is important for transmembrane
signaling [218]. This model was originally shown to be true for the
EGFR [196]. It has since been confirmed for many other RTKs and
other cytokine receptors. The general oligomerization model holds
that inactive receptor monomers are in equilibrium with active
receptor dimers, and that ligand binding induces dimerization and
possibly a conformational change that results in the activation of the
receptor [218]. There can be homodimers i.e., dimerization between
two identical receptors or two kinds of heterodimers, 1) dimerization
between different members of the same receptor family or 2)
between a receptor and an accessory protein. Dimerization of RTKs is
responsible for activation of their intrinsic protein kinase activity
and for autophosphorylation [218]. The subunits of some RTKs,
including the tetrameric insulin receptor, are covalently linked.
Although these receptors exist as dimers or tetramers even in the
absence of ligand, ligand binding is required for autophosphorylation
and activation, presumably ligand binding results in a conformational

change and activation of this receptor.



Activation of a non-receptor tyrosine kinase is similarly
induced in response to the appropriate extracellular signal, however,
dimerization may or may not be necessary for activation [85]. For
example, JAK kinases are activated following ligand-induced
dimerization or oligomerization [216][30][92][91] while members of
the Src family of tyrosine kinases are maintained in an inactive state
by phosphorylation of a specific tyrosine residue, tyrosine 527 [31].
Src can be activated by either dephosphorylation of this residue or
by phosphorylation at other sites [210][32].

In the case of either receptor or non-receptor tyrosine Kinases,
activation of the tyrosine kinase initiates a cascade of
phosphorylation that includes autophosphorylation, phosphorylation
of cytoplasmic substrates, and recruitment of SH2 domain-containing
proteins that bind to specific tyrosine phosphorylated residues. One
important function of these autophosphorylation sites is to serve as
binding sites for downstream signaling molecules. This recruitment
step constitutes a mechanism to activate various cytoplasmic
signaling pathways.

Two different classes of proteins associate with the cytosolic
domain of activated RTKs 1) adapter proteins e.g., Grb2 or IRSI,
which couple the activated receptor to other signaling molecules but
have no intrinsic catalytic properties, and 2) enzymes involved in
signaling pathways.

Alterations in any of the regulatory enzymes or proteins
mediating interactions in the cascade of signaling events in these
cells, could easily be envisioned as being detrimental to the cell. As

noted, alteration in many of these proteins have been identified in



transforming retroviruses and a role for these proteins in human

cancers has been suggested.

Cancer and Leukemia

Cancers are generally classified by their embryonic origin as
they retain embryonic markers during the process of tumor
formation. Malignant tumors are classified as cafcinomas if they
derive from endoderm or ectoderm and sarcomas if they derive from
mesoderm. Leukemias, a class of sarcomas, grow as individual cells
in the blood whereas the other tumors form solid masses. Leukemias
are clonal malignancies of cells in blood and are characterized by
acquired somatic mutations in hematopoietic stem cells.

There are specific chromosomal translocations associated with
specific subtypes of leukemia. Thus, breakpoints of many mutant
leukemic genes have been sequenced and identification of
corresponding mutations found in proto-oncogenes, tumor
suppressor genes, transcription factors, and/or tyrosine kinases has
resulted in furthering our understanding of the genetic basis of these
cancers. Highly conserved breakpoints characteristic of specific
types of leukemia support a critical role for these chimeric gene
products in leukemogenesis [120] [213] [110]. One of the best
studied examples of leukemias with a specific translocation is Chronic

Myelogenous Leukemia (CML).



