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THE ROLE OF SRC FAMILY TYROSINE KINASES IN BCR-ABL SIGNAL
TRANSDUCTION AND CHRONIC MYELOGENOUS LEUKEMIA

Matthew Brian Wilson, PhD

University of Pittsburgh, 2004

The hallmark of chronic myelogenous leukemia (CML) is the Philadelphia chromosome,
which arises from the reciprocal translocation of the c-ab/ proto-onogene on chromosome 9 and
the bcr locus on chromosome 22. This translocation results in the expression of a 210 kDa
fusion protein (Bcer-Abl) with constitutive tyrosine kinase activity that is responsible for CML
pathogenesis. Bcr-Abl activates several signaling proteins important for the proliferation and
survival of myeloid progenitors, including the Src family kinases Hck and Lyn, the Stat5
transcription factor and upstream components of the Ras/Erk pathway. Previous work from our
laboratory found that kinase-defective Hck blocks Bcer-Abl-induced transformation of DAGM
myeloid leukemia cells to cytokine independence, suggesting that activation of the Src kinase
family may be essential to oncogenic signaling by Ber-Abl.

Chapter II explores the contribution of Src kinases to Ber-Abl signaling in vivo, using
selective Src family kinase inhibitors. Inhibition of Src family kinases in Ph+ CML cell lines
resulted in growth arrest, induction of apoptosis and blocked Stat5 and Erk activaton
downstream. These data implicate the Src kinase family in Stat5 and Erk activation downstream
of Ber-Abl, and identify myeloid-specific Src kinases as potential drug targets in CML.

In Chapter III, I investigated the biochemical interactions between myeloid Src family
members and Ber-Abl. Hck, Lyn and Fyn each bind the kinase domain, C-terminal tail, and
SH3/SH2 region of Ber-Abl and strongly phosphorylated the Ber-Abl SH3-SH2 protein in vitro.

Seven phosphorylated tyrosine residues were identified and substitution of these residues with
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phenylalanine in the context of full-length Ber-Abl blocked transformation of TF-1 myeloid cells
to cytokine independence. The position of several of these tyrosines in the crystal structure of c-
Abl and transformation defect of the Bcr-Abl mutant suggest that phosphorylation by Src kinases
may impact Ber-Abl autoregulation and downstream oncogenic signaling. Taken together, these
data firmly establish an important role for Src family tyrosine kinases in Bcr-Abl-mediated
oncogenic signaling and implicate Src kinases as a promising therapeutic target for chronic

myelogenous leukemia.
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1. Introduction



1.1.  Src family kinases

1.1.1.  Overview

The c-Src tyrosine kinase was originally identified as the non-transforming cellular
homologue of v-Src, the oncogene encoded by the chicken Rous sarcoma retrovirus (1-3). The
key discovery of c-Src as the first “proto-oncogene” earned Harold Varmus and J. Michael
Bishop the 1989 Nobel Prize in Physiology or Medicine. While c-Src is the prototype, other
members of the Src family include: Hck, Lyn, Fgr, Fyn, Yes, Blk, Lck, Src, and Yrk (4).
Although some Src members are ubiquitously expressed, Hck, Lyn, Fgr, Lck, and Blk, are
restricted to a few hematopoietic cell types. All members of the Src family exhibit common

structural features that beget their role in cell signaling (Figure 1; discussed below).

1.1.2.  Structure and Regulation

Each Src family member encodes a 9 to 12 amino acid region required for membrane
attachment, a 40 to 70 amino acid unique N-terminal unique domain, followed by Src-homology
3 (SH3) and Src-homology 2 (SH2) domains, a catalytic tyrosine kinase domain, and a negative
regulatory “tail” region (Figure 1A). Src family kinases are primarily localized to the cytoplasm
linked to the intracellular membranes of the plasma membrane, endosomes and secretory
vesicles. They connect to the membranes via an N-terminal myristate moiety, salt bridges
between basic amino acids in the N-terminus and phosphates of the lipid backbone, and
noncovalent interactions with integral or associated membrane proteins (5, 6). This association
with intracellular membranes appears to be critical for normal growth-factor signaling of the Src

family kinases (7). The unique domain of the Src kinases exhibits very little sequence homology



between members and it is hypothesized that this domain confers functional specificity via
unique member-specific protein/protein interactions (8).

Following the unique domain are the SH3 and SH2 domains (Figure 1A). Found in a
wide variety of catalytic and noncatylic proteins, the SH3 and SH2 regions are modular protein
domains capable of binding specific amino acid target sequences. Both domains were originally
identified in c-Src and are highly conserved among all Src family members (9). The SH2 domain
encompasses about 100 amino acids and starts with a very short  strand (BA). An a-helix (aA)
follows, which forms part of the phosphotyrosine-binding site. A continuous B-meander formed
by strands B, E and F make up the core of the domain. These strands form two B-sheets, which
are connected by the long strand BD. Strand F leads into helix aB, which is followed by a loop of
variable length (BG). The final strand PG is part of the B-sheet formed by strands B-D (Figure

1B) (10, 11).



Linker Kinase

D

I 1
b

Tyr-416 Tyr-530

Loop SH2/SH3
; engagement }
Inoctive ~—— Active

Figure 1: Structural organization and activation of Src family kinases

A) A representative model of Src family kinases is shown (c-Src). The unique domain (N) is
shown in white, the SH3 domain in red, the SH2 domain in blue, the SH2-kinase linker in
orange, the N-lobe of the kinase in light blue, the C-lobe in purple and the negative regulatory
tail in green. Phosphorylation of tyrosine Y416 facilitates activation of the kinase, while
phosphorylation of Y530 by Csk negatively regulates catalytic activity. B) The crystal structure
of the autoinhibited form of Hck is shown (numbering for c-Src is shown for consistency) (12).
Src family kinases are down-regulated by two intramolecular interactions involving 1) the SH3
domain and a proline rich region in the SH2-kinase linker, and 2) engagement of phospho-Y530
with the SH2 domain. C) Disruption of either intramolecular interaction can stimulate Src

family kinase activity.



The primary function of the SH2 domain is to bind target proteins containing a
phosphorylated tyrosine residue. From a structural perspective, the phospho-peptide binds to a
relatively flat surface formed by the hydrophobic core of the oA and aB helices and a portion of
the central B-sheet. Three positively charged amino acids, including a strictly conserved arginine
within the BD region (R175 in c-Src), form critical interactions with the target phospho-peptide.
Specifically, R175 falls within the highly conserved FLVRES motif of SH2 domains (13) and
functions to form hydrogen bonds with the oxygen atoms of the phosphate (Figure 1B) (10).
Highlighting the importance of R175, Mayer and Baltimore showed that a mutation of this
residue to lysine completely blocked the SH2—phosphotyrosine interaction in vitro (14). The
other two conserved positive amino acids, Argl55 (R155) and Lys203 (K203) form a hydrogen
bond with the target phosphate and interact with the face of the aromatic ring of tyrosine,
respectively (10) (Figure 1B).

Mutagenesis studies involving the SH2 domains of GAP (GTPase activating protein) and
the p85 subunit of phosphotidylinositol-3-kinase (PI3K) with the PDGF receptor demonstrate
that only a short phosphotyrosine containing peptide is required for binding (15). Specifically
these studies showed that in addition to the phosphotyrosine, the residue at the +3 position was
critical for binding (15, 16). Unlike the highly conserved phosphotyrosine pocket described
above, the binding cleft for the +3 residue is variable among SH2 containing proteins and may
provide substrate specificity. Moreover, subsequent studies have shown that the Src family
kinases have a strong affinity for phospho-peptides containing the “YEEI” motif particularly

when compared to peptides that only contacted the SH2 domain through the phosphotyrosine

(17).



The SH3 domain comprises about 60 amino acids and in the case of Src family kinases,
like many other non-receptor protein-tyrosine kinases, plays a dual role in autoregulation and
protein/protein interactions (Figure 1B). SH3 domains bind proline sequences that adopt a
polyproline type II (PPII) helical conformation. The PPII helix is an extended left-handed helical
structure with three residues per turn and an overall shape resembling a triangular prism (18). A
combination of steric and hydrogen-bonding properties of proline-rich motifs is thought to
contribute to its preference for this secondary structure (18, 19). The SH3 domain itself consists
of two antiparallel B sheets at right angles to one another. Within this fold are two variable loops,
referred to as the RT and the n-Src loops (20). When bound, the proline-rich peptide ligand
adopts a PPII helix conformation (21, 22) and the ridges of the PPII helix insert into a
complementary pair of grooves on the SH3 surface (Figure 1B). These surface grooves are
defined by a series of nearly parallel, well-conserved aromatic residues. In addition, hydrogen-
bonding donors are well positioned to recognize ligand backbone carbonyl moieties (23). The
ligand itself consists of two variable—usually hydrophobic—amino acids flanked by two
required proline residues (PxxP). Each aromatic groove of the binding pocket recognizes an xP
dipeptide. The variable RT and n-Src loops lie adjacent to the PPII binding sites and interact with
residues flanking the PxxP motif forming a tertiary binding pocket (24).

The catalytic domain of Src family kinases encompasses approximately 300 amino acids
and has a bi-lobal structure (Figure 1A-B). The smaller N-lobe contains a five-stranded 3 sheet
and one critical a helix (aC). The larger C-terminal lobe is comprised of mostly a helices and
primarily interacts with the target peptide. ATP binds at the interface between the two lobes.
There are two segments of the kinase domain that are essential for proper catalytic activity: the

“catalytic segment” and the “activation loop” (Figure 1B). The catalytic segment consists of a



highly conserved glycine rich strand-turn-strand motif and contains several amino acids critical
for proper orientation of the a and [ phosphates of ATP. Numerous studies have show that
mutation of a critical lysine (K295 in c-Src) in the catalytic segment renders the kinase
catalytically inactive (25). Adjacent to this region is the more variable “activation loop,” which
contains a tyrosine residue important for activation of the kinase (Y416 in c-Src; Figure 1B).
This segment is defined as the region between the highly conserved Asp-Phe-Gly (“DFG”) and
Ala-Pro-Glu motifs (404 to 432 in c-Src). Phosphorylation of this tyrosine facilitates a series of
conformational changes directly leading to kinase activation (see below for more detail).

The C-terminal tail of Src family kinases contains a regulatory tyrosine residue (Y530 in
c-Src) that becomes phosphorylated by C-terminal Src kinase (CSK; Figure 1) (26). The
phosphorylated tail tyrosine is capable of binding to its own SH2 domain and thereby renders the
kinase inactive (Figure 1C) (12). Deletion of this regulatory tail tyrosine (as in v-Src) or mutation
of the tyrosine to a phenylalanine residue (Y530F) results in a deregulated, constitutively
activated tyrosine kinase. Consequently, the active Src family kinases phosphorylate various
target proteins leading to transformation and oncogenesis (27, 28).

The crystal structure of the active form of Lck (29) and inactive form of Hck (12) and Src
(30) have provided invaluable insight into the structural mechanism of Src kinase auto-regulation
and activation. As predicted from biochemical results, the down-regulated structures of Src and
Hck showed the SH2 domain engaged with the regulatory tail phosphotyrosine (Figure 1B-C).
Not predicted from existing data at the time was the observation that the SH3 domain of the Src
kinases bound an internal PPII helix present in the linker between the SH2 and kinase domains
(Figure 1B-C). The SH2 and SH3 intramolecular interactions exert their influence on the

catalytic activity of the kinase via the distal face of the kinase domain, rather than by blocking



the catalytic binding cleft. Engagement of the SH3-linker and SH2-tail in the inactive crystal
structures of Hck (Figure 1B) (31) and Src (30) results in displacement of the critical aC helix in
the N-terminal lobe compared to the active conformation of Lck (29) and PKA (32, 33). This
leads to the disruption of the ion pairing between the invariant Lys295 and Glu310. Both
residues are strictly conserved and even found in a very distantly related bacterial kinase (34). In
the structures of Src and Hck Glu310 is present on the aC helix, and when inactive, the helix
swings outward and away from the protein core and prevents association with Lys295. As a
result, Lys295 is no longer able to precisely orient the o and § phosphates of ATP and catalytic
transfer cannot take place. Phosphorylation of the activation loop has a profound effect on the
position of the aC helix and thus kinase activity. In the down-regulated structures of c-Src and
Hck the n-terminal region of the activation loop is well ordered and prevents the outward swing
of aC (Figure 1B). This conformation is stabilized through the interaction of Arg385 and Tyr382
on the activation loop with the displaced Glu310 residue. When phosphorylated, Tyr416 forms a
salt bridge with the guanidinium group of R409 and a water-bridged interaction with the side
chain of R385 of the N-lobe rather than associating with Glu310. This results in a charge
neutralization, thus allowing the aC helix to swing outward promoting catalytic activity (35).

The orientation of the critical aC helix is also influenced by the binding of the PPII helix
with the SH3 domain. When bound and inactive, the side chain of Trp260 is buried in a
hydrophobic binding pocket created by the aC helix and a flanking region of the N-terminal
lobe. Displacement of the PPII-SH3 interaction by a substrate protein disrupts this hydrophobic
binding pocket, the Typ260 side chain is released, and the aC helix swings outward promoting
kinase activation. The importance of the negative regulatory effects of the SH3-PPII interaction

has been demonstrated by our laboratory and others. For example, a PPII helix in the HIV



protein Nef strongly binds to the SH3 domain of Hck, disrupts the intramolecular PPII—Iinker
interaction, and potently activates the kinase (Figure 1C) (36, 37). Moreover, work from our
laboratory has also shown that a double alanine substitution of the PxxP motif (AxxA) in the
SH2-kinase linker of Hck potently activates tyrosine kinase and transforming activities in Rat-2
fibroblasts (38).

In cells, activation of Src-family members can occur through several mechanisms which
all rely on the structural observations discussed above. Activation by receptor tyrosine kinases
(RTK), such as the c-kit receptor and PDGF receptor, may involve recruitment of the Src kinase
to the autophosphorylated receptor via the Src SH2 domain. Subsequent activation may then
occur by displacement of the negative regulatory tail and/or phosphorylation of the activation
loop tyrosine in the kinase domain by the RTK (8, 39). Activation of Src-related proteins by
non-catalytic cytokine receptors, such as the receptors for IL-2, IL-3, IL-6, GM-CSF, Epo, and
others is less clear. Ligand binding may induce complex formation between the receptor and the
membrane bound Src proteins (40). This places the Src proteins in close proximity, potentially
leading to trans-phosphorylation of the activation loop tyrosine and subsequent kinase activation
(41). As mentioned previously, there is strong evidence that Src proteins can also become
activated by disruption of the intramolecular interaction between the polyproline helix in the
linker and SH3 domain (36-38) (Figure 1C). This can involve any of a growing list of
physiological substrates for Src family kinases, including p130Cas, N-Wasp, Stat3 and RasGAP

[reviewed in (42)]



1.1.3.  Role in hematopoietic cells

Although Src kinases are activated by multiple cytokines and growth factors, their direct
contribution to cytokine signal transduction and their role in growth and differentiation is not
well understood. Some of the best evidence for Src function has come from mouse knockout
studies. For example, mice with a deletion in the Hck gene exhibit a defect in phagocytosis,
although hematopoiesis proceeds normally (43). The activity of Lyn kinase was increased in
macrophages from Hck-deficient mice, suggesting a functional redundancy among Src-family
members. Additional evidence for Src-family redundancy comes from studies with mice lacking
both Fgr and Hck. These mice develop macrophages that are unable to respond to infection with
Listeria monocytogenes (43) and neutrophils with defective integrin signaling (44, 45). Mice
deficient in Lyn kinase have a reduced number of mature B-cells and aberrant B cell signaling
(46). Lck knockout mice have reduced numbers of thymocytes (47), whereas those lacking Fyn
have reduced T-cell receptor responsiveness (48).

Src-related kinases exert their effects by activating several downstream pathways
involved in growth regulation, differentiation, migration, and adhesion. Hck has been linked to
signaling for various hematopoietic cytokines, including IL-3 (interleukin-3), GM-CSF
(granulocyte-macrophage colony stimulating factor), and LIF (leukemia inhibitory factor) (49-
52). (53). For example, G-CSF (granulocyte colony stimulating factor) and GM-CSF were
unable to stimulate DNA synthesis in DT40 cells lacking Lyn (54). Other Src members, such as
Fyn, Lyn and Lck, have also been linked to cytokine signal transduction (49, 55-57). Src family
kinases have also been shown to recruit/activate signaling molecules, including Ras, PI3K, focal
adhesion kinase (FAK), and STATs (signal transducers and activators of transcription). Src

proteins can directly phosphorylate these downstream effectors (FAK) (58) or phosphorylate an
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adapter protein, such as Cbl (59) or Shc (60), linking Src family kinases to various downstream

signaling pathways. Specific examples are discussed below.

1.1.4.  Mitogenic signaling

There is a substantial body of literature implicating Src family kinases in a multitude of
mitogenic signaling pathways. This section will focus on a few key pathways common to Src
family kinases and Ber-Abl in hematopoietic cells (see section 1.2.7. for an introduction to Ber-
Abl signaling). Loss of Shc phosphorylation in Lyn-deficient DT-40 B-cells and the
coprecipitation of Shc and Lyn suggest a role for Src-related kinases in Ras activation and
mitogenic signaling (61). Analysis of these same Lyn-deficient cells showed a drastic reduction
in Cbl phosphorylation and PI3K activation (62). Lck and Fyn can tyrosine phosphorylate CD28
in vitro, resulting in recruitment of PI3K and Grb2 via their SH2 domains. The regulation of
CD28 mediated co-stimulation of T cells by Lck and Fyn, therefore, plays a critical role
upstream of the T cell receptor signaling cascade (63). Overexpression of Fyn increases Sos
activity, which works by converting inactive GDP-Ras to active GTP-Ras (53).

Several lines of evidence have implicated a role for Src-related kinases in STAT
activation and cellular transformation (64). A role for v-Src family kinases in STAT activation
was suggested from a study examining Src-transformed NIH3T3 cells. Stat3 was constitutively
phosphorylated in cells transfected with the constitutively active v-Src oncogene and v-Src could
bind and phosphorylate Stat3 in vitro (65, 66). Stat5 phosphorylation was reduced in response to
c-Src antisense RNA or treatment with a Src-selective inhibitor in K562 and F-36P cells and

coexpression of Src and Stat5 in COS cells resulted in Stat5 activation (67). Lastly, v-Src
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induced colony formation was inhibited by dominant negative mutants of Stat3, indicating that

Stat3 activation is required for v-Src mediated transformation (68).

1.1.5.  Rolein cancer

The majority of current evidence indicating a role of the Src family kinases in cancer
comes from studies involving c-Src, although many Src family members have been implicated in
various malignancies [reviewed in (6)]. Most mutations of Src family kinases in cancers involve
alterations in enzymatic activity rather than alterations at the gene level (69). There are some
notable exceptions, however. Several groups have detected a deletion in the long arm of
chromosome 20 as a consistent nonrandom abnormality in the myeloid malignancies, non-
lymphocytic leukemia and polycythemia and part of this region of chromosome 20 encodes for
c-Src (70-72).