Chronic  Myelogenous Leukemia

CML is a neoplastic hematopoietic stem cell disorder that
represents approximately 20% of cases of adult leukemia. The first
clues to the genetic basis of this disease came in 1960 when Nowell
and Hungerford showed that an abnormally small chromosome, the
Philadelphia (Ph) chromosome, was a hallmark of the disease [159].
Rowley later showed that the Ph chromosome resulted from a
translocation of the distal segment of the long arm of chromosome 22
to the distal portion of the long arm of chromosome 9 [t(9;22)
(q34:;q11)] [187] [71[79]. In more than 95% of CML cases, the
Philadelphia chromosome is seen [79] [9] [84]. This reciprocal
translocation results in a fusion gene that is transcribed into a novel
chimeric mRNA of 8.5 kb [199] which encodes a hybrid 210kDa
phosphoprotein called p210bcr-abl [108], an activated tyrosine
kinase.

CML is characterized clinically by a biphasic course; in the
chronic phase there is progressive accumulation of mature myeloid
cells in the bone marrow and blood. In this stage leukemic cells
retain the capacity to differentiate normally [28]. There seems to be
a shift towards granulocyte differentiation at the expense of
erythroid differentiation during this stage of the disease. After a
median of 4-5 years, there is clonal evolution accompanied by
additional cytogenetic abnormalities and a loss of the ability of the
malignant clone to differentiate [45]. Some of the current work on
this disease relates to deciphering the regulatory events that cause

the shift towards acute leukemia.



The etiology of the disease is unknown. The disease is seen in
all age groups and a peak incidence is seen in the fifth and sixth
decades of life. The incidence of CML was significantly increased in
survivors of the atomic bomb explosions in Hiroshima and Nagasaki
who were exposed to high levels of radiation [117] [87] and in groups
of patients given radiotherapy for Ankylosing Spondylitis [34], but
for most patients radiation has no definite role in causation. No
evidence suggests that toxic chemicals or viruses are risk factors for
CML.

To understand the pathogenesis of CML, one of the simplest
-approaches has been to examine p210bcr-abl and the signaling
pathways it activates. The following section will summarize the
work done on the individual c-abl and c-bcr proto-oncogenes which
together comprise the chimeric protein. The normal functions of c-
Ber and c-Abl are not known, though it seems that there may be a
myriad of protein-protein interactions and pathways activated by
these proto-oncogenes.

In considering the functions of the individual cellular
oncogenes, one needs to keep in mind that there are a number of
differences between the cellular oncogenes and the chimeric
oncogene. Bcer-Abl is constitutively activated as a tyrosine Kinase
whereas c-Abl is tightly regulated during normal cell growth. c-abl is
normally localized to the nucleus and cytoplasm [119]. c-ber is
normally localized to the cytoplasm in the GQ-G1 phase of the cell
cycle but translocates to the nucleus during mitosis [233]. Bcr-Abl,
on the other hand, is cytoplasmic [29] [81]. Due to the differential

localization and activity of these proteins, it can be envisioned that
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the substrates and function of the cellular oncogenes versus the

chimeric protein may be different.

The Abl family of protein tyrosine Kkinases

c-abl was originally defined as the cellular homolog of a
transforming retrovirus, the Abelson murine leukemia virus (A-
MuLV). The gene seems to be important through evolution, as
homologous genes have been found in fruit flies Dabl [86], the
nematode Nabl [70] and humans c-ab!HS [201]. In humans there is
another agbl-related gene, arg [111], which is similar to ¢-abl but has
not been well characterized.

The human abl! genes abl and arg and c-abl from mouse are
transcribed into two major transcripts which differ at their 5' ends.
These two transcripts arise from splicing of two distinct 5' exons,
which are transcribed from separate promoters, to a set of common
exons in the c-abl gene [8]. The two transcripts produce two distinct
products, types I and IV c-Abl proteins, which differ only at their N
termini [8] [201] [111]. The c-Abl (IV) is myristoylated on the N-
terminal glycine [94], while the c-Abl (I) protein is not
myristoylated. Simple overexpression of either type I or type IV in

NIH 3T3 cells does not result in transformation.

c-Abl domains

c-abl is a member of the non-receptor or cytoplasmic group of

tyrosine kinases and contains src homology domains. Src homology



domains identified include the SH1 domain (the kinase), SH2 domain
which binds phosphotyrosine residues, and SH3 domain which binds
to proline-rich motifs, usually with the sequence PXXP. Both the Abl
SH2 [155] [76] and the Abl SH3 domains [155] [76] have been
crystallized.

The C-terminus of Abl is unique among cytoplasmic tyrosine
kinases in that it is large and has been shown to contain a number of
functional subdomains. These include nuclear localization signals
[230] [220], proline-rich sequences important for adaptor protein
binding [177], a DNA-binding domain [104], a p53 binding site [72]
and an actin-binding domain [147]. c-Abl is expressed in all tissues
examined [231] and can localize both to the nucleus and to the

cytoplasm in cells [232] [220].

c-Abl deficient mice

Abl null mice were generated in 1991 by two independent
groups. Two different disruptions in the c-Abl gene, a null mutation
[215] and a deletion in the carboxy-terminal one-third of the protein
[197] showed similar phenotypes. The C-terminal deletion construct
contains an active kinase as compared to the null mouse, suggesting
either that kinase activity may not be required for observed
phenotype of these mice, that the unique C-terminus domain may be
mediating an essential function of c-Abl or that the C-terminus is
required for proper intracellular localization of the Abl protein.
These Abl -/- mice showed high neonatal mortality rates and were

more susceptible to infections. Because neonates were not impaired
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in their development, it suggested that c-ab! may not be required for
cell proliferation during embryogenesis or that another gene, for
example arg, might play a role at this stage of development and
substitute for c-abl. However, half the mice were found to suffer
from lymphopenia, indicating that c-ab! may be critical for the
proliferation of lymphocytes. These mice also showed atrophy of the
spleen and thymus. B lymphocyte precursors were variably reduced
in the bone marrow, and this defect was transferable via bone
marrow transplantation. It is possible that Arg may be substituting
for c-Abl during the initial phases of development, whereas c-Abl

may take over during neonatal and subsequent development.

c-Abl cell cvcle function and associated proteins

‘c-Abl has been found to be involved in some cell cycle
functions and to associate with proteins essential for cell cycle
regulation e.g., p53 and Retinoblastoma. Overexpression of c-Abl was
shown to cause growth arrest in several cell systems [230] [72] [147],
suggesting that c-Abl may perform a checkpoint function during the
cell cycle [194].

c-Abl was shown to be activated by external DNA damaging
stimuli e.g., ionizing radiation [101]. c-Abl appears to be necessary
for the activation of the stress-activated protein kinase (SAPK), SAPK
was not activated by exposure to ionizing radiation in c-abl null mice
but this response was restored by introduction of wild-type c-Abl
[101]. Therefore, c-Abl may play a critical role in pathways that are

activated after a DNA damaging stimuli has been delivered to a cell.
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c-Abl has also been shown to bind p53 in vitro and enhances
p53 transcriptional activity when measured using artificial or natural
promoters containing p53 DNA binding sites [72]. c-Abl and p53 also
form a physical complex in vivo [238]. The tyrosine kinase activity
of c-Abl was required for growth suppression but not for
transcriptional activation of p53 [72]. Similarly, Rb can also form a
complex with c-Abl [228] through its C-pocket domain which has
been shown to inhibit its activity during G1. As cells transit from G1
to S phase, Rb becomes hyperphosphorylated resulting in dissociation
of the complex and activation of c-Abl kinase. However, the role of

Rb in growth arrest activity of c-Abl is unclear.

Wild-type c-Ber

c-Ber has structural features that suggest a role for c-Ber in
signal transduction. These include a novel serine/threonine kinase
domain [129], an oligomerization domain [145], a Rho guanine-
nucleotide exchange factor (Rho-GEF) homology domain [15], a
calcium-dependent lipid binding site [15], a binding site for the 14-
3-3 family member Bap-1 [180], and a Rac GTPase activating protein
(Rac-GAP) domain [46]. The oligomerization domain,
serine/threonine kinase domain and a stretch of serine/threonine
phosphorylation sites are retained in all types of Bcr-Abl fusion
proteins. The p210 form also contains the Rho-GEF homology domain
of Ber. Bcer knockout mice have a defect in neutrophil superoxide
bursts [224], suggesting a role for Ber in the anti-microbial function

of myeloid cells.