In the majority of malignancies, Src family kinases exhibit increased expression
indicating an oncogenic role in disease initiation and progression. c-Src was found to have
elevated kinase activity compared to normal controls in a series of colon cancer cell lines (73)
and in 60% of all lung cancers (74). Similarly, a study of 72 breast cell lines and tumor samples
showed that Src kinase activity was elevated in 100% of the samples (75). Stat3 was shown to
be constitutively activated in breast carcinoma cell lines overexpression Src family kinases (76).
Various other malignancies exhibit overexpression of Src family kinases, including
neuroblastomas (77), ovarian cancer (78), and skin cancer (79). Sequences related to the human
c-Yes gene were amplified in a single primary gastric cancer out of 22 cases that were examined
(80) and elevated c-Yes activity was observed in premalignant legions of the colon (81). There

is also evidence in a fish model that Fyn may contribute to melanoma formation (82).
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1.2.  Chronic Myelogenous Leukemia

1.2.1. Hematopoiesis

Hematopoiesis is a complex biological process in which hematopoietic stem cells can
undergo self-renewal as well as differentiation into myeloid and lymphoid progenitor cells
[reviewed in (83)]. These committed progenitor cells then go on to form the mature adult cells
which carry out the basic functions of the immune system and erythropoiesis. During
development, hematopoiesis takes place in the aorta-gonadal-mesonephros (AGM) region, yolk
sac, and fetal liver. In adults, hematopoiesis takes place in the bone marrow. In each
microenvironment, “support” cells provide a local concentration of cytokines and form an
extracellular matrix which provides signaling cues that initiate cell division, migration,
differentiation and apoptosis. These cells include fibroblasts, endothelial cells, adipose tissue,
osteoblasts, and cells of hematopoietic origin such as macrophages. Once these progenitor cells
reach maturation they migrate to secondary hematopoietic organs or circulate throughout the
blood stream.

Numerous growth factors and cytokines and their downstream effectors have been
implicated in the process of stem cell maturation. These factors include c-kit ligand, several
interleukins, such as IL-1, IL-3, IL-6, and IL-11, G-CSF, LIF, thrombopoietin, and the FLT3
ligand [reviewed in (84)]. Loss of this strict regulation can lead to various hematopoietic

malignancies.
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1.2.2.  CML Overview

Chronic myelogenous leukemia (CML) has an incidence of 1 to 10 cases per 100,000
people per year and accounts for approximately 15 to 20 percent of all leukemias (85, 86). The
median age for CML onset is in the fifth decade, but all age groups are affected, particularly
individuals over 60 years of age. CML is a myeloproliferative disorder characterized by the
clonal expansion of transformed hematopoietic progenitor cells. Patients typically present with
elevated number of neutrophils. Ultimately, the disease results in increased myeloid, erythroid,
megakaryocytic and B-lymphoid cell types in the peripheral blood and myeloid hyperplasia in
the bone marrow. Most patients also present with thrombocytosis, fatigue, weight loss,
abdominal fullness, bleeding, splenomegaly, leukocytosis, and anemia. CML progresses from a
relatively benign chronic phase to a rapidly fatal blast crisis within three to five years of initial
onset (87, 88). The blast phase is defined by the presence of 30 percent or more leukemic cells
in the peripheral blood or bone marrow, or the presence of extramedullary infiltrates of blast
cells. In contrast to cells in the chronic phase, which retain the ability to differentiate, cells
present during blast crisis fail to differentiate and resemble the myeloblasts or lymphoblasts

found in patients with acute leukemias.

1.2.3.  The Philadelphia Chromosome

Interestingly, CML was one of the first malignancies for which a single genetic mutation
was identified as the primary causative agent. In 1960, Nowell and Hungerford identified a
consistent genetic abnormality in patients with chronic granulocytic leukemia (89). Cytogenetic
analysis of these patients revealed the presence of a shortened 22™ chromosome, which they

dubbed the “Philadelphia Chromosome” (Ph' or Ph) for the city in which the discovery was
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made (89). In 1973, Rowley further characterized the Ph chromosome as a translocation
between the chromosome 9 and chromosome 22 [t(9;22)(q34;q11)] using quinacrine
fluorescence and Giemsa staining (90). In forming the Ph chromosome, sequences of the c-ab/
protooncogene are translocated from chromosome 9 (91) to a 5.8 kb region on chromosome 22
termed the “break point cluster region” (BCR) (92) (Figure 2; discussed below).

Breakpoints in the abl/ gene can occur anywhere within a 5’ segment that extends for over
300 kilobases (kb). Most commonly the breakpoint occurs within an intron between the first two
alternative first exons of Abl. In the Ber-Abl fusion, however, mRNA processing results in the
ber sequences directly fused to exon 2 (a2) of Abl. The breakpoints in the bcr gene are found
within three defined regions, most often in the 5.8 kb breakpoint cluster region described by
Groffen et al. (92). This region contains five exons (e12 to e16; originally termed b1l to b5) and
most breakpoints occur immediately downstream of e13 or el14 (originally termed b1 to b5). The
hybrid mRNA transcripts of the Ber-Abl fusion have an el3a2 (b2a2) or el4a2 (b3a2) junction
resulting in an 8.5 kb sequence that encodes a 210 kDa fusion protein (p210 Ber-Abl) (93). The
p210 form of Ber-Abl is present in up to 95 percent of all cases of CML (94), 20-50 percent of
cases of adult B-lineage acute lymphoblastic leukemia (ALL) (95) and about five percent of

cases of acute myeloid leukemia (AML) (Figure 2) (96).
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In two-thirds of patients with Ph-positive (Ph+) ALL and in a rare subset of CML and
acute myelogenous leukemia (AML), the breakpoint in hcr occurs in a region upstream of the
major break point region known as the minor breakpoint cluster region (97-99). The hybrid
mRNA consists of sequences that are approximately 7 kb in length in which exon el from bcr is
fused to exon a2 of ab/ resulting in the production of a 190 kDa protein (p185- or p190- Ber-Abl;
Figure 2). The mechanism responsible for the t(9:22)(q34;q11) reciprocal chromosomal
translocation is unknown (100). Although the generation of the Ph chromosome is widely
considered a random event, other non-random mechanisms have been postulated. For example,
Surralles et al. suggest a link between chromatin structure, DNA repair, and chromosomal “hot
spots” with a high-probability of rearrangement (101). Epidemiologic studies have shown that
ionizing radiation is a risk factor for CML (102, 103) and that high-dose irradiation can lead to
the in vitro formation of Ber-Abl (104). Furthermore, when human lymphocytes are irradiated
with neutrons, translocations between chromosomes 9 and 22 are 11 times higher than the
predicted frequency (105) due in part to the topographical proximity of chromosome 9 and 22 in
the nucleus (106) (107). In contrast, no evidence for sequences known to effect translocational
frequency, such as Alu sequences or Chi-like octomers, has been found near the Ber-Abl
rearrangement (108).

Considerable data, including in vivo transgene experiments in mice and in vitro studies
with hematopoietic cell lines, implicate Ber-Abl as the primary etiologic factor in disease onset.
Specifically, McLaughlin ef al. stably transformed murine bone marrow cells with a retrovirus
containing the p210 form of Ber-Abl. When infected bone marrow was plated under conditions
for long term culture of B-lymphoid (109) or myeloid lineage cells (110), cells expressing high

amounts of p210 dominated the culture and resulted in the clonal outgrowth of immature
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lymphoid cells. Moreover, Ber-Abl rendered the IL-3 dependent FDC-P1 myeloid cell line
cytokine independent, providing an initial clue into a possible mechanism for transformation
(111). Further evidence implicating Ber-Abl as the causative factor in CML disease onset came
from the elegant work of Daley, Van Etten, and Baltimore in 1990. Ber-Abl p210 was expressed
in hematopoietic stem cells of murine bone marrow via retroviral-mediated transfer and these
cells were used to reconstitute the marrow of irradiated mice. These mice developed a
myeloproliferative disorder (MPD) with features of human CML, showing convincingly that the
Bcer-Abl fusion protein was responsible for disease initiation (112). In 1991, work from Szczylik
and colleagues highlighted the importance of Bcr-Abl in disease maintenance by demonstrating
that anti-sense oligonucleotides specific for Ber-Abl inhibited Ber-Abl-mediated leukemic cell

proliferation (113).

1.24. Bcer

The breakpoint cluster region gene, bcr, has been mapped to chromosome 22q11 (89, 90)
and codes for two alternative transcripts either 4.5 kb or 7.0 kb in size (114). The bcr gene codes
for either a 130 kDa or 160 kDa cytoplasmic protein (Figure 2) (115) ubiquitously expressed in
mammals with the highest concentration of mRNA in the brain and hematopoietic cells (116-
118). Ber is expressed primarily in the early stages of myeloid differentiation, and levels are
reduced significantly as cells mature to polymorphonuclear leukocytes (119). Studies with mice
with a targeted deletion in the bcr locus have yielded several insights into the in vivo function of
Ber (120). Exposure of bcr-null mutant mice to gram-negative endotoxin leads to severe septic
shock and increased tissue injury by neutrophils. Neutrophils of bcr (-/-) mice show a

pronounced increase in reactive oxygen metabolite production upon activation and are more
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sensitive to priming stimuli. Ber also plays a role in Rac-mediated superoxide production in
leukocytes (120). Other studies have implicated Ber in various signal transduction pathways,
particularly those regulated by G proteins (121). Lastly, Ber can bind the SH2 domain of Ber-
Abl and inhibit its kinase activity through a negative-feedback mechanism (122).

The structure of Ber is complex and contains several functional domains that play a role
in cell signaling (Figure 2). The N-terminus of Ber contains a coiled-coil oligomerization
domain, which is characterized by a heptad repeat of hydrophobic residues between amino acids
28 and 68 (123). The coiled-coil domain is required for constitutive activation of the Ber-Abl
fusion protein (discussed below) (123) and mutations within the domain abolish Ber-Abl tyrosine
kinase activity and block the interaction between Ber and Ber-Abl (123).

The Bcer protein contains a serine/threonine kinase domain in its first exon (124, 125).
Ber can autophosphorylate on serine and threonine residues, as well as transphosphorylate casein
and histones in vitro (125). c-Bcer can also phosphorylate Bap-1, which is a member of the 14-3-
3 family of proteins (126) and form a 14-3-3-mediated complex with Raf in vivo (127). There are
a few key SH2-binding sites in the serine/threonine kinase domain of Bcr, the most notable being
tyrosine 177 (Y177), which when phosphorylated binds the SH2 domain of Grb2, providing a
link to downstream Ras activation (128). Interestingly, phosphoserine and phosphothreonine,
but not phosphotyrosine residues in this region can bind to the SH2 domain of c-Abl (Figure 2)
(129).

The central portion of the protein contains a region with distinct homology to Cdc24/Dbl,
Cdc25 and Vav guanine nucleotide exchange (GEF) factors (Figure 2) (130, 131). GEFs act as
GDP-GTP exchange factors for Ras-like G proteins and play a role in cytoplasmic and

cytoskeletal organization, cell polarity and cell-cycle control (132). Furthermore, using a yeast-
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2-hybrid screen, the DNA repair protein, xeroderma pigmentosum group B (XPB), was found to
associate with the Cdc24/Dbl homology domain of Ber (133) and Ber-Abl (134), indicating that
Bcer and/or Ber-Abl may play a role in DNA repair.

A GAP (GTPase activating protein) domain with activity for the Ras-related GTP-
binding protein Rac is present in the C-terminus of the protein (Figure 2) (135). This region
contains structural similarity to RhoGAP (136) and the GAP-related neuronal protein, chimaerin
(137).

Work from our laboratory has implicated Ber in Fps/Fes non-receptor tyrosine kinase
signaling. Coexpression of Ber with the non receptor tyrosine kinase Fps/Fes in Sf-9 cells
resulted in stable Bcer-Fes protein complex formation and tyrosine phosphorylation of Ber (138).
Phosphorylation of Y177 in Ber by Fes induced its association with the Grb-2/Sos guanine
exchange factor complex and downstream Ras activation (138, 139) but suppressed Bcr-
mediated serine/threonine phosphorylation of Bap-1 (139, 140). Furthermore, Fes-mediated
phosphorylation of Ber enhanced Ber association with the SH2 domains of Abl and the p85
subunit of PI3K (140). Lastly, Laurent and Smithgall recently demonstrated that Fes and Ber
cooperate to activate the Rac and cdc42 GTPases as part of a novel pathway regulating neuronal

differentiation in PC12 cells (141).

1.25. c-Abl

The Abl family of non-receptor tyrosine kinases includes c-Abl and Arg (abl-related
gene). c-Abl was originally identified as the normal human counterpart to the v-Abl oncoprotein
of the Abelson murine leukemia virus (Figure 2) (142-144). The mammalian c-abl gene is

localized to chromosome 9q34 (145), is ubiquitously expressed (119) and has two alternative 5’
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exons that encode for either a 6.5 kb (1b) or 5 kb mRNA (1a) and a ~150 kDA protein (146,
147). Like members of the Src family of tyrosine kinases, c-Abl contains a tyrosine kinase
domain, an SH3 domain, and an SH2 domain (Figure 2). These domains are highly conserved
between nearly all tyrosine kinases, with 42% sequence homology between c-Src and c-Abl, as
well as similarities in domain arrangement and spacing (148). However, c-Abl contains several
features that distinguish it from Src family kinases. c-Abl shuttles between the nucleus and
cytoplasm because it contains three nuclear localization signals (NLS) and a nuclear export
signal (NES) (149, 150). Unlike Src family kinases, c-Abl can bind F-actin (151, 152), G-actin
(152), and chromatin on the DNA (153). These functions are associated with a long C-terminal
tail not found in Src kinases (Figure 2).

c-Abl interacts with a wide range of cellular proteins similar to Src family kinases,
including cell-cycle regulators, other kinases, signaling adaptor molecules, transcription factors,
and phosphatases and its function often depends on subcellular localization [reviewed in (154)
and (155)]. The mouse c-abl locus has been targeted by homologous recombination resulting in
generation of either an ab/ -/- null mutant (156) or C-terminal tail truncation with intact kinase
activity (157). Mice with the homozygous null for Abl became runted and died 1 to 2 weeks
after birth. In addition, many showed thymic and splenic atrophy, T and B cell lymphopenia and

abnormal head, and eye development (156, 157).

1.2.5.1.  Structure and regulation
Splicing of two alternative 5’ exons in the primary ABLI transcript generates two
messenger RNAs that encode proteins that differ in their N-terminal sequences (147). The N-

terminus of the 1b variant of c-Abl is myristoylated, whereas the la variant is 19 amino acids
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shorter and does not undergo this modification. Following the myristate signal are the SH3 and
SH2 domains, which like Src family kinases play a role in substrate interaction and
autoregulation (Figure 2) (14, 158). Following the SH2 domain is a short linker region, followed
by the bi-lobal tyrosine kinase domain. Although the SH3, SH2, and kinase region of c-Abl is
homologous in structure and function to the Src family kinases, the N-terminal and C-terminal
tail regions of c-Abl are distinct. The N-terminus consists of a ~80kDa negative regulatory
“cap” region, which contains part of the SH3 domain (Figure 2).

The C-terminus of Abl comprises a long extension, which contains various protein—
protein interaction motifs and localization signals, such as the NLS and NES mentioned above
(Figure 2). The C-terminal tail of c-Abl also contains several PPII helix sequences, which have
been shown to bind the SH3 domains of Crk and Grb2 (159). Various other proteins bind this
region, including ATM (ataxia-telangiectasia, mutated) (160), p53 (161), Rb (162), and the
carboxy-terminal domain of RNA polymerase II (163). In contrast to the cap region, the C-
terminal tail does not appear to be required for autoregulation of the kinase (164).

Like all tyrosine kinases, the activity of c-Abl is tightly regulated in cells and
dysregulation can often lead to cellular transformation. Deletion of portions of the N-terminal
regulatory region has been found to release the transformation potential of c-Abl in vivo (165).
Several direct and indirect lines of evidence suggest that c-Abl is regulated by a cellular
inhibitor, which interacts with the cap region of the molecule (166). For example, the stress-
response activated protein, Pag (PrxI, MSP23) was shown to bind and suppress c-Abl kinase
activity in an SH3-dependent fashion (167). Work from other groups has also shown that both
pRb (162) and F-actin (168) can inhibit c-Abl function in cells through binding of the kinase

domain and carboxy terminus, respectively.
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Recent comprehensive analysis of the cap region and c-Abl regulation by Pluk and
colleagues suggests an auto-inhibitory role for the cap rather than binding to a cellular inhibitor
in trans (164). Specifically, deletion of the first 81 amino acid residues of c-Abl was sufficient
to fully activate the kinase activity of purified c-Abl in vitro, demonstrating that regulation is an
intrinsic property of the molecule (164). A growing body of literature now points to a cis mode
of autoregulation of c-abl involving portions of the SH3, SH2, the SH3-SH2 connector, SH2-
kinase domain linker, and N-terminal myristate of c-Abl (169, 170). Barila and Superti-Furga
were the first to show a Src-like mechanism of autoregulation involving the SH3 domain and the
SH2—kinase linker region (169). Mutation of proline 242 and 249 to glutamate in the SH2—
kinase linker or reciprocal mutation in the SH3 domain of Abl activated the kinase (169). This
mechanism was confirmed with the solving of the crystal structure of the autoinhibited form of
c-Abl (Figure 3) (170). Structural analysis shows that the SH3-connector-SH2 region of c-Abl
forms a “clamp” which packs tightly against the distal face of the kinase domain preventing
catalytic function (170). Specifically, the SH3 interacts with a PPII helix in the SH2-kinase
linker region at the N-terminal lobe of the kinase domain much like Src family kinases (Figure
3). Whereas in Src kinases the PPII helix is comprised of a PxxP motif, the second proline in c-
Abl is replaced with a tyrosine residue (Y245; PxxY). Mutation of either the proline (P242) or
reciprocal sequences in the SH3 domain required for peptide binding disrupted the negative auto-
regulation of c-Abl (169). Brasher and Van Etten demonstrated that phosphorylation of tyrosine
245 can enhance kinase activity of c-Abl by up to 50% by potentially disrupting the SH3—Ilinker
interaction (Figure 3) (171). Deletion of the Abl SH3 domain stimulated kinase activity in vivo
confirming the SH3 domain’s role in auto-inhibition (14). Similarly, Brasher et al. analyzed

sequences within the SH3 domain of c-Abl using a random mutagenesis strategy (172). Several
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residues in or near the SH3 domain of c-Abl were found to be important for kinase activity and
cellular transformation (172). As expected, mutations that disrupted SH3 peptide binding
function resulted in increased kinase activity and cellular transformation. Interestingly, mutation
of Ser140 in the SH3-SH2 connector did not affect SH3—peptide binding but still activated
tyrosine kinase activity and transforming ability most likely through disruption of the association
of Pag with c-Abl (172) or c-Abl autoregulation. In contrast, the RT loop of the Abl SH3
domain is insensitive to mutational activation, suggesting that this region does not play a role in
autoregulation of the kinase (172).

The SH2 domain of Abl most likely plays role controlling kinase activity and
transformation both by modulating binding of downstream substrate proteins (14) and through an
auto-regulatory mechanism discussed below. Unlike Src family kinases in which the SH2 binds
a regulatory tail phosphotyrosine, the SH2 domain of c-Abl tightly packs against the C-terminal
lobe of the kinase domain through a series of hydrogen bonding interactions (discussed in detail
below). The eight residues of the SH3-SH2 connector form a rigid connector that dynamically
couples the SH3 and SH2 domains forming the basis for a regulatory “clamp” (Figure 3) (170).
Like Src family kinases, binding of external substrates to the SH2 domain of c-Abl can disrupt

the closed conformation and activate the kinase (173).
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Figure 3: Crystal Structure of c-Abl

The c-Abl crystal structure reveals an autoregulatory mechanism involving an SH3-SH2 clamp
and myristoyl switch (170, 173). c-Abl is inhibited by a negative regulatory SH3-SH2 clamp,
which packs tightly against the distal face of the kinase domain causing a conformation change
in the ATP-binding pocket Two intramolecular interactions govern this negative regulation. 1)
The SH3 domain interacts with a poly-proline helix in the SH2-kinase and 2) myristate binds
within the C-lobe of the kinase, causing a conformation “switch” in the al’ helix. This switch
allows the SH2 domain to pack tightly against the C-lobe, inhibiting c-Abl kinase activity.
Phosphorylation of Tyr-412 in the activation loop and Tyr-245 in the SH2-kinase linker are

required for full catalytic activity.
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Two of the most interesting features observed in the crystal structure of the autoregulated
form of c-Abl, which also distinguish it from Src family kinases, are the SH2 docking
mechanism and “myristoyl switch” (Figure 3) (170, 173). For SH2 docking to occur the kinase
domain must be in the open conformation and a specific conformational switch in the C-lobe of
the kinase domain must take place. In the Src family kinase Hck, the down-regulated form of the
kinase is correlated with rotation of the critical aC helix, which disrupts the positioning of
several residues critical for ATP orientation and substrate binding (Figure 2B) (31). In contrast,
the kinase domain of the inactive form of c-Abl remains in an open conformation similar to that
seen in the crystal structure of active Lck (29). A conformational change in the conserved Asp-
Phe-Gly (DFG) anchor region of the activation loop reorients residues critical for coordination of
ATP, rendering the kinase inactive. Importantly, this inactivation does not require rotation of the
aC helix thereby allowing the kinase domain to remain in an open conformation, facilitating SH2
docking.