Oncogenic _forms of c-Abl

In an effort to better understand the oncogenic potential of c-
abl, a number of groups have generated mutants of c-abl. Use of
deletion [226] [74] and point mutants [219] [95] [41] of c¢-abl has lead
to some ideas about the requirements for the oncogenic conversion of
the c-abl proto-oncogene to a transforming gene.

The SH3 domain of c-abl is important in activating the kinase,
deletion of this domain results in activation [226] [41]. The SH3
domain seems to be position sensitive and either deletion or subtle
alteration of the position of this domain within the protein activates
the kinase and the protein is fully transforming [138]. The SH3
domain is thought to be inhibitory due to binding of a protein that
mediates the inhibitory effects [219] [36]. A potential candidate Abi-
2 was cloned and found to interact with c-Abl. c-Abl bound this
protein specifically via two distinct regions, the SH3 domain and the
C-terminal sequences [36]. An Abi-2 mutant lacking Abl SH3 binding
sequences but not the Abl C-terminal binding domain was found to
activate the transforming capacity of c-Abl suggesting Abi-2 needs to
interact via both regions to suppress c-Abl kinase.

Similarly, a point mutant of the SH3 domain, specifically P131L,
converts c-Abl to a transforming protein. This corresponds to a loss
of function mutation of the SH3 domain of Sem-5. sem-5 is the
C.elegans homolog of the grb2 proto-oncogene [219]. Another
mutant F420V, a mutation lying outside the SH3 domain resulted in

transformation by myristoylated c-Abl [95]. This region was shown
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to be generally conserved in tyrosine kinases [95]. This F420V
mutant, however, was found not to be heavily tyrosine
phosphorylated [95].

Oncogenic versions of Abl have been isolated from mouse, cat
and humans. These Abl constructs are the v-abl oncogene of Abelson
murine leukemia virus (A-MuLV), the v-abl oncogene of the Hardy-
Zuckerman-2 feline sarcoma virus (HZ2-FSV), and the bcr-abl fusion
gene in human leukemias from the Ph [185] [38] see Fig. 1. In these
oncogenic proteins, Abl kinase is dysregulated and constitutively
activated. Activation of the v-Abl tyrosine kinase requires both the
deletion of the SH3 domain and fusion with the viral protein
sequences. A-MuLV also has a SH3 domain deletion whereas the
HZ2-FSV has a large carboxyl-terminal segment deletion; however,
both have requirements for fusion with viral protein sequences [61]
(94] [11]. Activation of the Ber-Abl tyrosine kinase depends on Ber
amino acids [146] [154] [169].

plgsbcr-abl/9210bcr-abl

The breakpoint on chromosome 9 that contains c-abl can occur
within a large area at the 5' end of c-abl. The portion of Abl that is
consistently retained in the fusion of the hybrid gene is exon 2 (a2)
and all of the exons 3' of exon 2 (exons 2-11 [25]) [112]. c-bcr on
chromosome 22 consists of 23 exons [25]. Historically, a confined
region of the bcr gene about 5.8 kb [79] has been designated the
major breakpoint cluster region (M-Bcr) [66]. M-Bcer includes five

exons designated bl-b5 [66]. Following RNA transcription and
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splicing, the hybrid gene can encode two potential junctions
depending on whether Ber exon b2 or b3 is joined to Abl a2. These
junctions are designated as b2a2 or b3a2, depending on the presence
or absence of exon b3. The difference in size between these two
proteins is 25 amino acids [200]. These two products both code for a
product called p2102¢r-abl  In another disease, ALL, chromosome
22 breakpoints take place within the first intron of Ber [217]. In this
case the resulting Bcr-Abl product is a fusion between the first exon
of Ber (bl) and Abl exon 2 (a2). This fusion product bla2 (lacking
two of the Bcr exons mentioned above, b2 or b3, results in the
formation of a hybrid protein of 185kDa [22].

Ber sequences in the fusion proteins pl8sbcr-abl or p210bcr-
abl are essential for elevation of the tyrosine kinase activity [146]
[154] [169]. The abl sequences of the bcr-abl genes are unchanged
except for loss of the first exon, and this loss alone does not endow c-
abl with the ability to transform cells [56] [61]. Ber first-exon
sequences potentate tyrosine kinase activation and transforming
ability when they are fused to the second exon of c-abl. This occurs
through dimerization of the chimeric oncogene [145] or by
specifically interfering with the negative regulation of abl-encoded
tyrosine kinase [146] [154]. The pl85bcr-abl protein contains the
first exon of c-bcr and has about 5 fold higher tyrosine kinase
activity than p210bcr-abl [124]. This correlates with the former's
much more frequent association with an acute rather than a chronic
form of 1eﬁkemia [48] [112] [27], and its greater transforming
potency both in vitro [124] [39] [143] [144] and in animal
experimental systems [40] [53] [83] [100] [38].
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Assays of Ber-Abl function

In vitro modeling of CML has been somewhat problematic as
there is no single model that accurately reflects the disease. In an
attempt to model transformation associated with the disease, four
different assays have been used. These include growth factor
independence, fibroblast focus formation, primary bone marrow

colony formation, and transplantation into syngeneic mice.

Growth factor independence

For normal growth, certain cell lines require, in addition to
serum, specific growth factors, the absence of which can result in cell
death. Transformation by an oncogene can abolish the need for these
growth factors. The oncogenic Abl proteins can abrogate the
requirement of growth factors in lymphoid or myeloid cell lines. In
this assay one assesses the shift to growth factor independence
caused by the transfection of p210bcr-abl into a growth factor-
dependent cell line [37] [113] [137] [127]. p210bcr-abl can abrogate
the requirement for IL-3 in a pro-B cell line, BaF3 [41] and can
convert an interleukin-3 (IL-3)-dependent murine myeloid cell line,
32D, or a GM-CSF-dependent human megakaryotic cell line, Mo7e, to
growth factor independence [184][37].



Fibroblast focus formation

Normal fibroblasts require firm contact with the substratum
for growth. If they are plated onto a surface to which they cannot
adhere, they will not grow, although they can remain viable for long
periods of time. Most transformed cell lines have lost the
requirement for adherence; they grow without attachment to a
substratum, as indicated by their ability to form colonies when
suspended as single cells in agar. This characteristic correlates
extremely well with the ability of transformed cells to form tumors;
cells that have lost anchorage dependence generally form tumors
with high efficiency when they are injected into animals that cannot
immunologically reject them.

This ability of transformed cells to grow in agar has been
exploited in the fibroblast transformation assay. In this assay, bcr-
abl constructs transfected into a fibroblast cell line and transfectants
are assessed for their ability to form colonies in soft agar. pl85bcr-
abl and the oncogene v-abl both readily transform NIH 3T3 and Rat-
1 fibroblasts [39] [124], though p210bcr-abl transforms NIH 3T3
fibroblasts poorly and is less potent than pl185bcr-abl i

transforming Rat-1 cells [195].

Primarv bone marrow_colony formation

This assay is quite similar to the fibroblast transformation
assay. p210bcr-abl has the ability to promote the outgrowth of

myeloid cell lineages when introduced by retroviral infection into
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cells plated in long term bone marrow cultures [143] [237]. This
assay 18 quantitative as it assesses the number of myeloid colonies

formed over time as compared to uninfected bone marrow cells.

Transplantation models

This assay uses the ability of retrovirally infected bone
marrow cells carrying p210bcr-abl to cause a syndrome resembling
chronic myelogenous leukemia in lethally irradiated syngeneic mice
[40] [100] [69].