Docking of the SH2 domain also requires a conformation switch in the C-terminal lobe of
the kinase domain. It is apparent from the crystal structure of c-Abl that an a-helix at the far C-
terminal portion of the kinase domain (al) blocks SH2 packing (Figure 3) (173). However, the
crystal structure of c-Abl combined with a myristoylated peptide corresponding to the N-terminal
myristoylated sequence of Abl yielded an intriguing result (173). The myristoyl group binds into
a deep hydrophobic pocket in the C-terminal lobe of the kinase domain and disrupts the al helix,
creating a new helix, al’ and as a result allows the SH2 domain to tightly dock against the C-
terminal lobe of the kinase domain (Figure 3). This close association between the SH2 domain
and the C-lobe of the kinase of Abl is stabilized by a series of interactions between the aromatic

rings of Tyr158 in the SH2 domain and Tyr361 in the kinase domain. Work presented in
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Chapter III will show that Tyrl58 is phosphorylated by Hck, potentially disrupting this
interaction. Binding of the myristoyl group into the C-lobe of the kinase domain is also critical
for the autoregulation of the 1b form of c-Abl. Hantschel and colleagues demonstrated that forms
of c-Abl 1b that lacked the myristoylation moiety exhibited constitutive tyrosine kinase activity
but that myristoylation did not affect protein localization (173). In contrast to c-Abl 1b, the 1a
variant, which is missing the myristoylation signal sequence, does not require the myristate
group for autoregulation (174). The precise mechanism of c-Abl 1a regulation has not yet been
determined.

In addition to the SH3—SH2 clamp and myristate binding, phosphorylation of c-Abl also
plays a key role in modulating kinase activity. The auto-inhibited form of c-Abl exhibits no
autophosphorylation even when overexpressed, while activated mutants of the protein are
heavily phosphorylated (169, 175). Numerous studies have implicated a specific role for
individual tyrosine residues in modulating c-Abl kinase activity and downstream signaling,
particularly Y412 and Y245 (Figures 2-3), which have been studied extensively. Reynolds and
colleagues examined v-Abl tyrosine phosphorylation both in vitro and in rat FRE 3A cells and
identified a phospho-peptide corresponding to Y412 and either Y245 or Y272 (176). Like Src
kinases, when the tyrosine on the activation loop is unphosphorylated the loop folds back into the
active site and prevents proper ATP orientation and substrate binding (Figure 1B) (177). Dorey
and colleagues showed that tyrosine phosphorylation of endogenous Abl is linked to a
concomitant increase in kinase activity and requires the presence of Y412 (178). As mentioned
previously, tyrosine phosphorylation of Y245 in the SH3—Xkinase linker is required for full
activation of c-Abl most likely through disruption of the SH3—Ilinker PxxY association or

stabilization of the active form of the kinase (171). Several recent studies have elucidated a role
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for Src family tyrosine kinases in frans phosphorylation of Y412 and Y245 on c-Abl both in
vitro and in cells (178-181) and are discussed in detail in section 1.2.7.4.

Several other tyrosine residues have been implicated in controlling c-Abl and the
oncogenic fusion protein Bcer-Abl (discussed below) in terms of kinase activity and
transformation potential (174, 182, 183). Y276 is located in a highly conserved nucleotide-
binding P-loop that contacts the phosphate group of ATP in the kinase domain and has been
found in forms of Bcr-Abl resistant to the kinase inhibitor, imatinib (184). Substitution of
tyrosine 272 for phenylalanine (Y272F) in c-Abl stimulates kinase activity, transforms the Ba/F3
cell line to cytokine independence (184, 185) and desensitizes c-Abl to inhibition by imatinib
(184). Currently it is unknown whether Y272 is phosphorylated in trans or is a site of c-
Abl/Bcer-Abl autophosphorylation. Four sites of phosphorylation have been determined in the
SH3—Ilinker—kinase domain interface: S94, Y283, Y245 and Y 134. Mutation of S94 in the RT-
loop of the SH3 domain to arginine results in decreased transformation potential compared to
wild-type c-Abl (172). S94 and Y283 are juxtaposed to each other on the kinase and SH3
domains, respectively, and phosphorylation of either would be predicted to disrupt SH3—Ilinker
assembly and c-Abl autoregulation. Y245 is located on the SH2—Xkinase linker and was
discussed previously. Y134 is a conserved residue in SH3 domains that is directly involved in
binding PxxP ligands (186) and phosphorylation of this residue is predicted to disrupt the
intramolecular interaction between the Abl SH3 domain and the SH2—kinase linker. Lastly,
two phosphorylation sites in the “southern face” of c-Abl have been identified: Y204 in the SH2
domain and Y488 in the C-terminal lobe of the kinase domain. No structural or functional roles
have been identified for either tyrosine, however, Hantschel and Superti-Furga hypothesize that

both residues could be involved in the interface with the long c-terminal tail of c-Abl (174).
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Ber-Abl is a constitutively activated tyrosine kinase; therefore it has been assumed that
the regulatory elements found in c-Abl do not impact Ber-Abl activity. However, Hantschel and
Superti-Furga propose that this model of Bcer-Abl is an oversimplification and that Ber-Abl
retains a partial level of regulation from c-Abl (174). In support of this, recent evidence shows
that mutation of numerous residues that affect c-Abl regulation also impact Bcr-Abl kinase
activity and sensitivity to imatinib (187). Azam et al. used a non-biased random mutagenesis
screen to uncover mutations in Bcr-Abl that confer imatinib resistance (187) and mapped these
residues onto the crystal structure of the autoinhibited form of c-Abl (170). As expected, many
of the mutations affect Ber-Abl sensitivity to imatinib though alteration of kinase domain
residues that directly contact the inhibitor. Interestingly, several residues conferring imatinib
resistance identified by Azam and colleagues (187) are located in the interface between the
kinase domain and the SH3-SH2 regulatory clamp and are identical to residues that dysregulate
c-Abl kinase activity (14, 164, 169, 172, 173). For example, mutation of Tyr89 to Asp/His/Asp
in the SH3 domain of Abl resulted in imatinib resistance, presumably by disrupting the SH3-
linker interaction and thus stabilizing the active form of the kinase (187). This strongly suggests
that mutations that disrupt the autoinhibition of c-Abl result in imatinib resistance of Ber-Abl and
implies that mechanisms governing c-Abl regulation are retained in Ber-Abl (174). Work
presented in Chapter III shows that several tyrosines located in the Abl kinase/SH3-SH2

interface, including Tyr89, are phosphorylated by Hck, Lyn and Fyn in vitro.

1.2.6. Bcr-Abl overview

Depending on where the breakpoint is located, several different forms of the Bcr-Abl

fusion protein are generated, each leading to a related but distinct disease phenotype. CML
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results from the 210 kDa form of Ber-Abl (p210), while acute lymphocytic leukemia (ALL) is
associated with a 185 kDa form (p185) (97, 188) (Figure 2; discussed above)

Creation of the p210 Ber-Abl fusion protein via chromosomal translocation juxtaposes
several protein domains essential for its transforming potential and constitutive tyrosine kinase
activity (Figure 2). The N-terminal 426 amino acids of Ber encoded by exon 1 are present in
both the p210 and p185 forms of Ber-Abl (Figure 2). This region contains the coiled-coil
oligomerization domain (described above), which is essential for Bcr-Abl tetramerization and
tyrosine kinase activation (123). The crystal structure of the Ber-Abl oligomerization domain
was recently solved and revealed that two monomers associate in antiparallel dimers that, in turn,
associate to form a tetramer (189). Both p185 and p210 contain the serine/threonine kinase
domain (125) and the p210 form also contains the GEF/Dbl-like homology domain (130), which
may play a role in selecting the myeloid phenotype observed in CML compared to the lymphoid
phenotype of Ph+ ALL (190). In addition to the coiled-coil motif, Ber-Abl also requires Y177—
which links Ber-Abl to Ras activation downstream—for full transforming ability (128) (191)
(discussed in Section 1.2.7.4.).

From c-Abl, Ber-Abl retains the SH3 domain, which is important for negative regulation
of Abl kinase activity and substrate interaction. For example, the activation defect caused in
Bcer-Abl by deletion of the coiled-coil domain could be restored by deletion of either the entire
SH3 domain or by point mutations that disrupt binding of the SH3 domain to the SH2—kinase
linker (169, 192). As expected, Ber-Abl with an SH3 domain deletion still transforms 32Dcl3
murine cells to cytokine independence. Interestingly, mice expressing this SH3 mutant do not
efficiently develop a leukemic phenotype, and cells from these mice exhibit altered adhesion and

invasive properties indicating a dual role for the SH3 domain in kinase regulation and
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downstream substrate interaction (193). Bcer-Abl with a deletion in the SH2 domain is capable of
inducing a fatal MPD in mice, although mice exhibit an increase in disease latency and an altered
phenotype (194). Bcr-Abl also retains the Abl tyrosine kinase domain, which is essential for
Ber-Abl transformation (195), and C-terminal tail sequences for nuclear localization, DNA
binding, and actin binding (Figure 2) (196). Unlike c-Abl, which shuttles between the cytoplasm
and the nucleus, Bcer-Abl is localized exclusively in the cytoplasm bound to the actin
cytoskeleton (119, 151).

Although Bcer-Abl is essential for onset and maintenance of the neoplastic condition,
progression of the disease to blast crisis requires additional mutations. These secondary genetic
abnormalities are nonrandom and include duplication/increased expression of the Ph
chromosome (197), trisomy of the 8™ chromosome, and deletions or mutations in the pl6 and/or
pS3 tumor suppressor genes (198-200). Mutations in p53 have particular relevance since it has
been shown that loss of p53 function occurs in up to 30% of CML patients during disease
progression (201). Moreover, Skorski and colleagues showed that immune-deficient p53-null
mice reconstituted with Ber-Abl-transduced bone marrow developed an aggressive, blast-like

disease phenotype compared to their p53+ counterparts (200).

1.2.7.  Bcr-Abl signaling

Bcer-Abl constitutively activates numerous signal transduction pathways that are normally
regulated by growth factors and cytokines in hematopoietic cells. Activation of these pathways
can lead to growth factor independence, increased proliferation, altered differentiation, and

resistance to apoptosis. Several of the major signaling pathways are discussed below.
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1.2.7.1. Ras/IMAPK

Ras was originally identified as an oncogene and belongs to a family of monomeric GTP-
binding signaling proteins thought to play an essential role in transducing and amplifying growth
signals inside the plasma membrane (202-204). Activated Ras binds to the serine/threonine
kinase Raf-1 (205), recruiting it to the plasma membrane where it is activated through tyrosine
phosphorylation (206). Activated Raf-1 then initiates a signaling cascade via the mitogen-
activated protein kinase (MAPK) pathway. The Ras/Raf/Erk (extracellular-signal-regulated
kinase) signaling pathway can affect proliferation and/or apoptosis via downstream transcription
factor targets including NF-kB, CREB, Ets-1, AP-1 and c-Myec. Erk can directly phosphorylate
and activate Ets-1, AP-1 and c-Myc. Alternatively, Erk can phosphorylate and activate a
downstream kinase target RSK, which then phosphorylates and activates transcription factors,
such as CREB. These transcription factors then induce the expression of genes important for cell
cycle progression such as cdks, cyclins, and Bcl-family genes [reviewed in (207)].

Bcer-Abl is linked to downstream Ras signaling through a variety of adaptor proteins and
the activation of Ras is thought to block apoptosis in Ber-Abl transformed myeloid cells (208).
Ras activation in Bcer-Abl-expressing cells can stimulate two different MAPK pathways,
including Erk (209) and Jun kinase (210). When phosphorylated, Y177 in the Ber portion of
Bcer-Abl can directly interact with the Grb-2/Sos guanine nucleotide exchange factor complex,
providing a link to Ras activation (128, 208, 211, 212). Pendergast and colleagues demonstrated
that Ber-Abl complexes with Grb2 in vivo and that this association was mediated by the direct
interaction of the Grb2 SH2 domain with phospho-Y177 (128). Mutation of Y177 to
phenylalanine (Y177F) abolished Grb2 complex formation and blocked Bcer-Abl-induced Ras

activation. Highlighting the requirement for Y177 in Ber-Abl oncogenic signaling, the Y177F
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mutant is unable to transform Rat fibroblasts (128) or efficiently induce a CML-like
myeloproliferative disease (MPD) in mice (213). Bcr-Abl can also activate Ras through the She
adaptor protein, which links many growth factor and cytokine receptors to Grb-2/Sos (212). The
association of Ber-Abl with the She/Grb2 complex depends on the kinase activity of Ber-Abl
(214). Lastly, Ber-Abl can activate the Ras/Erk pathway through binding and phosphorylation of
the CrkL-C3G adapter complex, resulting in induction of c-fos and elk-1 transcription factor gene

expression (215).

1.2.7.2.  STAT signaling

Stat (signal transducers and activators of transcription) proteins are a seven member
family of cellular proteins that function as both cytoplasmic signaling molecules and nuclear
transcription factors [reviewed in (216)]. Stats are phosphorylated by receptor tyrosine kinases
or various cytoplasmic kinases such as Jaks or Src family kinases in response to numerous
cytokines and growth factor signals (216-218). Tyrosine phosphorylation of Stat proteins is
necessary for both homo- or hetero-dimerization and subsequent transport into the nucleus.

In Ph+ cells, Ber-Abl induces constitutive activation of Stat transcription factors,
particularly Stat5 (219-226). Separate work from Ilaria and Van Etten and Carlesso and
colleagues showed that 32D, Ba/F3 and TF-1 hematopoietic cells transformed with Bcr-Abl
exhibited constitutive Stat5 activation and to a lesser extent, activation of Statl and Stat3 (219,
227) and this activation required Ber-Abl kinase activity (219). Similarly, Shuai and colleagues
demonstrated that cell lines derived from CML patients and mouse bone marrow cells
transformed with Bcr-Abl exhibited constitutive Stat5 activation independent of GM-CSF
signaling or Janus kinase (JAK) activity (221). Ba/F3 cells transformed with a dominant-

negative mutant of Stat5 exhibited decreased cell proliferation and increased sensitivity to
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apoptosis via cytarabine or hydroxyurea (223). Stat5 however is not required for leukemia
induction in mice, raising questions as to the requirement of Stat5 for CML disease progression
(228). Despite this observation, constitutive Stat5 activation is consistently observed in CML
patients (221) and may play a role in progression from the chronic phase to the accelerated phase
and blast crisis (229). Stat5 activation induces transcription of several genes necessary for the
growth and anti-apoptotic effects observed in CML cells, including Bcl-Xp and cyclin-D1 (224,
225).

Although Stat5 was thought to be directly phosphorylated and activated by Ber-Abl, new
evidence has cast doubt on this hypothesis. = The SH3 and SH2 domains of Bcr-Abl are
necessary for the activation of Stat5 in 32Dcl3 cells, but Ber-Abl and Stat5b do not coprecipitate
suggesting that they do not interact directly (220). In collaboration with our laboratory, Klejman
and colleagues found that Ber-Abl-mediated activation of Stat5b was dependent or Hck (230).
Ber-Abl interacts with Hek through its SH3 and SH2 domains resulting in activation of Hck. Hck
then phosphorylates Stat5b on Y699, which is required for StatSb activation. Inhibition of Hck
results in a decrease in Stat5Sb activation and down-regulates expression of the StatSb target

proteins, Al and pim-1 (230).

1.2.7.3.  Src family kinases

Although Ber-Abl possesses a constitutively active tyrosine kinase domain, recent work
suggests that it may initiate signaling by activating other non-receptor tyrosine kinases, including
members of the Fps/Fes (discussed above) and Src families (231-234). Danhauser-Riedl and
colleagues were the first to identify a functional interaction between the Src family kinases and

Ber-Abl (231). They observed that both Hck and Lyn showed increased kinase activity in
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murine 32D cells transformed with Ber-Abl compared to wild-type untransformed cells (231).
Moreover, both Hck and Lyn coprecipitated with Ber-Abl indicating that these proteins form a
complex in cells (231). Activity of Hck and Lyn was also increased in the Ph+ cell lines, K562,
BV173, LAMAS4, but not the Ph- cell line, JOSK-M (231). A follow up study by the same
group demonstrated that the Src family kinase Hck could phosphorylate Ber-Abl on Y177 (232),
which has been shown to link Ber-Abl to the Ras pathway through Grb2 binding (128).
Interestingly, the interaction and activation of Hck did not require Ber-Abl kinase activity (232),
suggesting Ber-Abl may activate Src family kinases through displacement of the autoinhibitory
SH3—PPII linker intramolecular interaction in Hck (12, 29, 31) similar to that of HIV-1 Nef (36,
37).

Src family kinases have also been found to act as signaling intermediates in between Ber-
Abl and various downstream signaling pathways. For example, Bcr-Abl triggers G-protein-
coupled receptor CXCR4 signaling through up-regulation of Lyn resulting in activation of PI3K
and the loss of chemotactic regulation by SDF (stromal-derived factor)-1 (235). In contrast to
the findings of Warmuth et al. (232), Ber-Abl-mediated activation of Lyn was dependent on Ber-
Abl kinase activity (235) in this context. Lastly, as mentioned previously, the Ber-Abl-mediated
activation of Stat5b in hematopoietic cells requires Hck (230).

Hu and colleagues recently addressed the question of the role of Src family kinases in the
murine MPD model of chronic phase CML (236) and B-cell acute lymphocytic leukemia (B-
ALL) (237) (238). Becr-Abl activated Lyn, Hck, Src, Blk, Fgr and Lck in a mouse pre-B-cell
leukemia line and Hck, Lyn and Fgr in primary cells from a mouse with Ber-Abl-induced B-ALL
(158). To test the requirement of these Src kinases in the mouse model, a Bcer-Abl retrovirus was

used to transduce bone marrow from mice lacking the myeloid expressed Src family kinases,
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Hck, Lyn and Fgr. The Hck/Lyn/Fgr-deficient marrow cells were still able to induce a CML-like
syndrome but not a B-ALL syndrome in the reconstituted host mice, suggesting that the Src
family kinases are necessary for B-ALL but not CML initiation (158). Moreover, a Src-selective
inhibitor was able to impair growth of ALL cells in vitro and in B-ALL mice, but was ineffective
in blocking CML progression (158). From these data the authors conclude that Src family
kinases are not required to induce CML in mice, but instead are important for B-ALL and
potentially progression to CML blast crisis (238).

Work published by our laboratory and contained in this dissertation presents data
contrary to this viewpoint. We previously showed that Ber-Abl can bind to the SH2 and SH3
domains of Hck through kinase-dependent and kinase-independent mechanisms, respectively
(239). Furthermore, several regions of the Abl portion of Ber-Abl were found to bind Hck, Lyn
and Fyn through the Abl SH2, SH3, and kinase domains as well as the distal portion of the Abl
C-terminal tail [(239); Chapter III]. Lastly, a kinase-defective mutant of Hck blocked Ber-Abl-
induced transformation of the murine myeloid cell line DAGM to cytokine independence,
suggesting that Src family kinase activation may be necessary for Ber-Abl transformation
signaling (239). This issue regarding the conflicting role of Src family kinases in CML is

discussed further in Chapter IV.

1.2.7.4.  Src kinase-mediated phosphorylation of c-Abl and Bcr-Abl

Several studies have linked Src family kinases to c-Abl regulation and signaling and
could potentially influence Bcr-Abl kinase activity, downstream oncogenic signaling and
sensitivity to the Ber-Abl inhibitor, imatinib (discussed below). Plattner et al. were the first to

identify a role for Src family kinases in c-Abl signaling (179). They demonstrated that the kinase
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activity of c-Abl increased 10- to 20-fold by the presence of constitutively activated v-Src in
mouse Ba/F3 hematopoietic cells and 10T1/2 fibroblasts (179). Conversely, the Src-mediated
elevation in c-Abl activity was blocked by a kinase-defective mutant of c-Src. The Src kinase-
mediated increase in c-Abl kinase activity directly correlated with phosphorylation of c-Abl by
the Src family kinases. Specifically, coexpression of activated mutants of either c-Src or c-Fyn
with a kinase-defective mutant of c-Abl resulted in phosphorylation of Y412 in Abl (179) in
cells. Dorey ef al. showed that activated c-Src can phosphorylate Y412 and enhance the ability
of Abl to phosphorylate the downstream substrate, c-Jun (178). A similar study by a separate
group showed that Src kinase activity was necessary for c-Abl activation in NIH3T3 cells and
that activated c-Src phosphorylated c-Abl on both Y412 and Y245 and dual phosphorylation was
required for c-Abl function (180). Furthermore, Hck can desensitize Abl to inhibition with
imatinib through an activating phosphorylation of Y412 in vitro (240) (181). Importantly,
imatinib can only bind the ATP-binding cleft of the down-regulated form of Abl/Bcr-Abl but not
the active form. Therefore, phosphorylation of residues that activate the kinase result in imatinib

resistance (177) (discussed in 1.2.9.1).

1.2.7.5.  Other signaling pathways

Several other signaling pathways are activated by Bcr-Abl and play various roles in
oncogenic signaling and CML disease progression. Constitutive phosphorylation of the SH2-
and SH3-containing adapter protein CrkL (241) was observed in blastic CML cell lines and
neutrophils from patients with chronic phase CML but not in normal cells (242-244). CrkL
links Ber-Abl to several signal transduction pathways necessary for cellular transformation. For

instance, CrkL has been shown to link Ber-Abl to paxillin, which could contribute to the
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adhesion defects observed in Ber-Abl transformed cells (245). CrkL may also provide a link to
several small-G-protein signaling pathways including Ras (215) (246, 247).

The SH2 domain of Ber-Abl directly binds to the p85 subunit of PI3K, which leads to
downstream activation of Akt and subsequent survival signaling (248, 249). Other studies have
shown that Ber-Abl can activate the PI3K pathway by forming a multimeric complex with PI3K,
p120Cbl, and CrkL (250). Activation of Akt by PI3K leads to phosphorylation of the forkhead
transcription factor, FKHRLI1 (251), ultimately resulting in the proteasome-mediated degradation
of the cell cycle regulator, p27 (252, 253). Akt also influences Ber-Abl-mediated survival by
phosphorylating and inactivating the pro-apoptotic protein, Bad (249).

Hematopoietic cells containing the Ph chromosome display a reduced capacity to bind to
stromal layers, fibronectin, and other extracellular matrix (ECM) proteins including laminin and
collagen (254, 255). Salgia et al. observed that Bcr-Abl induces various adhesive and
cytoskeletal abnormalities in hematopoietic cell lines such as spontaneous motility, membrane
ruffling, or filopodia formation (256). Bcr-Abl has been shown to diminish the function of the
B1-integrin in CML cells, which may partially explain this phenotype (257). Bcr-Abl has also
been shown to bind and phosphorylate numerous cytoskeletal proteins, including F-actin (151),

focal adhesion kinase (258), paxillin, and others (245, 259).

1.2.8.  Classical treatment

Despite the advent of selective tyrosine kinase inhibitors directed towards Ber-Abl, the
only known curative treatment for CML is allogeneic bone marrow transplantation (BMT).
Patients who have an HLA-identical donor and who are younger than 40 years exhibit a 60-70%

10 year survival rate (260, 261). However, only 15-30% of patients with CML are candidates for
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allogeneic BMT due to lack of an HLA-matched donor or age limitations. Moreover the
effectiveness of BMT is limited by transplant-related complications such as infection, bleeding,
and graft-versus-host disease. It is believed that the therapeutic benefit of allogeneic BMT is not
entirely due to the radiation and chemotherapy treatment given during the conditioning phase
prior to stem-cell infusion. Instead, the curative potential relies on the T-cell-mediated
phenomenon of graft-versus-leukemia effect (262, 263).

Before the discovery of selective tyrosine kinase inhibitors of Ber-Abl, interferon therapy
was the best treatment option for patients who were not candidates for BMT. In several
randomized clinical trials, the cytogenetic response rate was higher and survival was better in
patients undergoing long term interferon treatment compared to treatment with bulsulfan or
hydroxyurea (264-267). Interferon therapy is associated with a number of cytotoxic side effects,
particular in older patients and only 5% to 10% of patients have sustained complete

disappearance of the Ph chromosome (268).

1.2.9.  Imatinib mesylate (Gleevec/STI-571)

Because Bcer-Abl is necessary for the initiation and maintenance of the CML phenotype
and is not found in normal cells, it represents an ideal target for specific small-molecule drug
therapy. The novel tyrosine kinase inhibitor, imatinib', potently inhibits Ber-Abl kinase activity,
induces apoptosis in Ph" cells, and reduces tumor formation by Ber-Abl-transformed cells in vivo
(269). Imatinib is a 2-phenylaminopyrimidine that acts as a competitive inhibitor for the ATP

binding pocket within the kinase region of Ber-Abl (240). Like many tyrosine kinase inhibitors,

! Imatinib mesylate was formerly designated CGP-57148 then STI-571 and is now commercially marketed as
Gleevec. The inhibitor is referred to as imatinib in this dissertation.
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imatinib takes advantage of small sequence variations within the highly conserved ATP binding
cleft as well as the different conformations between the active and inactive forms of the kinase.
Schindler and colleges recently solved the crystal structure of abl complexed with
imatinib (177). When imatinib is bound in the ATP-binding cleft, Abl assumes a downregulated
conformation with the activation loop projecting inward into the substrate binding core. The
pyridinyl group of imatinib is inserted underneath the aC helix in the N-terminal lobe of the
kinase and it straddles the highly conserved DFG motif in the activation loop of Abl. Several
residues in this region of the kinase confer inhibitor specificity for towards imatinib. The drug
forms critical hydrogen bonds with Met318, Thr315, Lys271, Glu286, and Asp381, and various
van der Waals interactions with Tyr253, Leu370, Phe382, Met290, and Ile313 of Abl, and the
aromatic rings of the inhibitor (240). Although both Src family kinases and Abl are inactive
when the unphosphorylated activation loop is directed inward, there is no displacement of the aC
helix in Abl. This results in a conformation of the Abl DFG motif permissive to binding of the
drug. In contrast, the conformation of the DFG motif in Src family kinases blocks drug access to
the ATP binding site. Interestingly, phosphorylation of the activation loop tyrosine in Abl
(Y412) destabilizes the inactive, closed conformation of the kinase, alters the structure of the
DFG motif and, thus, interferes with drug binding. Therefore, only the down-regulated,
unphosphorylated form of Abl, and by extension Bcr-Abl, is sensitive to imatinib treatment.
Imatinib was first used in 1998 to treat patients who were either refractory to or who
could not tolerate interferon alpha (270). Numerous studies have shown that imatinib selectively
inhibits Ph" leukemia cells, leaving normal cells largely unaffected (269, 271, 272). Although
the drug can cause nausea, headache, rashes, fluid retention, clinically significant cytopenia, and

other side effects, these problems are less significant compared to interferon alpha therapy (270).
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A phase I study with imatinib showed that 51 of 53 patients with chronic phase disease
exhibited complete hematological remission after 265 days (273). A larger phase II study with
532 patients in late-chronic phase CML demonstrated similar results (274). In this study,
imatinib induced a cytogenetic response in 60% of the 454 patients with confirmed chronic phase
CML and complete hematologic response in 95% of patients (274). A phase II study with 181
patients with confirmed diagnoses of accelerated phase CML displayed no disease progression
over an estimated 12 months and an overall survival rate of up to 78% with a 600 mg dose of
imatinib (275). A similar phase II study was performed with patients with a confirmed blast
crisis diagnoses. In this study, 52% of patients given 600mg imatinib displayed at least a partial
hematologic response with 31% displaying a sustained hematologic response. Median survival of
patients enrolled in the study was 6.9 months (276). A recent study compared the efficacy of
imatinib compared to interferon combined with low-dose cytarabine in newly diagnosed chronic-
phase CML. Nineteen months after treatment initiation, 87.1% of patients receiving imatinib
displayed major cytogenetic response compared to 34.7% in the group receiving interferon plus

cytarabine (277).

1.29.1.  Imatinib resistance

Although imatinib has shown promise in chronic phase CML, patients with more
advanced disease often develop resistance to the drug and relapse (278). Bcer-Abl-independent
mechanisms of imatinib resistance include drug sequestration by alpha-1-acid glycoprotein (279,
280) or active drug efflux by the multidrug resistance 1 (MDR-1) gene (281). Another Ber-Abl-
independent mechanism for imatinib resistance may be overexpression of Src family kinases. A

recent study by Donato ef al. showed Ph+ K562 cells selected for imatinib resistance as well as

41



patients with advanced CML treated with imatinib display increased expression and activity of
Lyn (282). Inhibition of Lyn in the imatinib resistant CML cells blocked proliferation, while
imatinib had no effect, suggesting an important role for Lyn in both imatinib resistance and CML
progression (282). Moreover, a dual inhibitor for Ber-Abl and the Src family kinases was able to
efficiently kill imatinib resistant cells, indicating that imatinib resistant Ph+ cells may rely on Src
family kinases for disease maintenance (283).

Two types of Ber-Abl-dependent mechanisms of resistance have been identified: Ph
chromosome amplification (284, 285) and Bcr-Abl point mutations (184, 187, 284). A study by
Gorre et al. using clinical material from patients resistant to imatinib showed that out of 9
patients, 6 had a single amino acid substitution in the kinase region of Ber-Abl which rendered it
refractory to drug treatment (284) (discussed in detail in the following section). Three of the 9
patients developed resistance through progressive Ber-Abl gene amplification (284). Similarly,
an analysis by Weisberg and Griffin found that Ber-Abl protein levels are increased 10-fold in
Bcer-Abl-transformed Ba/F3 cells selected for resistance to imatinib (286).

The most interesting and clinically relevant form of resistance appears to be STI-resistant
point mutations in the Ber-Abl sequence. Gorre et al. described the first mutation linked to
imatinib resistance in a cohort of relapsed CML patients (284). They found that the mutation of
threonine 324 to isoleucine (T334I) prevented imatinib from binding in the ATP-binding pocket,
but preserved ATP binding and catalytic function. T334 makes a critical hydrogen bond with the
drug, but when this residue is replaced by the bulkier isoleucine side chain the ATP binding cleft
is narrowed leading to steric hindrance of the phenylaminopyrimidine group of the drug.
Separate work published by Shah ef al. and Branford ef al. uncovered two interesting facets of

imatinib-resistant Ber-Abl point mutants: 1) drug resistant mutations can preexist in patients and
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predate exposure to imatinib (287), and 2) certain mutations, such as those in the P-loop, can
adversely affect clinical outcome of the disease compared to other point mutations (287) (288).
Since the initial discovery of the T3341 mutation, many other point-mutants in the ATP-binding
pocket have been described, including F378V, F336L, V308A, E274K, E274V, Y272F, Y272H,
G269E, and Q271R/H (184, 187, 284, 287, 289, 290). Each of these mutations either altered the
ATP-binding cleft, changed the flexibility of the “P-loop” or shifted the equilibrium of the kinase
conformation to favor the activated state, which naturally resists drug binding (240, 291).
Emergence of imatinib drug resistance underscores the need for development of new drugs and

discovery of additional therapeutic targets such as Src family kinases.
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1.3.  Dissertation Hypothesis
Ber-Abl is the primary etiologic agent in CML development. It has been shown to constitutively
activate multiple signaling pathways normally associated with the growth and differentiation of
hematopoietic cells. Recent work suggests that Bcr-Abl may also initiate signaling by activating
members of the Src-family of tyrosine kinases (231-234). Previous data from our group have
demonstrated that Bcr-Abl-mediated cytokine independent proliferation of myeloid cells is
blocked by a kinase-defective Hck mutant and identified regions of each protein that bind the
other in vitro (239). Therefore, I hypothesize that activation of Src-family kinases contributes to
the diversity of Ber-Abl signaling pathways, ultimately facilitating CML progression. The role
of Src-family kinases in Ber-Abl signaling and CML progression was tested with the following

specific aims:

1.4.  Specific Aims
Aim 1. Determine the biological role of the Src-related kinases in Bcr-Abl-mediated
oncogenic signaling in myeloid cells. Our laboratory has shown that activation of Hck is
required for Ber-Abl-mediated cytokine independence (239). In this Aim, I investigated the role
the myeloid expressed Src family kinases in Ber-Abl signaling using a pharmacological inhibitor
of these kinases. I predicted that inhibition of Src kinases would block cytokine independent
growth similar to kinase-defective Hck. I investigated the downstream signaling events in these
cells to determine how Src family members contribute to Ber-Abl signaling. Specifically,
Ras/MAPK and STAT activation status was characterized in the presence of a Src family kinase
inhibitor. These results of this Aim demonstrated how Src family kinases contribute to Ber-Abl

oncogenic signaling and cellular transformation in hematopoietic cells.
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Aim 2. Identify and characterize the mechanism of interaction between the Src family
tyrosine kinases and Bcr-Abl. 1 identified the specific regions in the Abl portion of the protein
that interact with the myeloid-expressed Src kinases (Hck, Lyn, Fyn, and Fgr) by coexpressing
various regions of Abl fused to GST with the Src kinases in a co-precipitation assay. I then
investigated the biochemical outcome of the interaction between Src family kinases and Bcr-Abl
via mass spectrometry and western blotting. The physiologic relevance of this Src family
kinase-mediated phosphorylation of Ber-Abl was tested by introducing mutations into the
relevant regions in the context of the full-length Ber-Abl sequence in hematopoietic cells and
measuring cytokine independent proliferation. I predicted that Src family kinases phosphorylate
Ber-Abl downstream and modulate Ber-Abl kinase activity and transformation potential. The
results of this Aim further elucidated the mechanism by which Ber-Abl and Src family kinases

communicate with one another and the biological outcome of this communication.
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2. Chapter 11
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2.1. Abstract

Chronic myelogenous leukemia (CML) is defined by the presence of the Philadelphia
(Ph) chromosome, which results in the expression of the 210 kDa Bcr-Abl tyrosine kinase. Bcr-
Abl constitutively activates several signaling proteins important for the proliferation and survival
of myeloid progenitors, including the Src family kinases Hck and Lyn, the Stat5 transcription
factor and upstream components of the Ras/Erk pathway. Recently, we found that kinase-
defective Hck blocks Bcer-Abl-induced transformation of DAGM myeloid leukemia cells to
cytokine independence, suggesting that activation of the Src kinase family may be essential to
oncogenic signaling by Bcer-Abl. To investigate the contribution of Src kinases to Bcr-Abl
signaling in vivo, we used the pyrrolo-pyrimidine Src kinase inhibitors PP2 and A-419259.
Treatment of the Ph” CML cell lines K-562 and Meg-01 with either compound resulted in growth
arrest and induction of apoptosis, while the Ph™ leukemia cell lines TF-1 and HEL were
unaffected over the same concentration ranges. Suppression of Ph' cell growth by PP2 and A-
419259 correlated with a decrease in Src kinase autophosphorylation. Both inhibitors blocked
Stat5 and Erk activation, consistent with the suppressive effects of the compounds on survival
and proliferation. In contrast, the phosphotyrosine content of Bcr-Abl and its endogenous
substrate CrkL was unchanged at inhibitor concentrations that induced apoptosis, blocked
oncogenic signaling, and inhibited Src kinases. These data implicate the Src kinase family in
Stat5 and Erk activation downstream of Ber-Abl, and identify myeloid-specific Src kinases as

potential drug targets in CML.
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2.2. Introduction

Chronic myelogenous leukemia (CML) is a human malignancy that affects hematopoietic
progenitor cells and accounts for 15% of all adult leukemias (85). The clinical course of CML
progresses through three phases, becoming more resistant to treatment in each successive phase.
The initial chronic phase is associated with the clonal expansion of multiple myeloid lineages
that retain the potential for normal differentiation. Within 4-6 years, patients enter an accelerated
phase in which immature blast cells begin to accumulate in the blood. Patients inevitably
progress to blast crisis, which is characterized by the rapid and uncontrolled expansion of bone
marrow progenitor cells and is ultimately fatal.

The cytogenetic hallmark of CML is the Philadelphia chromosome (Ph"), which arises
from a translocation between the c-abl locus on chromosome 9 and the bcr locus on chromosome
22 (90, 292). The Ph" translocation results in the expression of Ber-Abl, a 210 kDa oncogenic
fusion protein with constitutive tyrosine kinase activity. Bcr-Abl transforms both fibroblasts and
hematopoietic cells in culture and causes a CML-like condition in mouse models, providing
strong evidence that it is directly responsible for disease initiation (109, 112, 293).

Ber-Abl has been shown to constitutively activate numerous signal transduction
pathways that are normally regulated by growth factors and cytokines in hematopoietic cells.
Activation of these pathways can lead to growth factor independence, increased proliferation,
altered differentiation, and resistance to apoptosis. For example, tyrosine phosphorylated Bcr-
Abl can directly interact with the Grb-2/Sos guanine nucleotide exchange factor (GEF) complex,
providing a link to Ras/Erk activation (128, 208, 211, 212). Bcr-Abl can also activate Ras
through the Shc adaptor protein, which links many growth factor and cytokine receptors to Grb-

2/Sos (212). A related adaptor protein, CrkL, is constitutively phosphorylated in Ph" cells and
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may also provide a link to several small-G-protein signaling pathways including Ras (246, 247).
Ber-Abl directly binds to the p85 subunit of phosphatidylinositol 3-kinase (PI-3K), which leads
to activation of Akt downstream and subsequent survival signaling (248, 249). Bcr-Abl also
induces constitutive activation of Stat transcription factors, particularly Stat5 (219-226). Stat5,
in turn, up-regulates transcription of several genes necessary for the growth and anti-apoptotic
effects observed in CML cells, including Bcl-X;. and cyclin-D1 (224, 225).

Although Ber-Abl possesses a constitutively active tyrosine kinase domain, recent work
suggests that it may initiate signaling by activating other non-receptor tyrosine kinases,
particularly members of the Src family. Bcr-Abl binds both Hck and Lyn following expression
in the murine 32D myeloid cell line and in primary CML cells, and this association correlates
with increased activity of these myeloid Src family members (231). Moreover, Hck
phosphorylates Ber-Abl on tyrosine 177 (Y177) within the Ber region, providing a docking site
for the Grb2 SH2 domain and thus a possible link to the Ras pathway (232). Recent work from
our laboratory has shown that Ber-Abl can bind to the SH2 and SH3 domains of Hck through
kinase-dependent and kinase-independent mechanisms, respectively (239). Furthermore, several
regions of the Abl portion of Bcr-Abl were found to bind Hek, Lyn and Fyn through the Abl
SH2, SH3, and kinase domains as well as the distal portion of the Abl C-terminal tail [(239);
Chapter III]. Lastly, a kinase-defective mutant of Hck blocked Ber-Abl-induced transformation
of the murine myeloid cell line DAGM to cytokine independence, suggesting that Src family
kinase activation may be necessary for Ber-Abl transformation signaling (239).