The procedure involves infecting harvested bone marrow cells
of young BALB/c mice with retroviruses carrying p210bcr-abl,

These primary infected bone-marrow cells are then transplanted into
lethally irradiated syngenic recipients. A CML-like

myeloproliferative syndrome is seen usually after 9 weeks of
infection [40]. This data strongly implicates p210bcr-abl a5 the cause
of CML, providing, in fact, the strongest evidence for a protein

tyrosine kinase as the etiologic agent in a human malignancy.

Structure-function aspects of Bcr-Abl

Studying Bcr-Abl mutants has led to the conclusion that certain
domains of Bcr-Abl are important for transformation. Reviewed
below is knowledge regarding transformation mediated by deletion

or point mutations in the different domains of Bcr-Abl.
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Ber Exon 1

The first exon of Ber is known to activate the tyrosine kinase
activity of the Abl kinase [154] [146]. Four different activities have
been attributed to this exon, of which three have been shown to be
important in transformation. 1) there is a serine/threonine kinase
whose activity is dispensable for transformation [169] [129]. 2) the
N-terminal sequences of Bcr contain an oligomerization or coiled-coil
oligomerization domain that has been shown to be important for
transformation as deletion of these sequences results in a non-
transforming phenotype [154] [147]. A rare translocation [96] in
CML, Tel-Abl also appears to function in a similar manner since the
dimerization motif in this protein, which is encoded by Tel sequences
is required for transformation activity. Tel belongs to the Ets family
of transcription factors [75]. This N-terminal domain of Ber has also
been shown to be important for activation of the Abl actin binding
function. 3) interaction with a subset of
phosphoserine/phosphothreonine-dependent binding proteins has
been mapped to amino acids 192 to 413 of Ber. Deletion of these
amino acids has been shown to abolish interaction with these
proteins and lead to a non-transforming phenotype [169] [153].
Finally 4) tyrosine 177 when phosphorylated binds to the SH2
domain of Grb2, a protein that links tyrosine kinases to the ras
nucleotide exchange factor mSOS [170]. Thus mutation of this
residue to a phenylalanine leads to a non-transforming phenotype in

fibroblasts.
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Ber Exons 2 and 3

The second exon of Ber bears homology to rho/rac guanine
nucleotide exchange factor, however, this hasn't been documented
experimentally [15]. These domains are not required for

transformation, as pl85 lacks both of these exons [124].

Abl SH3 domain

As discussed earlier, this domain seems to bind to an inhibitory
protein. However, this domain is retained in Bcr-Abl, suggesting that
the inhibitory function of the SH3 domain is circumvented in the Becr-

Abl fusion protein.

Abl SH2 domain

This domain in proteins is critical in mediating interactions
with phosphotyrosine-containing proteins in cells [165] [107] and is
important in fibroblast transformation, as deletion of this domain
results in decreased transformation in these cells [145] [162]. A
mutant of this domain and implications thereof will be discussed

further in a following section.

Abl tvrosine kinase domain

Abl kinase activity is essential for its transformability as

mentioned above [185] [2] [168]. The Bcr-Abl fusion products have



tyrosine kinase activity elevated several fold over the normal c-Abl
gene product [42] [124] Fig. 1. Mutations of the conserved lysine in
the ATP binding site abolishes transformation by Ber-Abl. This has
also been shown by use of temperature-sensitive mutants in the
kinase domain, which require the tyrosine kinase activity for

stimulation of cell growth [20] [103] [24].
Abl C-terminal domain

The unique C-terminus of Abl that distinguishes it from other
tyrosine kinases contains multiple domains, including an actin-
binding domain [220]. This actin-binding domain is though to be

important in Bcr-Abl-mediated fibroblast transformation [147].

Ber-Abl substrates and interacting proteins

The tyrosine kinase activity of the Abelson murine leukemia
virus product, p160v-@bl and Ber-Abl fusion proteins is known to be
necessary for cellular transformation [186]. This observation
suggested that substrates of this kinase may be important in
oncogenesis [109]. However, it has been difficult to identify the
critical immediate target proteins which may be phosphorylated by
p210bcr-abl and to define the ensuing protein interactions and
cascade of signals which are activated.