Because Bcer-Abl is necessary for the initiation and maintenance of the CML phenotype
and is not found in normal cells, it represents an ideal target for specific small-molecule drug

therapy. The novel tyrosine kinase inhibitor, STI-571 (Gleevec; imatinib mesylate), potently

49



inhibits Ber-Abl kinase activity, induces apoptosis in Ph” cells, and reduces tumor formation by
Bcer-Abl-transformed cells in vivo (269). STI-571 is a 2-phenylaminopyrimidine that acts as a
competitive inhibitor for the ATP binding pocket within the kinase region of Ber-Abl (240, 294).
Previous studies have shown that STI-571 selectively inhibits Ph” leukemia cells, leaving normal
cells largely unaffected (269, 271, 272). A phase I study with STI-571 showed that 51 of 53
patients with chronic phase disease exhibited complete hematological remission after 265 days
(273). A larger, more recent study confirmed these initial findings, showing that the drug
induces high rates of cytogenetic and hematological responses in chronic phase CML patients
(274). Recent phase II studies show that STI-571 is also effective in CML accelerated phase and
blast crisis, although some individuals relapse with drug-resistant disease (275, 276) (see below).
These studies provide important evidence that targeting an oncogenic signaling protein with a
highly selective inhibitor is very effective in the management of cancer.

Although STI-571 has shown promise in chronic phase CML, patients with more
advanced disease can develop resistance to the drug and relapse. Initial findings by Gorre ef al.
(284) showed that patients resistant to STI-571 had either a single amino acid substitution in the
kinase domain of Bcr-Abl which rendered it unable to bind to the drug, or developed resistance
through progressive Bcr-Abl gene amplification. More recent studies have reported a wider
range of Abl kinase domain mutations, many of which map to the ATP binding region (184,
295). Other groups have found that Ber-Abl gene and protein levels are increased in cells
resistant to STI-571 (286) and that plasma proteins in a murine model can inactivate the drug
(279).

The identification of additional therapeutic targets remains critical in improving the long-

term survival of patients with CML, particularly those in the accelerated phase or blast crisis.
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Our recent work suggests that Src family kinases play a role in Ber-Abl-mediated transformation
and may serve as potential drug targets for blocking CML progression. In the present study, we
show that the Src kinase inhibitors PP2 and A-419259 block Ph" leukemia cell proliferation and
induce apoptosis, but do not affect the growth or survival of Ph™ myeloid cell lines. Moreover, we
show that these cellular effects are due to disruption of Src family kinase activity and not direct
inhibition of Ber-Abl. Finally, we observed that inhibition of Src family kinases correlates with
the suppression of Ras/Erk signaling and Stat5 activation. These data provide new evidence that
Src kinases expressed in myeloid cells, such as Hck, Lyn, Fyn and Fgr, are essential
intermediates coupling Ber-Abl to Stat and Ras/Erk signaling and represent rational targets for

anti-CML therapy either alone or in combination with STI-571.

2.3. Results

2.3.1.  The Src family kinase inhibitors, PP2 and A-419259, block proliferation and
induce apoptosis in Ph* cells

Recent studies have shown that a large percentage of patients in the blast crisis phase of
Ph" leukemia develop resistance to the anti-CML drug and Ber-Abl inhibitor STI-571,
highlighting the need for additional therapeutic approaches (296). Previous work from our
laboratory and others suggests that the Src family of tyrosine kinases plays an essential role in
Bcer-Abl-mediated transformation and CML progression and may prove to be an attractive
therapeutic target (231, 232, 239). To test this hypothesis, we used the pyrrolo-pyrimidine Src
kinase inhibitors, PP2 and A-419259. PP2 was initially described as a potent inhibitor of the Src

family of tyrosine kinases (297), with lower activity toward Jak2 and the EGF receptor kinase
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and virtually no activity toward Ser/Thr kinases. To determine the effects of Src inhibition on
CML cell growth, the Ph” myeloid leukemia cell lines K-562 (298, 299) and Meg-01 (300) were
treated with various concentrations of PP2 and cell proliferation was measured using a 96-well
plate-based assay. Figure 4 shows that incubation with PP2 resulted in a dose-dependent
decrease in cell proliferation in both K-562 and Meg-01 cells over the four-day incubation
period.  Specifically, K-562 cell proliferation was inhibited by PP2 with an ICsy of
approximately 10 uM (Figure 4A). Similarly, PP2 inhibited cellular proliferation of Meg-01
cells with an ICsy between 3 and 10 uM (Figure 4B).

Since PP2 has been reported to inhibit other tyrosine kinases at higher concentrations
(297, 301), we sought to confirm these results with a more specific Src family kinase inhibitor.
A-419259 is a second-generation pyrrolo-pyrimidine designed to enhance selectivity towards the
Src family relative to other cytoplasmic tyrosine kinases, similar in design to those reported by
Arnold, et al. (302). Importantly, A-419259 exhibited greater than 1000-fold selectivity towards
Lyn and Lck compared to c-Abl in an in vitro kinase assay (Table 1), suggesting that this
compound would allow us to assess the effect of Src family kinase inhibition on CML cell
growth without direct effects on Ber-Abl. Surprisingly, A-419259 inhibited the growth of the
same CML cell lines with a 30- to 100-fold increase in potency compared to PP2. Specifically,

A-419259 inhibited K-562 cells with an ICsy between 0.1 and 0.3 uM (Figure 4C), and Meg-01

proliferation with an I1Cs, of approximately 0.1 uM (Figure 4D).
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Table 1: Comparison of 1C50 values of A-419259 for the Src family members Src, Lck, and

Lyn with c-Abl and PKC

Kinase I1Csp, uM
Src 0.009
Lck <0.003
Lyn <0.003
Abl 3.0

PKC >33
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Ph+ leukemia cell proliferation in a dose-dependent fashion.

K-562 (A, C) and Meg-01 (B, D) cells were treated with the indicated concentrations of
PP2 (A, B) or A-419259 (C, D) over the course of four days. On days 0, 2, and 4, viable cell
counts were determined using the fluorescent microplate assay described under Materials and
Methods. Five wells were plated for each time and inhibitor concentration, and the relative mean

fluorescence is shown in arbitrary units (RFU) +/- S.D. Growth curves were repeated at least

three times with comparable results and a representative experiment is shown.
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To determine if Src inhibitor-induced growth arrest was specific to CML cells, the Ph’
GM-CSF-dependent monocytic precursor cell line, TF-1 (303), and the Ph™ erythroleukemic cell
line, HEL (304), were tested in the same assay. PP2 had no effect on the proliferation of TF-1
cells at 10 uM, although growth was slightly diminished in the presence of 30 uM PP2.
However, inhibition was only observed at this high PP2 concentration and was significantly less
than that of either Ph"” cell line (Figure SA). PP2 had no effect on HEL cell proliferation over the
entire concentration range (Figure 5B). A-419259 was also without effect on either TF-1 or HEL

cell growth at the highest dose tested (1 uM; Figures 5C and 5D, respectively).

We next investigated whether the dose-dependent inhibition of Ph™ cell proliferation by
Src family kinase inhibitors was associated with the induction of apoptosis. To answer this
question, K-562 (Ph") and TF-1 (Ph") cells were treated in parallel with various concentrations of
each Src inhibitor over the course of four days and apoptosis was measured using fluorescence-
activated cell sorting assays for annexin-V binding and caspase-3 activation. Measurable
induction of apoptosis in K-562 cells was evident 24 hours after incubation with either inhibitor
(data not shown) and increased over the 3-day time course. Figure 6 shows the results of PP2
and A-419259 treatment of K-562 cells after 72 hours. Treatment with PP2 increased the
apoptotic population in a dose-dependent fashion to a maximum of 67% at the highest dose
tested (30 uM; Figure 6A, top). The caspase-3 activation assay correlated well with these
findings, ranging from 8% in untreated cells to 48% at 30 uM (Figure 6A, bottom). A-419259
also potently induced apoptosis in K-562 cells beginning at 0.1 uM and increasing in a dose-
dependent manner (Figure 6B). In contrast, neither compound induced appreciable apoptosis in
TF-1 cells at 72 hours, although there was a small increase in the apoptotic population at 30 uM

PP2 (Figure 7). This finding is consistent with the small growth suppression observed with this
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high PP2 concentration (Figure 7A), and may result from the non-specific inhibition of Jak2 or

other tyrosine kinases linked to the GM-CSF receptor in this cell line.
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Figure 5: PP2 and A-419259 do not markedly affect proliferation of Ph- myeloid leukemia

cells.

TF-1 (A, C) and HEL (B, D) cells were treated with the indicated concentrations of PP2 (A, B)
or A-419259 (C, D) over the course of four days. On days 0, 2, and 4, viable cell counts were
determined using the fluorescent microplate assay described under Materials and Methods. Five
wells were plated for each time and inhibitor concentration, and the relative mean fluorescence is
shown in arbitrary units (RFU) +/- S.D. Growth curves were repeated at least three times with

comparable results and a representative experiment is shown.
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Figure 6: PP2 and A-419259 induce apoptosis in Ph+ leukemia cell lines.

K-562 cells were incubated for 72 hours with the indicated micromolar concentrations of
PP2 (A) or A-419259 (B) and apoptosis was measured by either annexin-V binding, or caspase-3
activity using flow cytometry as indicated. Percent apoptotic cells are shown above the bar in
each panel. Experiments were performed at least twice and produced comparable results in each

case; a representative assay is shown.
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Figure 7: PP2 and A-419259 do not induce apoptosis in Ph- myeloid leukemia cells.

TF-1 cells were incubated for 72 hours with the indicated micromolar concentrations of
PP2 (A) or A-419259 (B) and apoptosis was measured by either annexin-V binding, or caspase-3
activity using flow cytometry as indicated. Percent apoptotic cells are shown above the bar in
each panel. Experiments were performed at least twice and produced comparable results in each

case; a representative assay is shown.
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2.3.2.  PP2 and A-419259 inhibit Src family kinase activity in Ph* leukemia cells at

concentrations that causes growth arrest and apoptosis

We next determined the effects of PP2 and A-419259 on Src family kinase activity in the
CML cell lines shown to respond to these inhibitors. Cells were treated for 20 hours with the
same inhibitor concentrations used in the proliferation and apoptosis assays. Lysates from
control and treated cells were then probed with an antibody specific for the active, tyrosine-
phosphorylated forms of myeloid Src family members. Using recombinant Src family kinase
proteins, we found that this antibody specifically recognizes the autophosphorylated activation
loop peptide sequence found in Hck, Lyn, Fyn, and Fgr, the predominant members of the Src
family expressed in myeloid cells (data not shown). Therefore, this antibody allowed us to assay
the effects of the inhibitors on the entire population of Src family kinases within the cells
simultaneously. Figure 8A shows that PP2 inhibited Src kinase autophosphorylation in both Ph”
cell lines (K-562 and Meg-01) with an ICsy between 3 and 10 uM, while A-419259 blocked
kinase activation between 0.1 and 0.3 uM. This dose-response for Src kinase inhibition closely

correlates with the effects of both agents on CML cell growth and survival (Figures 4 and 6).

As a control, Ph™ TF-1 cells were treated with the same concentrations of PP2 and A-
419259 under identical conditions (Figure 8A). Although both compounds inhibited Src family
kinase autophosphorylation in TF-1 cells with about the same potency observed in the Ph"
leukemia cell lines, the growth suppressive and apoptotic effects were strictly limited to the Ph"
leukemia cells. These results strongly suggest that CML cells are dependent on Src family

kinase activity for growth and survival, whereas cytokine-dependent cells such as TF-1 are not.

We next determined the effects of PP2 and A-419259 on Bcr-Abl phosphotyrosine

content in treated and untreated CML cells. K-562 and Meg-01 cells were treated overnight with
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the same concentrations of PP2 or A-419259 used in the proliferation and apoptosis assays.
Lysates from the cells were then probed using an anti-phosphotyrosine antibody, which readily
detected the 210 kDa Bcer-Abl phospho-protein. Figure 8B shows that inhibitor concentrations
that caused growth arrest and apoptosis had little impact on Ber-Abl phosphotyrosine content.
PP2 inhibited cell proliferation in K-562 cells with an ICsy of approximately 10 uM (Figure 4A).
Bcer-Abl remains tyrosine phosphorylated to nearly the same extent at this inhibitor concentration
compared to untreated control cells when Ber-Abl protein levels are taken into account (Figure
8B, top left). Similarly, Meg-01 cell growth was inhibited by PP2 with an ICsy between 3 and 10
uM, and Bcer-Abl remains tyrosine phosphorylated within this dose range (Figure 8B, bottom
left). At the highest concentration of PP2 tested (30 uM), Ber-Abl phosphotyrosine content was
reduced compared to untreated cells. Similar results were obtained with A-419259, although a
small reduction in Ber-Abl phosphotyrosine content was observed at lower concentrations of this
compound. However, whether these effects were due to direct inhibition of Bcr-Abl kinase
activity or inhibition of trans-phosphorylation of Bcr-Abl by Src kinases remains to be

determined (see Discussion).
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Figure 8: PP2 and A-419259 inhibit Src family kinase activity but not Bcr-Abl tyrosine

phosphorylation at concentrations that inhibit cell growth and induce apoptosis.

A) The Ph" cell lines K-562 and Meg-01 and Ph™ cell line TF-1 were incubated with the indicated
concentrations of PP2 (left) or A-419259 (right) for 20 h. Cell lysates were prepared and probed
with an antibody specific for the autophosphorylated, active forms of Src family kinases via
immunoblotting (PY-Src). Duplicate blots were probed for Lyn expression as a loading control
(Lyn). B) K-562 and Meg-01 cells were treated with PP2 (left) or A-419259 (right) and Bcer-Abl
phosphotyrosine content was measured via immunoblotting with an anti-phosphotyrosine
antibody (P-Tyr) or an Abl antibody as a loading control (Abl). Experiments were repeated at

least three times with similar results and a representative experiment is shown.
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The Ber region of Bcer-Abl is phosphorylated on Tyr 177 and possibly other non-
regulatory sites (128, 211, 305), and these phosphorylation events may be due to
transphosphorylation by Hck in addition to Ber-Abl autokinase activity (232). Thus, changes in
overall Ber-Abl phosphotyrosine content may not necessarily reflect direct actions of PP2 or A-
419259 on the Bcer-Abl kinase domain in vivo.  Therefore, we investigated tyrosine
phosphorylation of the CrkL adaptor protein as an additional measure of Ber-Abl kinase activity
in the inhibitor-treated cultures. CrkL is a direct substrate for Ber-Abl in CML cells and serves
as useful endogenous reporter of Ber-Abl tyrosine kinase activity (247, 284, 306). When
phosphorylated by Bcer-Abl, CrkL migrates more slowly on SDS-polyacrylamide gels, providing
a rapid assay for its phosphorylation status (284). Using this method, we probed the lysates from
inhibitor-treated K-562 and Meg-01 cells for phosphorylation-induced changes in CrkL
migration. Interestingly, 10 uM PP2 did not affect the levels of phospho-CrkL in either Ph" cell
line, suggesting that Ber-Abl remained active in the presence of this inhibitor. At 30 uM PP2,
CrkL phosphorylation was reduced in both cell lines, although the levels of phosphorylated CrkL
remained higher that than those observed following direct inhibition of Bcr-Abl with STI-571
(Figure 9A). Similarly, A-419259 did not affect CrkL phosphorylation in either cell line at the
fully growth-inhibitory concentration of 0.3 uM (Figure 9B), although phosphorylation was
partially reduced at the highest concentration tested (1.0 uM).  Most importantly, CrkL
remained significantly phosphorylated in both Ph" cell lines in the presence of PP2 and A-
419259 concentrations that caused growth arrest and induction of apoptosis, suggesting that the
growth-inhibitory and pro-apoptotic effects of these compounds are primarily due to the
inhibition of Src family kinases. However, we cannot exclude the possibility that high

concentrations of these compounds may inhibit both Src kinases and Bcer-Abl, or that inhibition
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of Src kinases indirectly reduces CrkL phosphorylation by affecting Ber-Abl kinase activity (see
Discussion). Treatment of K562 cells with STI-571 resulted in only a modest decrease in
phosphorylated CrkL (Figure 9A-B, top panel). One possible explanation for this observation is
that CrkL could be a downstream target of additional cellular kinases in K562 cells. Therefore,
treatment with STI-571 would not inhibit these other kinases and CrkL would remain partially

phosphorylated.
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growth-inhibitory concentrations of PP2 or A-419259.

The Ph" leukemia cell lines K-562 and Meg-01 were treated for 20 h with the indicated
concentrations of PP2 (A) or A-419259 (B), and cell lysates were probed for CrkL by
immunoblotting. Cells were also treated with the Ber-Abl inhibitor STI-571 (5 uM) as a positive
control. The upper, slower migrating band represents the tyrosine phosphorylated form of CrkL

(P-CrkL), while the lower band represents the unphosphorylated form (CrkL) (284).

Experiments were repeated at least 3 times with comparable results.
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2.3.3.  A-419259 inhibits proliferation of myeloid cells following transformation with
Ber-Abl

Data presented so far demonstrate that CML-derived leukemia cell lines are sensitive to
growth arrest and apoptosis induced by PP2 and A-419259, whereas Ph™ cell lines are not. This
observation suggests that transformation by Bcr-Abl may sensitize myeloid cells to the anti-
proliferative and apoptotic effects of Src kinase inhibitors. To test this idea, we transformed the
IL-3-dependent myeloid leukemia cell line DAGM with a p210 Ber-Abl retrovirus (DAGM/Becr-
Abl) or a drug selection marker as a negative control (DAGM/Neo). As observed previously
(212, 239), the DAGM/Bcr-Abl cells grew in the absence of IL-3, exhibited increased cellular
protein tyrosine phosphorylation, and demonstrated enhanced Stat5 tyrosine phosphorylation
(data not shown). Both populations of DAGM cells were then incubated with A-419259 and
proliferation was measured over a four-day period either with or without IL-3. As shown in
Figure 10, A-419259 strongly inhibited DAGM/Bcr-Abl cell proliferation in the absence of IL-3
with an ICsy between 0.1 and 0.3 uM. This result is strikingly similar to that observed with K-
562 and Meg-01 CML cells (Figure 4). Interestingly, when the DAGM/Bcr-Abl cells were
incubated with the same A-419259 concentrations in the presence of IL-3, the effect of the
inhibitor was partially reversed. Finally, A-419259 had no effect on the growth of the
untransformed DAGM/Neo cells, consistent with results obtained from HEL and TF-1 cells.
These results suggest that Ber-Abl-induced proliferation and survival of DAGM cells requires

Src kinase activity, whereas IL-3-dependent growth and survival does not.
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Figure 10: Transformation with Bcr-Abl sensitizes DAGM myeloid leukemia cells to

growth arrest by A-419259.

The IL-3-dependent myeloid leukemia cell line DAGM was transformed to cytokine
independence by infection with a recombinant Bcr-Abl retrovirus (DAGM/Bcer-Abl). DAGM
cells infected with a retrovirus carrying only a drug selection marker served as a negative control
(DAGM/Neo). DAGM/Bcer-Abl cells were treated with the indicated concentrations of A-
419259 in the absence (A) or presence of IL-3 (B) and proliferation was measured over the

course of four days. The DAGM/Neo control population was similarly treated in the presence of
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IL-3 (C); these cells undergo rapid apoptosis in the absence of IL-3 (data not shown). On days 0,
2, and 4, viable cell counts were determined using the fluorescent microplate assay described
under Materials and Methods. Five wells were plated for each time and inhibitor concentration,
and the relative mean fluorescence is shown in arbitrary units (RFU) +/- S.D. Growth curves
were repeated at least three times with comparable results and a representative experiment is

shown.
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We next assessed Src kinase activity in the DAGM cells. DAGM/Bcr-Abl cells were
treated overnight with various concentrations of A-419259 either in the presence or absence of
IL-3 and cell lysates were probed for activated Src family kinases with phosphospecific
antibodies as described in Figure 8. Incubation with A-419259 caused a partial inhibition of Src
kinases at 0.1 uM and nearly complete inhibition at 0.3 uM (Figure 11A, top). In contrast to the
Src kinases, only modest changes in Ber-Abl phosphotyrosine content were observed at these A-
419259 concentrations, although both the expression and phosphorylation of Ber-Abl were
diminished at 1 uM (Figure 11A, bottom). Nearly identical patterns of Src family kinase
inhibition were observed in the presence of IL-3 (Figure 11B), suggesting that the compensatory
effects of IL-3 on cellular sensitivity to the inhibitor were not due to Src reactivation. Similarly,
Ber-Abl phosphorylation in the presence of IL-3 was nearly identical to that of cells grown
without cytokine (Figure 11B, bottom). As a control, Src family kinase activity was measured in
the DAGM/Neo cells after incubation with A-419259. The activated Src kinases present in these
cells were partially inhibited at 0.3 uM and displayed complete inhibition at 1 uM (Figure 11C).
These results show that A-419259 inhibits the Src kinases present in both DAGM cell
populations, but the growth-suppressive effect of this inhibitor is limited to DAGM cells

expressing Ber-Abl in the absence of 1L-3.
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Figure 11: A-419259 inhibits Src kinase activity but not Bcr-Abl autophosphorylation at

growth-inhibitory concentrations in Bcr-Abl-transformed DAGM cells.