Numerous proteins have been shown to interact with Bcr-Abl
and many have been shown to be tyrosine phosphorylated in Bcr-

Abl-expressing cells. These proteins include rasGAP [49], Grb2 [170,
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172], Shc [136, 208], Fes [54], Syp [209], CrkL [161, 212] the 85 kDa
subunit of phosphatidylinositol 3-kinase [222], Vav [135], c-Ber
[123], paxillin [192], and various other cytoskeletal proteins [191].
Although numerous substrates of the Bcr-Abl tyrosine kinase
have been identified, the biological relevance of many of these
protein substrates for the transformation function of Bcr-Abl is
unknown and needs to be demonstrated to fully understand the
mechanisms of disease [61] {146] [103] [178] [63]. However, it is
likely that one or more of these substrates has a role in promoting
the tumorigenic process initiated by Ber-Abl. We have focused on

the role of two of these, CrkLL and Cbl.

v-cbl (for Casitas B-lineage Lymphoma) is the transforming
gene of the Cas NS-1 retrovirus that induces pre-B cell lymphomas
and myelogenous leukemias in mice [115]. The sequence analysis of
this retrovirus has shown that v-Cbl contains 355 amino acids of the
amino terminus of its qellular homolog, c¢-Cbl, fused to viral gag
sequences. v-Cbl is localized to the nucleus and cytoplasm of infected
cells, whereas, c-Cbl encodes a 120kDa cytoplasmic protein [14].
Overexpression of c-Cbl does not transform fibroblasts and does not
alter its subcellular localization [14]. The transforming potential of c-
Cbl is activated by a 17-amino acid deletion found in a murine pre-B
cell lymphoma cell line, 70Z/3, in an area corresponding to amino
acids 366 to 382 in human Cbl [3]. The 70Z/3 mutant form of Cbl is

localized to the cytoplasm, indicating that Cbl-induced transformation
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can be mediated from the cytoplasm. Additionally, deletion of either
of the two tyrosine residues in this area (Y368 and Y371) also
promotes tumorigenesis [3]. These transforming variants of Cbl are
heavily tyrosine phosphorylated, however, it is not clear if the 40kDa
v-Cbl protein is tyrosine-phosphorylated. A schematic of Cbl is
shown in Fig. 2.

Cbl is a common substrate of tyrosine kinases activated in
immune recognition receptor signaling [164] [175] [65] [174] [149],
after hematopoietic cytokine receptor stimulation [163] , after
platelet stimulation [160] and integrin ligation [128], and is tyrosine-
phosphorylated in a variety of cell-signaling pathways associated
with proliferation or activation [149] [67] [17]. Additional evidence
for the involvement of Cbl in signaling through tyrosine kinases has
come from a genetic analysis of vulval induction during C.elegans
development. In this system, s/i-1, a cbl homolog, has been identified
as a negative regulator of ler-23, the EGF receptor homolog [236]. The
N-terminus of c-Cbl, expressed as a GST-fusion protein, binds to the
EGF receptor, as does v-CBL [17]. The extent of GST-N-Cbl binding
correlated with the degree of tyrosine phosphorylation of the
receptor, though Cbl has no SH2 domain. Additionally, the region of
Cbl that binds to activated EGFR is highly conserved between Cbl and
Sli-1 [236].

In Abl-transformed cells, Cbl is tyrosine-phosphorylated and
coprecipitates with Abl [3] [43] [181] [193]. A truncated form of Cbl
found in the HUT 78 T cell lymphoma line, HUT-Cbl, encodes the N-
terminal 655 amino acids of c-Cbl. This truncated protein does not

transform fibroblasts [14]. In Abl-transformed cells, HUT-Cbl is not
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phosphorylated [4], raising the possibility that the sites of Cbl
phosphorylation in Abl transformed cells are in the C-terminal
domain. However, it is not clear that Abl interacts with this Cbl
mutant. Tyrosine phosphorylated Cbl has also been shown to interact
with CrkL, an SH2-SH3 domain adaptor protein. Consistent with this
finding, HUT-Cbl does not interact with CrkL [4].