DAGM/Bcr-Abl cells were treated with the indicated concentrations of A-419259 in the absence
(A) or presence (B) of IL-3, and cell lysates were prepared and probed with an antibody specific
for the autophosphorylated, active forms of Src family members via immunoblotting (PY-Src).
Duplicate blots were probed for Lyn expression as a loading control (Lyn). Ber-Abl

phosphotyrosine content was determined by immunoblotting with an anti-phosphotyrosine
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antibody (P-Tyr) and with an Abl antibody as a loading control (Abl). C) DAGM/Neo cells were
treated with A-419259 in the presence of IL-3 and lysates were probed with Src phosphospecific
and Lyn antibodies as in part A. Each experiment was repeated at least twice with comparable

results.
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2.3.4.  PP2and A-419259 block Stat5 and Erk activation in Ph* leukemic cells

We next used PP2 and A-419259 to assess the contribution of the Src kinase family to the
activation of growth and survival pathways downstream of Ber-Abl. Several recent studies have
shown that constitutive activation of Stat5 contributes to Bcer-Abl-induced leukemogenesis
through up-regulation of Bcl-Xp and cyclin-D1, and possibly other survival and proliferative
genes (224-226). Moreover, other work has implicated small G protein/MAP kinase pathways in
Ber-Abl signaling, including the Ras/Erk (128, 211, 212, 307) and c-Jun kinase (Jnk) pathways
(210). Other studies have shown that Src family kinases can also activate these pathways
directly in other cellular contexts (60, 64, 308, 309). Therefore, we focused our attention on

Stat5 and Ras/Erk signaling as possible effectors for Src kinases downstream of Ber-Abl.

An electromobility shift assay (EMSA) was used to examine DNA binding of activated
Stat5 (193). K-562 cells were treated overnight with concentrations of either PP2 or A-419259
shown above to cause growth arrest and induce apoptosis. Nuclear extracts were prepared and
incubated with a radiolabeled DNA probe containing the FcyR1 promoter GAS consensus
sequence for Stat5 binding. Both PP2 and A-419259 potently inhibited Stat5/DNA complex
formation (Figure 12A). PP2 partially inhibited complex formation at 3 uM, with complete
inhibition at 10 uM, while A-419259 disrupted the DNA/Stat5 complex partially at 0.1 uM and
completely at 0.3 uM. Figure 12B shows that both compounds also inhibited Stat5 tyrosine
phosphorylation, consistent with the gel-shift data. Importantly, inhibition of both the DNA-
binding and tyrosine phosphorylation of Stat5 correlates very well with inhibition of Src family
kinases but not Ber-Abl. This result supports the idea that Src kinases couple Ber-Abl to Stat5

activation in vivo. Neither compound affected Stat5 DNA binding or tyrosine phosphorylation in
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Ph” TF-1 cells, suggesting that Src kinases are not involved in Stat5 activation in response to
GM-CSF treatment in this cell line (data not shown).

As mentioned above, Stat5 regulates transcription of several genes involved in
deregulated survival of CML leukemia cells. Bcl-Xp is a member of the Bcl-2 family of anti-
apoptotic genes and has been shown to be up-regulated by Stat5 in Ph" cells (224). Since the Src
inhibitors blocked Stat5 activation, we predicted that one or more members of the Bcl-2 family,
particularly Bcl-X;, would also be affected. To test this prediction, K-562 cells were treated
overnight with either PP2 or A-419259 and gene expression was determined using an RNase
protection assay with probes specific for Bcl-X; and other members of the Bcl-2 gene family.
Both PP2 and A-419259 caused a dose-dependent decrease in Bel-Xp, expression in K-562 cells
with concentrations of compound that correlated well with Stat5 inhibition (Figure 12C).
Moreover, the effects of the inhibitors appeared to be limited to Bel-X; expression and did not
affect Bcl-2 (data not shown). Neither inhibitor had an effect on Bcl-2 family gene expression in
TF-1 cells, consistent with the lack of inhibitor action on Stat5 activation in this cell line (data

not shown).
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Figure 12: PP2 and A-419259 inhibit Stat5 activation and Bcl-XL expression in CML cells.

K-562 cells were treated with the indicated concentrations of PP2 and A-419259 for 20 h. A)
Nuclear extracts were prepared and tested for the presence of activated Stat5 by electromobility
shift assay (EMSA) using a >’P-labeled probe based on the y-activation sequence (GAS) as
described under Materials and Methods. To test probe specificity, reactions were incubated in
the presence (+) or absence (-) of a 100-fold molar excess of unlabeled oligonucleotide probe. B)
Stat5 tyrosine phosphorylation was assessed by immunoprecipitation of Stat5 from clarified cell

lysates and immunoblotting with anti-phosphotyrosine antibodies (P-Tyr).
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immunoprecipitates were also blotted with anti-Stat5 antibodies to insure equivalent loading in
each lane (Stat5). C) To analyze Bcl-Xp expression, total RNA was isolated and subjected to
ribonuclease protection assay using a Bcl-2 family probe set as described under Materials and
Methods. The intensity of the Bcl-X; signals were measured by storage phosphor imaging and
normalized to levels of the GAPDH housekeeping gene. Normalized Bcl-X; levels are presented
as percent of maximum signal observed in the absence of inhibitor treatment. The experiment

was repeated twice and the mean Bcl-Xy levels +/- S.D are indicated.
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To determine if the Src inhibitors affected constitutive activation of the Ras pathway in
CML cells, we examined Erk activation using phosphospecific antibodies. K-562 cells were
treated overnight with each Src inhibitor, and the cellular lysates were probed for activated Erk
using phosphospecific antibodies. Growth inhibitory concentrations of both Src inhibitors
caused a dose-dependent decrease in Erk phosphorylation, suggesting that down-regulation of
this pathway may contribute to the growth suppressive actions of these compounds as well

(Figure 13).
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Figure 13: PP2 and A-419259 inhibit the Ras/Erk pathway in CML cells.

K-562 cells were treated with the indicated concentrations of PP2 (top) or A-419259 (bottom) for
20 hours. Cell lysates were prepared and analyzed for the presence of active Erk by
immunoblotting with phosphospecific antibodies (P-Erk). Duplicate blots were probed with
antibodies to Erk2 protein as a loading control (Erk). Experiments were repeated three times

with comparable results.
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2.4. Discussion

Previous work from our laboratory and others has implicated the Src tyrosine kinase
family in Bcr-Abl-mediated transformation of myeloid cells (231, 232, 239). In the present
study, we have demonstrated a requirement for Src kinase activity in Ber-Abl transformation and
oncogenic signal transduction using a pharmacological approach. The Src-selective pyrrolo-
pyrimidines PP2 and A-419259 blocked Ph" CML cell growth and induced apoptosis in a dose-
dependent manner, but had little or no effect on Ph™ myeloid cells. Growth arrest and apoptosis
correlated with inhibition of Src kinase activity at drug concentrations that did not markedly
affect Ber-Abl kinase activity. Transformation of IL-3-dependent myeloid cells with Bcr-Abl
sensitized them to the effects of A-419259, while the untransformed parent cells were
unaffected. The anti-proliferative actions of both inhibitors correlated with a decrease in Stat5
and Erk activation, but did not impact the tyrosine phosphorylation of the direct Bcr-Abl
substrate, CrkL. These results strongly support the hypothesis that Src family kinases are

necessary for Ber-Abl signal transduction as well as the proliferation and survival of CML cells.

The anti-proliferative actions of Src-selective inhibitors on K-562, Meg-01, and
DAGM/Bcr-Abl cells are very similar to those observed previously following direct inhibition of
Ber-Abl with STI-571 in Ph™ cells (269). Therefore, it was critical to show that the effects of
PP2 and A-419259 are due to Src inhibition and not non-specific effects on Ber-Abl.  Although
no in vitro data have been reported for PP2 with Abl kinases, other studies have shown that the
closely-related inhibitor PP1 exhibits only modest (10-fold) selectivity for Src kinases compared
to c-Abl in vitro (310) (J. Kamens, unpublished data). PP2 differs from PP1 by a substitution of
a chlorine atom for a methyl group and both have a similar inhibition profile against Src, Lck,

Jak2, and the EGF receptor (297). In addition, Abl shares some of the kinase domain residues
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proposed to determine PP1 selectivity in the Hck-PP1 co-crystal structure (31). Despite these
caveats, we found that concentrations of PP2 that inhibited Src family kinases and induced
growth arrest and apoptosis in CML cells did not markedly reduce Bcr-Abl phosphotyrosine
content or levels of phospho-CrkL, suggesting that Src kinases are the target for this compound.

A-419259 is one of a group of second generation pyrrolo-pyrimidines recently developed
to exhibit improved selectivity towards the Src kinase family (302). This compound was chosen
for our study because it exhibited greater than 1000-fold selectivity towards the leukocyte Src
family members Lck and Lyn compared to c-Abl in vitro (Table I). A-419259 also inhibited Hck
and Lyn with equal potency in immune-complex kinase assays (data not shown), indicating that
Hck may be a target for this compound in vivo as well. Hck has been strongly implicated as a
Bcer-Abl signaling partner in several previous studies (230-232, 239). A-419259 inhibited CML
cell proliferation and induced apoptosis with 30- to 100-fold greater potency that PP2.
Importantly, concentrations of A-419259 responsible for these anti-CML effects also inhibited
Src family kinases but did not markedly affect Ber-Abl or CrkL tyrosine phosphorylation, again
suggesting that Src kinases are the primary target for this drug in CML cells. Together with the
PP2 data, these findings establish a necessary role for Src family kinases in Ber-Abl signaling.

At the highest concentrations of PP2 and A-419259 tested (30 uM and 1 uM,
respectively), reductions in Ber-Abl and CrkL tyrosine phosphorylation were observed in CML
cell lines. At least two explanations are possible for this observation. First, pyrrolo-pyrimidines
may directly bind and inhibit the Abl kinase domain at higher concentrations. This may be
particularly true for PP2, because the Abl and Hck kinase domains share residues important for
binding of the related compound PP1 in the Hck crystal structure (31). A second possibility is

that inhibition of Src kinases may indirectly affect Bcr-Abl phosphotyrosine content and kinase
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activity. Previous work has shown that Src family kinases can trans-phosphorylate Ber-Abl,
particularly on the Grb2 SH2 domain binding site in the Bcer-derived portion of the molecule
(232). More recently, Src family kinases have been shown to trans-phosphorylate c-Abl within
its activation loop and SH2-kinase linker region, suggesting that Src kinases may regulate Ber-
Abl kinase activity as well (179, 180). Thus, selective inhibitors for Src family kinases may
block this transphosphorylation event in vivo, subsequently reducing Ber-Abl phosphotyrosine
content or kinase activity. Experiments to address these possibilities are currently underway.

Studies with the cytokine-dependent cell line DAGM suggest that transformation with Ber-Abl
sensitizes myeloid cells to Src inhibitors. A-419259 potently inhibited the proliferation of Ber-
Abl-transformed DAGM cells in the absence of IL-3 with an ICsy similar to that observed with
the K-562 and Meg-01 CML cell lines (0.1 - 0.3 puM). This finding supports the general
conclusion that Bcer-Abl requires Src kinases for growth and survival signal transduction.
Interestingly, incubation of A-419259-treated DAGM/Bcr-Abl cells with IL-3 partially rescued
the cells from the growth-inhibitory effects of this compound. IL-3 treatment did not reactivate
Src kinases, however, suggesting that Src activation by IL-3 is not required for proliferation or
survival in this cell line. Similar results were obtained with the DAGM/Neo control cells as well
as GM-CSF-dependent TF-1 cells, in which proliferation and survival were unaffected despite a
complete block of Src kinase activity by the inhibitor. This observation helps to validate Src
family kinases as CML drug targets, because it implies that Src activation is only crucial to the
proliferation and survival of Ber-Abl transformed cells and not normal myeloid progenitors.
However, the finding that IL-3 can rescue Bcr-Abl-transformed DAGM cells from the toxic
effects of A-419259 (Figure 10) may influence the effectiveness of selective Src kinase

inhibitors when used as stand-alone agents in CML.
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Data presented in this report strongly suggest that Src family kinases may couple Ber-Abl
to various downstream effector molecules, facilitating CML disease progression. Both PP2 and
A-419259 blocked Stat5 and Erk activation at concentrations that inhibited Src family kinases
but did not affect Ber-Abl or CrkL tyrosine phosphorylation. Our results agree with recent
evidence suggesting a dominant and non-redundant role for Stat5 in mediating resistance of
CML cells to apoptosis, while both Ras/Erk and Stat5 signaling drive proliferation (226). We
also showed that PP2 and A-419259 blocked expression of the anti-apoptotic Stat5 target gene
Bcel-Xp, in CML cells, but had no effect on Stat5 activation and Bcl-X expression in the Ph™ cell
line, TF-1.

Despite mounting evidence that Src kinases are involved in Ber-Abl-mediated activation
of Stat5, the exact mechanism is not clear. The simplest mechanism for Stat5 activation in Ph"
CML cells is direct tyrosine phosphorylation by Ber-Abl. However, Nieborowska-Skorska ef al.
were unable to demonstrate a direct association of Stat5 with Ber-Abl (220). These authors also
found that the SH2 and SH3 domains of Ber-Abl are necessary for Stat5 activation in myeloid
cells. Interestingly, this region of Ber-Abl binds tightly to Hck and other myeloid Src family
members in vitro (239). Furthermore, Hck and Lyn can bind and phosphorylate Stat5 both in Sf-
9 insect cells and in vitro (311) (S. Schreiner and T. Smithgall, unpublished data). A general role
for Stats in oncogenesis has emerged in recent years, and the Src kinase family may have a
prominent role as an intermediate coupling upstream tyrosine kinases to Stat activation in several
cancers including CML (312, 313).

Numerous studies have demonstrated that Ras activation is critical to Ber-Abl-mediated
transformation and that inhibition of Ras or its downstream effectors can block Ph" proliferation

(128, 211, 212, 307, 314, 315). Data presented here show that the Src kinase inhibitors PP2 and
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A-419259 can block Erk activation at concentrations that do not affect Bcr-Abl kinase activity.
Several possible mechanisms of Ras/Erk activation in CML have been suggested, including
direct interaction with the Grb-2/Sos complex through the Grb2 SH2 domain binding site at Tyr
177 (128, 211) or through the Shc (212) or CrkL adaptor proteins (306, 316). Previous studies
have shown that Hck phosphorylates Ber-Abl on Tyr 177 in a heterologous expression system
(232), predicting that Src inhibition would suppress Ber-Abl interaction with Grb2 in CML cells.
However, we did not detect a decrease in Ber-Abl/Grb-2 complex formation in the presence of
either PP2 or A-419259 (data not shown). This result suggests that Ber-Abl autokinase activity
may also contribute to the phosphorylation of this site in CML cells.

In summary, data presented here validate the Src family kinases expressed in myeloid
cells as alternative targets for CML drug therapy, particularly in patients shown to be refractory
to treatment with STI-571. Treatment of CML patients, especially those in blast crisis, with a
combination of Src and Bcr-Abl inhibitors could provide a dramatic therapeutic benefit.
Furthermore, like combinational therapy, the rational design of compounds that have dual
specificity for both kinases could also provide similar benefit and would potentially prevent drug
resistance and subsequent disease relapse. Such an agent has recently been reported by Huang,
et al. and is a very potent inhibitor of CML cell growth (317). Future work will address the role
Src kinases play in CML progression in vivo and the effects of Src inhibition on Ber-Abl

signaling and oncogenic activity in a whole-animal model of CML.
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2.5. Materials and methods

25.1.  Cell culture & proliferation assays

The K-562 (298) and Meg-01 (300) cell lines, both derived from Ph” CML patients in blast
crisis, as well as the Ph erythroleukemia cell line HEL (304) were purchased from the American
Type Culture Collection (ATCC). K-562 cells were grown in RPMI 1640 supplemented with
10% fetal calf serum (FCS), and 50 pg/ml gentamycin. Meg-01 cells were cultured in Vitacell
modified RPMI 1640 (ATCC), supplemented with 10% FCS and 50 pg/ml gentamycin. The
human GM-CSF-dependent myeloid leukemia cell line TF-1 (303) was obtained from the ATCC
and grown in RPMI 1640 supplemented with 10% FCS, 50 pg/ml gentamycin, and 1 ng/ml of
recombinant human GM-CSF. DAGM murine myeloid leukemia cells (a gift from Dr. Owen
Witte, Howard Hughes Medical Institute, UCLA) were cultured in RPMI 1640 supplemented
with 10% FCS, 50 pg/ml gentamycin, and 0.5 ng/ml recombinant IL-3. Concentrated stock
solutions of PP2 (5 mM; Calbiochem) and A-419259 (2 mM; Abbott Biotech) were prepared in
DMSO and stored at -20° C. Cellular proliferation was measured using the Live/Dead growth
assay (Molecular Probes) according to the manufacturer's protocol. This assay employs calcein-
AM, a fluorogenic esterase substrate that is taken up by viable cells and hydrolyzed
intracellularly, releasing a green fluorescent product. Briefly, 10* cells were plated per well in
96-well plates for each day of a four-day time course. Various concentrations of PP2, A-419259
or vehicle control were added to the wells (5 wells per concentration per day) and the plates were
incubated at 37°C. At each time point, one plate was centrifuged at 1,500 X g for 10 min to
pellet the cells. Cells were washed with phosphate buffered saline (PBS), and calcein-AM was

added to each well to a final concentration of 1 uM. Plates were incubated in the dark at room
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temperature for 1 h. The plates were then read at 485 nm/530 nm (excitation/emission) using a
SpectraMax Gemini XS fluorescent plate reader and data were analyzed with SoftMax Pro

software (Molecular Devices).

2.5.2.  Apoptosis Assays

To measure apoptosis, K-562 and TF-1 cells were treated with PP2, A-419259 or the
vehicle control for 72 hours at 37° C. Apoptosis was assessed by determining cell-surface
annexin-V binding and intracellular caspase-3 activity. For annexin-V binding, K-562 and TF-1
cells were incubated with annexin-V-FITC (BD Pharmingen) according to manufacturer's
protocol. Briefly, 10° cells were centrifuged at 1,000 x g for 10 min, and washed twice with cold
1X PBS. Cells were then resuspended in annexin-V binding buffer and 10> cells were pelleted
and incubated with 5 ul annexin-V-FITC and 5 pl propidium iodide (50 pg/ml) for 15 min.
Apoptosis was measured using a FACSCalibur flow cytometer (Becton-Dickinson) set for two-
color acquisition, and data were analyzed using CellQuest software. For the caspase-3 assay,
10° cells were centrifuged at 1,000 x g for 5 min and media was completely removed. Sixty pl
of 10 uM PhiPhiLux reagent (Oncolmmunin, Inc.) and Sul FCS were added to the cell pellet and
incubated at 37°C for 45 minutes. PhiPhiLux is a profluorescent protease peptide substrate that
upon cleavage by intracellular caspase-3 emits green fluorescence at 530 nm. Following
incubation, cells were washed once with ice-cold flow cytometry dilution buffer provided with

the reagent. The cells were resuspended in 1 ml of the same buffer for FACS analysis.

2.5.3.  Transformation of DAGM cells with Bcr-Abl Retroviruses
The pMig-Ber-Abl/GFP retroviral vector was generously provided by Dr. Warren Pear,
University of Pennsylvania. This vector encodes the 210 kDa form of Bcr-Abl followed by an

internal ribosomal entry sequence (IRES) and the GFP coding sequence under the control of the
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murine stem cell virus long-terminal repeat (318). The control pSRaMSVtkneo retroviral
construct was provided by Dr. Owen Witte, Howard Hughes Medical Institute, UCLA (319). To
make retroviral stocks, subconfluent 100 mm dishes of 293T cells were co-transfected with each
retroviral vector and an ecotropic packaging vector using a calcium phosphate procedure
described elsewhere (36). Viral supernatants were collected at 48-, 72-, and 96-h post
transfection, pooled, filtered with 0.45 um filters, and stored at -80°C. DAGM cells were stably
infected as follows: 10° cells were incubated with 5ml of viral supernatant in the presence of
4mg/ml polybrene. To increase viral uptake, cells were centrifuged during infection at 2,400 rpm
for 3 h at room temperature (239). DAGM cell populations infected with the pMig-Bcr-Abl/GFP
retroviral vector were observed for expression of GFP by fluorescence microscopy, cytokine
independent outgrowth, and expression of Bcr-Abl protein by immunoblotting. For cytokine
independent outgrowth, cells were washed free of cytokine and resuspended in media lacking IL-
3. Proliferation was measured using the Live/Dead assay as described above over the course of
10 d. To confirm expression of Ber-Abl protein, lysates were prepared from 107 cells and probed
with anti-Abl (§8E9, BD-Pharmingen) or anti-phosphotyrosine (PY99; Santa Cruz) antibodies on
immunoblots as described below. Control populations were prepared by infecting DAGM cells
with a retrovirus carrying only the neo drug resistance marker and selecting with G-418 at 800

pg/ml for 7-10 days in medium plus IL-3.

2.5.4.  Analysis of protein expression and tyrosine kinase activity

To monitor Src kinase activity, 10" cells were collected by centrifugation, washed once
with PBS, and lysed in ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM
Tris-HCI, pH 7.4, 50 mM NaCl, 1 mM EDTA, 10 mM MgCl,, 1% Triton X-100, 1% sodium

deoxycholate, and 0.1% SDS) supplemented with the protease inhibitors aprotinin (25 pg/ml),
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leupeptin (25 pg/ml) and PMSF (1 mM) and the phosphatase inhibitors NaF (10 mM), and
Nas;VO4 (1 mM). Clarified lysates were resolved by SDS-PAGE, transferred to PVDF
membranes, and blotted with an antibody to the phosphorylated form of the Src activation loop
(Y-418; BioSource International) or an anti-Lyn polyclonal antibody (Santa Cruz) to normalize
for loading. Bcr-Abl phosphorylation was determined by probing replicate immunoblots with
the anti-phosphotyrosine and anti-Abl monoclonal antibodies. CrkL phosphorylation was
assessed by determining the relative levels of the unphosphorylated and phosphorylated forms of
the protein following visualization on immunoblots with an anti-CrkL polyclonal antibody (H-
62, Santa Cruz) as described (284). Erk activation was measured using an anti-phospho-Erk
monoclonal antibody (E-4; Santa Cruz) as well as an anti-Erk2 polyclonal antibody (C-14; Santa
Cruz) as a loading control. To assess Stat5 tyrosine phosphorylation, 107 cells were lysed in
RIPA buffer, and Stat5 was immunoprecipitated with 2 pg of the StatSa polyclonal antibody (L-
20; Santa Cruz) and 25 pl protein G-Sepharose (50:50 w/v slurry; Amersham-Pharmacia
Biotech) by rotation at 4°C overnight. Beads were then collected and washed three times with
ice-cold RIPA buffer, resuspended in a final volume of 25 pul, combined with an equal volume of
2X SDS sample buffer and heated for 5 min at 95° C. Proteins were resolved by SDS-PAGE,
transferred to PVDF membranes, and blotted with a Stat5 monoclonal antibody (Transduction
Laboratories) or the PY-99 anti-phosphotyrosine antibody. All immunoreactive bands were
visualized with goat-anti-rabbit secondary antibodies conjugated to alkaline phosphatase with

NBT-BCIP as colorimetric substrate (Southern Biotechnology Associates).

2.5.5.  Electromobility shift assays (EMSA)
Following treatment with various concentrations of Src inhibitors for 20 h, K-562 or TF-1

cells (10”) were centrifuged, washed once with PBS, and nuclear extracts were prepared as
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described by Skorski, ef al. (193) Stat5 DNA-binding activity was assessed using a double-
stranded DNA probe based on the y-activation sequence (GAS) (193). The probe was prepared
by combining 200 pmoles of the complementary single-stranded GAS oligos (5'-
AGCTTGTATTTCCCAGAAAAGGG-3' and 5'-TCCCTTTTCTGGGAAATAC-3") with 6.6 pl
of TE buffer (10 mM Tris-HCI, pH 8.0, ImM EDTA), heating to 70° C, and cooling slowly
overnight. For labeling, 1ul of the duplex GAS oligo (20 pmol) was added to 12 pl H,O, 4 pl
Labeling Mix dATP (0.1 mM dCTP, dGTP, dTTP in 50 mM Tris-HCI, pH 7.5, 50 mM MgCl,,
250 mM NaCl, 25 mM B-mercaptoethanol; AP Biotech), 2 ul [(x-32P]dATP (2,000 Ci/mmol; New
England Nuclear), and 1 pl DNA polymerase I Klenow fragment (0.5 U/ul, Gibco-BRL).
Following incubation for 1 h at room temperature, the reaction was diluted with 20 pl H,O and
unincorporated nucleotides were removed using a G-25 Sephadex spin column (AP Biotech)
according to the manufacturer's instructions. For each gel-shift reaction, 40,000 cpm of the
radiolabeled GAS oligo was combined with 4 ul H,O, 0.2 ul 0.5 M HEPES, pH 7.9, 0.2 ul 50%
glycerol, 0.2 pul 50 mM DTT, 1 pl poly dI-dC (1pg/ul), and 2.5 pl BSA (2.0 pg/ul, Sigma).
Nuclear extracts (5 pl containing equal amounts of protein) were combined with 4 ul of H,O (3
pl for cold competitor experiments; see below), and 1 pl of 10X incubation buffer (100 mM
HEPES, pH 7.9, 500 mM KCI, 10 mM EDTA). Control reactions for binding specificity were
run in parallel and contained 1 pl of a 100-fold molar excess of non-radiolabeled probe. The
binding reaction was started by the addition of 10 pl of the labeled probe mixture and incubated
at 30° C for 30 min. Reactions were quenched by transferring them to ice, and Stat5-GAS
complexes were resolved on 5% non-denaturing polyacrylamide gels pre-run for 30 min at 100
volts in 0.25X TBE buffer. Gels were fixed with 10% acetic acid/10% methanol, rinsed with

H,O, dried, and radiolabeled bands were visualized by autoradiography.
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2.5.6. RNase protection assay (RPA)

For the RPA assay, 10" K-562 or TF-1 cells were treated for 20 h with either PP2 or A-
419259. Following incubation, total cellular RNA was isolated from each cell line using an
RNA isolation kit (TOTALLY RNA, Ambion Inc.) according to the manufacturer's instructions.
To measure expression of Bcl-Xi, a multi-probe set containing cDNA templates of Bcl-2 family
members and GAPDH as an internal control was utilized according to the manufacturer's
protocol (BD PharMingen). Briefly, **P-labeled riboprobes of defined length were generated
using T7 RNA polymerase and 50 ng of the DNA template in the presence of 150 puCi of [a-*P]
UTP (New England Nuclear). Template DNA was digested with RNase-free DNase, followed by
precipitation of labeled RNA. Five ug of total cellular RNA was mixed with 7.5 x 10° cpm of the
32p_labeled riboprobe in hybridization buffer (40 mM PIPES, 1mM EDTA, 0.4 M NaCl, and
80% formamide) and incubated for 5 min at 90° C followed by 12 h at 56° C. The hybridized
RNA duplexes were then treated with RNase A and RNase T1, followed by proteinase K
digestion. RNase-resistant RNA duplexes were extracted with phenol and precipitated by the
addition of equal volumes of 4 M ammonium acetate and 2 volumes of ethanol. Labeled RNA
samples were resolved on 6% urea denaturing gels and visualized by autoradiography and
Phosphorlmager analysis (Molecular Dynamics). The relative expression of Bcl-Xp was

normalized to the signal corresponding to GAPDH expression.

2.5.7.  Invitro kinase assays

In vitro kinase assays were performed on His)-tagged Lck (residues 62-509) and full-
length c-Abl purified from Sf-9 cells, and commercial sources of Lyn, Src (Upstate
Biotechnology) and PKC (Calbiochem). Lck, Lyn, Src and Abl activities were measured with an

ELISA-based assay. Flat bottom 96-well ELISA plates were incubated with a 200 pg/ml
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solution of Poly(Glu,Tyr) 4:1 substrate in phosphate buffered saline (PBS) for 1 hour at 37° C
and then washed with PBS containing 0.1% Tween-20 (PBS-T). Inhibitor dilutions were added
to the washed plates already containing the appropriate enzyme in kinase assay buffer (250 mM
Mopso, pH 6.75, 10 mM MgCl,, 2 mM MnCl,, 2.5 mM DTT, 0.02% BSA, 2 mM Na3;VOd, 5%
DMSO, 5 uM ATP). After incubation at room temperature for 20 min, plates were washed 3
times with PBS-T and plate-bound phosphotyrosine was detected with an anti-phosphotyrosine-
HRP antibody conjugate and subsequent color development with K-Blue reagents (Neogen
Corporation). All assays were optimized to use the least amount of enzyme necessary for a
reproducible signal-to-noise ratio. Specifically, the amount of each kinase per reaction was as
follows: Src, 0.2 ng; Lck, 12 ng; Lyn, 0.1 ng; and Abl, 0.8 ng.

PKC activity was measured with a radioactive kinase assay. Enzyme (100 ng) and
substrate peptide were incubated in kinase assay buffer (50 mM Tris-HCI, pH 7.5, 10 mM
MgCly, 2 mM DTT, 1 mM EGTA, 10 mM ATP, 8 uM peptide, 5% DMSO and [y->>P]ATP.
Reactions were stopped with 10 ul 5 mM ATP in 75 mM phosphoric acid. The reaction was
spotted on phosphocellulose filters and washed with in 75 mM phosphoric acid. Incorporation of

radiolabel was quantified by liquid scintillation counting.
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3.1. Abstract

The hallmark of chronic myelogenous leukemia (CML) is the Philadelphia chromosome,
which arises from the reciprocal translocation of the c-ab/ proto-oncogene on chromosome 9 and
the bcr locus on chromosome 22. This translocation results in the expression of a 210 kDa
fusion protein (Bcr-Abl) with constitutive tyrosine kinase activity that is responsible for CML
pathogenesis. Recently, we demonstrated that selective inhibition of myeloid Src family kinase
activity (Hck, Lyn, Fyn, and Fgr) induces growth arrest and apoptosis in Ber-Abl-transformed
cells. These and other data provide compelling evidence that oncogenic transformation by Bcr-
Abl requires Src family kinase activity. In the present study, we investigated the biochemical
interactions between myeloid Src family members and Ber-Abl. We found that Hck, Lyn, Fyn
and Fgr each bind the kinase domain, C-terminal tail, and SH3/SH2 region of Bcr-Abl.
Furthermore, Hck, Lyn and Fyn strongly phosphorylated recombinant, purified Abl SH3-SH2
protein in vitro. To identify the phosphorylation sites, the phosphorylated Abl SH3-SH2 protein
was analyzed by MALDI-TOF mass spectrometry. Seven phosphorylated tyrosine residues were
identified: Y89 and Y134 in the SH3 domain, Y147 in the SH3-SH2 connector, Y158, Y191 and
Y204 in the SH2 domain, and Y234 in the SH2-kinase linker. We found that Hck, Lyn and Fyn
phosphorylate these sites in full-length Ber-Abl in vitro. Lastly, mutation of all seven residues in
the context of full-length Ber-Abl blocked transformation to cytokine independence of TF-1
myeloid cells. The position of several of these tyrosines in the crystal structure of c-Abl and
transformation defect of the Ber-Abl mutant suggests that phosphorylation by Src kinases may

impact Ber-Abl autoregulation and downstream oncogenic signaling.
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3.2. Introduction

The cytogenetic hallmark of chronic myelogenous leukemia is the presence of the
Philadelphia Chromosome (Ph' or Ph) translocation (89). The Ph chromosome is a shortened
22™ chromosome that results from a reciprocal translocation between c-abl on chromosome 9
and bcr on chromosome 22 [t(9;22)(q34;q11)] (90) [reviewed in (320)]. The Ph translocation
results in the expression of Bcer-Abl, a 210 kDa oncogenic fusion protein with constitutive
tyrosine kinase activity. The p210 form of Bcr-Abl is present in up to 95 percent of all cases of
CML (94), 20-50 percent of cases of adult B-lineage acute lymphoblastic leukemia (ALL) (95)
and about 5 percent of cases of acute myeloid leukemia (AML) (96). Considerable data,
including in vivo transgene experiments in mice (112) and in vitro studies with hematopoietic

cell lines (109-111), implicate Ber-Abl as the primary etiologic factor in disease onset.

The constitutive activity of Ber-Abl can result in the phosphorylation and activation of
many cellular substrates, initiating a diverse set of signaling pathways affecting the growth and
differentiation of hematopoietic cells. Specifically, the Grb-2/Sos guanine nucleotide exchange
factor complex can bind to phosphotyrosine 177 in the Ber region of Ber-Abl, leading to the
activation of Ras (128). Ber-Abl can also activate Ras via Shc, an adapter protein that couples
the receptors for many growth factors and cytokines to the Grb2/Sos complex (212). Bcr-Abl
can associate with and phosphorylate the Crk-L adapter (306), stimulate PI-3K/Akt signaling via
p85 (248), and activate STAT transcription factors (219, 227). All of these signaling pathways
involve components with SH2 and SH3 domains and are dependent upon interactions with
phosphotyrosine or proline-rich docking sites, respectively.

Although Ber-Abl possesses a constitutively active tyrosine kinase domain, recent work

suggests that it may initiate signaling by activating other non-receptor tyrosine kinases, including
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members of the Fps/Fes (138-141, 234, 321), Janus (JAK; (322) and Src kinase families (231-
234). Danhauser-Riedl and colleagues showed that Ber-Abl can bind and activate the Src family
members Hck and Lyn in several Ph+ cell lines (231) and that Hck could phosphorylate Ber-Abl
on Y177 (232), which links Ber-Abl to the Ras pathway through Grb2 binding as described
above (128). Interestingly, the interaction and activation of Hck did not require Ber-Abl kinase
activity (232), suggesting Ber-Abl may activate Src family kinases through displacement of the
autoinhibitory SH3—PPII linker intramolecular interaction (12, 29, 31). In support of this, work
from our group demonstrated that the SH3 and SH2 domains of Hck can bind Ber-Abl through
kinase independent and kinase dependent mechanisms, respectively (239). Furthermore, we
showed that a kinase defective mutant of Hck blocked transformation of the DAGM myeloid cell
line to cytokine independence by Ber-Abl (239). Additionally, we showed that a Src family
selective inhibitor was able to induce apoptosis in the Ph+ blastic cell lines, Meg-01 and K562
(323). The growth defect was due to Src kinase inhibition rather than direct inhibition of Bcr-
Abl and resulted in down-regulation of both Stat5 and Erk activation (323). Klejman and
colleagues also found that Ber-Abl-mediated activation of StatSb was dependent on Hck (230).
In support of our previous findings, inhibition of Hck in this context resulted in a decrease in
Stat5b activation and down-regulated expression of the Stat5b target proteins, Al and pim-1
(230).

Currently, it is unknown if Src family kinases transphosphorylate full-length Ber-Abl and
how tyrosine phosphorylation affects its transforming potential. In the present study, we identify
a consistent mode of Abl binding across several different myeloid expressed Src family kinases
involving the Abl SH3-SH2 region. Unexpectedly, Hck, Lyn and Fyn transphosphorylated Abl in

the SH3-SH2 region on seven different tyrosine residues. Moreover, Hck phosphorylated full-
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length Bcer-Abl on a subset of these residues in vifro. Mutation of these seven tyrosines in the
context of full-length Ber-Abl significantly diminished its ability to transform TF-1 myeloid cells
to cytokine independence but did not significantly alter autophosphorylation or SH3-SH2-
dependent binding to signaling partners compared to wild-type Ber-Abl. These data suggest that
Src family kinase-mediated phosphorylation of tyrosine residues located in the Ber-Abl SH3-
SH2 region is critical for the Ber-Abl transforming signal. The position of these seven tyrosines
in the crystal structure of c-Abl suggest that transphosphorylation by Src family kinases may

significantly alter c-Abl conformation and activity.