Therefore, Cbl is important in CML for a number of reasons. 1)
v-Cbl is oncogenic [114], 2) v-Cbl induces a spectrum of hematologic
neoplasms [1] similar to those induced by the Abelson murine
leukemia virus, 3) it associates with Abl and is tyrosine-
phosphorylated and 4) it associates with a variety of other signaling
proteins, including CrkL, which have been shown to be important for

Bcr-Abl transformation.
c-CrkLL

The viral Crk (for CT10 regulator of kinases) protein, v-Crk is
the transforming agent of the avian retrovirus CT10 and ASV-1.
There are three genes related to Crk that have been cloned, ¢-Crk I,
c-Crk II and c-CrkLL (Crk Like). The proto-oncogene products of
these Crk proteins belong to a family of proteins consisting primarily
of SH2 and SH3 domains while lacking catalytic domains [134] [176].
Nck and Grb2 are two other members of this emerging family of so-
called "adaptor proteins" [118] [121]. The widely expressed c-Crk-II
protein and c-CrkL. contains an amino-terminal SH2 domain followed
by two SH3 domains. The c-Crk-I protein, which is found in

embryonic lung cells, and v-Crk do not contain the second SH3
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domain. In addition, v-Crk has an amino-terminal Gag region.

CrkL is only tyrosine-phosphorylated in peripheral blood cells
of Ph-positive patients with an active Bcr-Abl protein [211] [161]
[157]. CrkL is expressed in hematopoietic cells but is not
constitutively tyrosine-phosphorylated in bone marrow [43] or
peripheral blood [211] [161} [157]. In addition, stimulation of
neutrophils with GM-CSF, tumor necrosis factor, lipopolysaccharide,
12-O-tetradecanoylphorbol-13-acetate, interleukin-1, fibroblast
growth factor or insulin fails to evoke CrkL tyrosine phosphorylation
[161] [157]. However, CrkL is one of the most prominent tyrosine-
phosphorylated proteins in transgenic Bcer-Abl mouse material [43]
and it associates with Bcr-Abl suggesting a distinctive role for this
adaptor in leukemogenesis.

The v-Crk protein can transform fibroblasts. Overexpression of
c-Crk I has been shown to transform fibroblasts, and cause massive
tumor formation in nude mice; c-Crk II examined in the same assays
induced altered cellular morphology, though, it was not transforming
in fibroblasts and did not induce tumor formation in nude mice [130].
Overexpression of c-CrkLL was shown to be transforming in
fibroblasts [198]. Crk transformed cells contain numerous tyrosine
phosphorylated proteins, and it has been suggested that v-Crk can
activate cellular tyrosine kinases [140] [139].

v-Crk has also been shown to bind several phosphoproteins via
its SH2 domain with high affinity. Three prominent Crk SH2-binding
proteins are paxillin (p70), p130¢4s (Crk-associated substrate) and
c-Cbl (p120 mentioned above) [206]. All these proteins are strongly

hyperphosphorylated in v-Src transformed cells suggesting that they
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could be important in the transformation process of several
oncogenes.

The SH3 domain of Crk has also been shown to bind proline-
rich motifs of the GDP-GTP exchange factors Sos (pl170) and C3G
(p150). The binding of Crk SH3 [58] domain to mSos and C3G
suggests a role for Ras or related proteins in v-Crk transformation
[205] [59] [57]. c-Abl can form stable complexes with v-Crk and with
overexpressed c-Crk-I [60] [177].

We embarked on studying the role of CrkLL in CML for a
number of reasons. 1) It was a unique tyrosine-phosphorylated
protein in CML patients, 2) it associated with Bcr-Abl not only in
patient neutrophils but also in Bcr-Abl transgenic mice, and 3) It
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