3.3.  Results

3.3.1.  Myeloid expressed Src family kinases bind Abl in a similar fashion

Previously, we found that Hck can bind the SH3-SH2, kinase, and far C-terminal tail
domains of Abl in vitro (239). In the present study, we extended these findings to include the
other myeloid expressed Src family kinases, Lyn, Fyn and Fgr. Each of these Src family
members was coexpressed in Sf-9 insect cells along with a series of Abl GST fusion proteins
(Figure 14A). The GST fusion proteins were precipitated and analyzed for bound Src family
kinases by immunoblotting. Interestingly, Hck (Figure 14B), Lyn (Figure 14C), Fyn (Figure
14D) and Fgr (not shown) each exhibited a nearly identical pattern of binding to the GST fusion

proteins involving the SH3-SH2, kinase, and far C-terminal tail domains of Abl.
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Figure 14: Ber-Abl interacts with Hek, Lyn, & Fyn through common mechanisms

Ber-Abl GST fusion proteins (A) bind Hck (B), Lyn (C), Fyn (D), and Fgr (not shown). Hck,
Lyn, and Fyn were each individually expressed in Sf-9 insect cells along with the GST Abl
fusion proteins shown in A. The proteins were precipitated using GSH-agarose beads and bound
Src family kinases were visualized via immunoblotting (Bound). The levels of each GST fusion
protein captured (GST) and input Src family kinase (Lysate) are also shown. Each binding
experiment was repeated at least twice with comparable results. A representative experiment is

shown above.
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To further characterize the interaction between the Src family kinases and the Abl
regulatory region, we examined the contribution of the isolated Abl SH3 and SH2 domains to the
binding event. Baculoviruses containing GST fused to the isolated Abl SH3 or SH2 domain
were constructed and coexpressed with the various myeloid expressed Src kinases in Sf-9 cells
(Figure 15A). As expected, Hck (Figure 15B), Lyn (Figure 15C) and Fyn (Figure 15D) each
strongly associated with the SH3-SH2 region of Abl compared to a GST negative control. On the
other hand, binding to the individual SH3 or SH2 domains of Abl differed among the Src family
members. Hck and Fyn strongly bound the SH2 domain of Abl at levels comparable to that of the
combined SH3-SH2 region, but neither bound the isolated SH3 domain (Figure 15B, 2D). In
contrast to Hck and Fyn, Lyn associated with both the isolated SH3 and SH2 domains of Abl
(Figure 15C). These results indicate that Src family kinases may play overlapping but not

identical roles in Ber-Abl signaling involving the SH3-SH2 region.
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Figure 15: Hck, Lyn, & Fyn bind the Bcr-Abl SH3-SH2 region

Bcer-Abl GST fusion proteins of the SH3, SH2 and SH3-SH2 region (A) bind Hck (B), Lyn
(C) and Fyn (D). Hck, Lyn, and Fyn were each individually expressed in Sf-9 insect cells along
with the GST Abl fusion proteins shown in A. The proteins were precipitated using GSH-
agarose beads and bound Src family kinases were visualized via immunoblotting. The
experiment was repeated 3 times with comparable results. A representative experiment is shown

above.
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3.3.2.  Myeloid expressed Src kinases transphosphorylate the SH3 and SH2 domains of
Abl on multiple tyrosines

We next sought to understand the functional consequence of the interaction between the
Src kinases and the Abl SH3 and SH2 domains. Surprisingly, when the western blots from the
binding assay in Figure 15 were probed with an anti-phosphotyrosine antibody, the Abl SH3-
SH2 region exhibited strong levels of phosphorylation when coexpressed with Hck, Lyn or Fyn
(data not shown). To confirm this observation, we expressed the Abl GST-SH3, GST-SH2,
GST-SH3-SH2 and a GST control in E. coli and purified the protein using glutathione agarose.
Equimolar amounts of purified GST or the Abl GST fusion proteins were combined with
recombinant Hck, Lyn or Fyn in an in vitro kinase assay. Figure 16 shows that Hck, Lyn and
Fyn each strongly phosphorylated the Abl GST-SH3-SH2 region. However, there were distinct
differences in the patterns of phosphorylation of the isolated Abl SH3 and SH2 domains by the
Src kinases. Hck strongly phosphorylated the Abl SH3 domain, but phosphorylation of the SH2
domain was only slightly above background GST levels (Figure 16). Similarly, Lyn also
phosphorylated the SH3 domain of Abl above background, but phosphorylation of the SH2
domain was greatly reduced in comparison (Figure 16). In contrast, Fyn phosphorylated both the
SH3 and SH2 domains of Abl, but to a much lower extent than the combined SH3-SH2 protein
(Figure 16). Interestingly, the pattern of phosphorylation of the isolated Abl SH3 and SH2
domains does not correlate well with the pattern of binding observed in Figure 15. For example,
Hck did not coprecipitate with the Abl SH3 domain (Figure 15B), yet Hck strongly
phosphorylates this domain (Figure 16) suggesting that the interaction between the Abl SH3 and

Hck is transient.
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Figure 16: Src family kinases phosphorylate the Abl SH3-SH2 region in vitro

The Abl SH3-SH2-, SH3-, and SH2- GST fusion proteins were purified along with GST from
bacterial cells and incubated with purified recombinant Src family kinases in vitro with ATP
(500 puM). The protein was then separated by SDS-PAGE and visualized with an anti-

phosphotyrosine antibody to detect trans-phosphorylation (top) or an anti-GST to confirm equal

amounts of purified Abl protein in each reaction (bottom).
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We next identified the sites of Src family kinase-mediated Abl SH3-SH2 phosphorylation
using MALDI-TOF mass spectrometry. To eliminate interference from the GST moiety, the
SH3-SH2 region was reconstructed with a hexa-histidine tag at the C-terminus (Hisg-Abl 3+2)
instead of GST and the Hisg-Abl 3+2 construct was expressed in E. coli. The Hisg-Abl 3+2 was
purified using affinity chromatography with a Ni*" chelating column and equimolar amounts of
the purified protein were incubated with recombinant Hck, Lyn or Fyn in the presence of ATP
(Figure 17A). Consistent with the results with the Abl GST fusion proteins in Figure 16, Hck,
Lyn and Fyn transphosphorylated Hise-Abl 3+2. The individual tyrosine residues in Hisg-Abl
3+2 phosphorylated by the Src family kinases were determined by MALDI-TOF MS analysis of
tryptic digests of each phosphorylated Hise-Abl 3+2 protein. Out of 10 possible tyrosines in the
Hisg-Abl 3+2 protein, seven were phosphorylated above background levels (summarized in
Figure 17B). Tyrosine 89 (Y89) in the SH3 domain of Abl exhibited the highest levels of
phosphorylation by Hck (98.8%), Lyn (85%) and Fyn (86.5%) compared to the other tyrosine
residues. Moreover, Hck selectively phosphorylated a higher percentage of each individual
tyrosine compared to Lyn or Fyn. For instance, 60% of the trypic peptides containing tyrosine
191 (Y191) were phosphorylated by Hck, compared to 6% and 15% by Lyn and Fyn,
respectively (Figure 17B). This could explain the stronger overall phosphorylation of Hiss-Abl
3+2 by Hck compared to Lyn and Fyn (Figure 17A). Tyrosine 112 in the Abl SH3 domain and
tyrosines 186 and 193 in the SH2 domain exhibited no phosphorylation by Hck, Lyn or Fyn (data
not shown). Figure 17C shows the seven phosphotyrosines mapped onto a molecular model of
the recombinant Abl SH3-SH2 protein based on the recently solved c-Abl crystal structure (170).
Intriguingly, four tyrosine residues—Y89 and Y134 in the SH3 domain as well as Y158 and

Y191 in the SH2 domain—Ilie along the interface between the SH3-SH2 and the Abl kinase
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domain (Figure 17C). Since c-Abl kinase activity is down-regulated, in part, through a tight
docking of the SH3-SH2 “clamp” onto the distal face of the kinase domain, phosphorylation of

residues along this interface could influence kinase activity (see Discussion).
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Figure 17: Src family kinases phosphorylate the Bcr-Abl SH3-SH2 region on multiple

tyrosine residues

A) The Abl SH3-SH2 region was engineered to include a C-terminal 6-Histidine repeat
moiety (Hise-Abl 3+2). The construct was expressed in bacteria and purified using metal-
chelating chromatography and incubated alone (Con) or with recombinant Hck, Lyn or Fyn and
ATP in vitro. The phosphorylated Hise-Abl 3+2 proteins were separated by SDS-PAGE and
visualized by immunoblotting with an anti-phosphotyrosine antibody (P-Tyr) or an anti-His
antibody to confirm equal amounts of purified protein in each reaction. B) The Hiss-Abl 3+2
proteins from part A were digested to completion with trypsin and analyzed by MALDI-TOF

mass spectrometry. Seven tyrosine residues out of a possible 10 exhibited phosphorylation
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above background and the extent of phosphorylation with each kinase is shown. C) The seven
phosphorylated tyrosines were mapped to the published crystal structure of the SH3-SH2-Linker
domain of c-Abl. SH3 residues are shown in red (Y134, Y89), the SH3-SH2 connector residue in
gray (Y147), the SH2 residues in turquoise (Y158, Y191, Y204) and the SH2-kinase linker

residue in yellow (Y234). The remainder of the structure (kinase domain) is rendered in grey.
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3.3.3.  Hck phosphorylates full-length Bcr-Abl in vitro

We next sought to determine whether the Src family kinases could phosphorylate the Abl
SH3-SH2 region within the context of the full-length Ber-Abl protein. To accomplish this, a
baculovirus containing the coding sequence of full-length p210 Ber-Abl was engineered with a
hexa-histidine tag on the C-terminus to facilitate purification. We used the kinase-dead form of
Ber-Abl in which the strictly conserved lysine within the kinase domain is replaced with
arginine. The kinase-dead form of Bcr-Abl is unable to undergo autophosphorylation, thus
allowing for the characterization of only transphosphorylation by Src family kinases. The
kinase-dead His-tagged Bcr-Abl (210 KR-Hisg) was purified and incubated alone or with
purified recombinant Hck plus ATP in vitro (Figure 18A). As expected, 210 KR-Hisg incubated
with Hck showed a high degree of phosphorylation compared to background levels (Figure 18A).
The phosphorylated 210 KR-Hise protein was then digested with trypsin and analyzed by liquid
chromatography-coupled MALDI-TOF mass spectrometry. Figures 18B-D show the mass
spectra from 210 KR-Hisg incubated alone (top spectrum) or with Hck (bottom spectrum) for the
tryptic peptides containing Y 134 (Figure 18B), Y147 (Figure 18C) and Y158 (Figure 18D). For
each of the three tryptic peptides, incubation with Hck resulted in an 80 Da shift in molecular
weight corresponding to the covalent addition of a phosphate group. The identity and
phosphorylation state of the Y134, Y147 and Y158 peptides were confirmed via sequential

MS/MS analysis (parent ion peptide sequence shown in Figure 18B-D; MS/MS data not shown).
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Figure 18: Full-length Bcr-Abl phosphorylation site mapping by LC-MALDI-TOF mass

spectrometry

A) Full-length kinase-dead Bcr-Abl with a 6-His tag was expressed in Sf-9 insect cells and
purified using a Ni2+ chelating chromatography column. The protein was then incubated with
purified recombinant Hck in vitro and a portion analyzed by SDS-PAGE followed by
immunoblotting with anti-phosphotyrosine and anti-Abl antibodies. The remainder of the
phosphorylated sample was digested with trypsin and subjected to liquid chromatography-
coupled MALDI-TOF mass spectrometry. Representative spectra for the peptides containing
Y134 (NGQGWVPSNYITPVNSLEK; B), Y147 (HSWYHGPVSR; C) and Y158

(NAAEYLLSSGINGSFLVR; D) are shown. The top spectrum in each pair shows the peak
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corresponding to the mass of the unphosphorylated peptide while the bottom spectrum contains
the corresponding phospho-peptide (B-D). The amino acid sequence and phosphorylation state

of all six peptides was confirmed in subsequent MS/MS experiments (data not shown).
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The results of the MS analysis of the purified full-length 210 KR-Hiss protein are
summarized in Table 2. Parent ions corresponding to six out of the seven SH3-SH2 tyrosine
phospho-peptides observed with the Hisg-Abl 3+2 construct (Figure 17) were also found in the
full-length protein, and three of these were present in sufficient abundance to permit
confirmation by MS/MS sequence analysis as described above. A parent ion corresponding to
the tryptic phospho-peptide containing Y191 (VYHYR) could not be found and low abundance
prevented the amino acid sequence confirmation of the three remaining candidate peaks (Y89,
Y204 and Y234; Table 2). As an internal control for the system, we surveyed the data set for the
phosphorylated tryptic peptides containing known sites of c-Abl and Bcer-Abl
transphosphorylation by Src family kinases, including Y245 and Y412 in the Abl portion of the
protein and Y177 in the Bcr portion of Ber-Abl (Table 2). Parent ions of phosphorylated tryptic
peptides for Y177 and Y412 were found and the amino acid sequence was confirmed via
sequential MS/MS analysis. In contrast, a parent ion for the tryptic peptide containing
phosphorylated Y245 could not be located despite strong reactivity of this site with a
phosphospecific antibody (see below). Although Y412 has long been considered a site for Ber-
Abl autophosphorylation, these data suggest Y412 may also be a site of transphosphorylation by
Hck. Lastly, mass peaks corresponding to the phosphorylated tryptic peptides for Y134, Y147
and Y204 were found in TF-1 myeloid cells stably expressing kinase-dead Bcr-Abl.
Unfortunately, the low concentration of purified protein prevented amino acid sequence

confirmation of these peptides (data not shown).

108



Peptide
Predicted Observed  Sequence

P-Tyr Location Mass Mass Confirmed?
Y204 SH2 1020.45 1020.56

Y147 32 Connector 1305.57 1305.55 Yes
Y158 SH2 1990.99 1990.97 Yes
Y134 SH3 2183.03 2183.01 Yes
Y234 SH2 3162.59 3162.41

Y89 SH3 3606.86 3606.67
Y177* Ber 2701.21 2701.23 Yes
Y412 Act. Loop 1516.66 1516.68 Yes

*Numbering from human Bcr-Abl protein; all other numbering based on c-Abl crystal structure.

Table 2: Hck phosphorylates SH2-SH3 sites in full-length Ber-Abl

The table summarizes the mass spectrometry data for the tyrosine phosphorylated
residues in the Abl SH3 and SH2 domains as well as the previously described Y177 and Y412
autophosphorylation sites. For each tryptic peptide the theoretical mass and the observed mass
of a candidate peak ion are given. Three phospho-peptides identified in the Abl SH3-SH2 MS
analysis (Y147, Y158, Y134) were also identified in the full-length Ber-Abl protein (shaded in
green) and their identity was confirmed via MS/MS sequence analysis. The intensities of the
remaining peaks were too low to permit further analysis. The Y177 and Y412 phospho-peptides
were also found in the full-length protein and the sequence was confirmed via MS/MS analysis

providing and internal control for the assay.

109



To confirm and extend the findings that the known sites of autophosphorylation are also sites of
Hck transphosphorylation, we used an immunoblotting strategy with phosphospecific antibodies.
Specifically, full-length kinase-dead Bcer-Abl p210 was expressed alone or coexpressed in Sf-9
insect cells along with Hck, Lyn or Fyn. Wild-type Bcer-Abl was also expressed alone to
measure autophosphorylation. Wild-type and kinase-dead Bcer-Abl proteins were
immunoprecipitated and probed with antibodies specific for phospho-Y 177, phospho-Y245 and
phospho-Y412 (Figure 19). As expected, wild-type Ber-Abl underwent autophosphorylation on
all three sites (Figure 19A). Interestingly, Hck, Lyn and Fyn also phosphorylated Y177, Y245
and Y412 within kinase-dead Bcr-Abl, suggesting that each of these putative

autophosphorylation sites may also be transphosphorylated by Src family kinases (Figure 19A).
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Figure 19: Myeloid Src kinases phosphorylate full-length Ber-Abl on linker, loop and Grb2

binding sites

A) Full-length wild-type (Active) and kinase-dead Bcr-Abl were expressed in Sf-9 insect cells
alone (Control) or with Hck, Lyn or Fyn. The cells were lysed 48-h post infection and Bcr-Abl
was immunoprecipitated using an anti-Abl antibody. The captured protein was then separated by
SDS-PAGE and immunoblotted with antibodies specific for the Grb-2 binding site (PY-177), the
linker tyrosine (PY-245), the loop tyrosine (PY-412) or Abl (Bcr-Abl). B) The activity of the
various Src family kinases was measured by probing the lysate with an antibody specific for the
active form of the kinases (P-Src). C) The location of the linker and loop tyrosine residues are

shown in the context of the crystal structure of the c-Abl SH3-SH2-kinase domain “core” (170).
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3.3.4.  Mutation of the seven SH3-SH2 tyrosine phosphorylation sites reduces Bcr-Abl
transforming potential

To test the contribution of the seven SH3-SH2 tyrosine residues to Ber-Abl function in a
relevant biological context, we engineered a mutant Bcr-Abl protein containing a tyrosine to
phenylalanine substitution at each of the seven phosphorylation sites for Src family kinases
identified in Figure 17 (Ber-Abl 210-7YF). A recombinant retrovirus containing the 210-7YF
construct was then used to stably transduce GM-CSF-dependent TF-1 human myeloid cells (TF-
1/210-7YF). The transformed phenotype of TF-1/210-7YF cells was compared to uninfected
TF-1 cells (TF-1 parental) and TF-1 cells transformed with wild-type Ber-Abl (TF-1/210-WT) in
a soft-agar colony-forming assay. Cells were plated in the presence or absence of GM-CSF and
colony formation was quantified 10-14 days later by Giemsa staining followed by colony
counting. The stained colonies are shown in Figure 20A and the colony numbers in Figure 7B.
As expected, TF-1 parental cells exhibited a moderate level of colony-forming activity in the
presence of GM-CSF, but formed virtually no colonies in the absence of GM-CSF (Figure 20B).
The TF-1/210-WT cells formed colonies in the presence or absence of GM-CSF, confirming
previous data showing wild-type Bcer-Abl transforms various myeloid/monocyte cell lines to
cytokine independence (Figure 20B). Interestingly, TF-1/210-7YF cells formed colonies in the
presence of GM-CSF, but were unable to do so in the absence of cytokine (Figure 20B). These
data suggest that phosphorylation of one or more of the seven tyrosine residues in the SH3-SH2
region is required for the full activity of the Ber-Abl.

To characterize the TF-1/210-7YF cells at the biochemical level, the cell lysates were
probed with antibodies specific for several key Bcer-Abl phosphotyrosines (Figure 20C).

Compared to TF-1 cells stably transformed with kinase-dead Ber-Abl, the TF-1/210-7YF cells
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exhibited enhanced overall tyrosine phosphorylation, as well as increased site-specific
phosphorylation of Y177, Y245 and Y412 (data not shown). These data suggest that Bcr-Abl
210-7YF is similar to WT Ber-Abl from a phosphorylation standpoint despite the fact that it is

unable to transform TF-1 cells to cytokine independence.
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Figure 20: TF-1 210-7YF cells revert back to a cytokine dependent phenotype

A Bcer-Abl mutant was constructed containing tyrosine to phenylalanine (YF) mutations of the
seven tyrosine residues phosphorylated by Src family kinases in the Abl SH3-SH2 region in vitro
(210-7YF). A recombinant 210-7YF retrovirus was used to stably transduce human myeloid
GM-CSF-dependent TF-1 cells. Uninfected parental TF-1 cells (p) and TF-1 cells stably
transduced with wild-type Bcr-Abl (210-WT) served as negative and positive controls,
respectively. A) Cells were plated in triplicate in soft agar in either the presence (+) or absence (-
) of GM-CSF. Cells were stained with Giemsa and colony formation was assessed after 10-14
days. B) The results were quantitated using a densitometer and colony counting software. The

number of colonies represent the mean of three replicates and error bars indicate the standard
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error of the mean. C) Cellular lysates of the various TF-1 cell populations were immunoblotted
with a general anti-phosphotyrosine antibody (P-Tyr), three Ber-Abl phosphospecific antibodies

(PY177,PY245 and PY412), anti-Abl (Bcr-Abl) and anti-actin as a loading control.
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It is possible that the mutation of the seven tyrosines to phenylalanine caused the SH3-
SH2 region of Ber-Abl to misfold, thus explaining the transformation defect of the TF-1/210-
7YF cells. To test this possibility, we created baculoviruses for expression of the wild-type and
7YF Abl SH3-SH2 regions as GST fusion proteins. Hck strongly binds the SH3-SH2 region of
Abl [Figure 215B; (239)] and work from Skorski et al. shows that the SH2 domain of Ber-Abl
binds the p85 regulatory subunit of PI-3K (248). Therefore, the association of 3+2-YF with both
Hck and p85 compared to that of 3+2-WT provided a useful tool for testing the functionality of
the 3+2-7YF domain. The GST 3+2-WT or 3+2-7YF proteins were coexpressed in Sf-9 cells
along with either Hck or p85 and association was measured by coprecipitation (Figure 21). The
Abl 3+2-7YF protein bound both Hck (Figure 21A) and p85 (Figure 21B) to the same extent as
3+2-WT, strongly suggesting that the mutant SH3-SH2 region folds properly and retains the
ability to interact with downstream effectors. Lastly, Hck-mediated tyrosine phosphorylation of
3+2-7YF was reduced to background levels in comparison to 3+2-WT (data not shown). These
controls suggest that the effect of the Phe substitutions is due to lack of phosphorylation rather

than an interaction defect.
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Figure 21: The Bcr-Abl SH3-SH2 7YF mutant retains Hck and p85 binding activity

Hck (A) and the p85 subunit of phosphatidylinositol-3'-kinase (B) were coexpressed with GST,
Abl SH3-SH2 wild type (3+2 WT) or SH3-SH2 7YF (3+2 7YF) GST fusion proteins in Sf-9
cells. The GST fusion proteins were captured with GSH-agarose beads and bound Hck or p85
was visualized via immunoblotting. The levels of the captured GST proteins were visualized

using an anti-GST antibody (GST) and input levels of Hck or p85 in the cell lysate were probed

with antibodies specific for each protein (Lysate).
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3.4. Discussion

Previous work from our group demonstrated that Hck can bind the SH3-SH2 region, the
kinase domain, and far C-terminal tail of Bcr-Abl (239). Here, we have extended those findings
to include the myeloid expressed Src family kinases, Lyn, Fyn and Fgr, and show that they bind
Ber-Abl though a mechanism similar to Hck. Hck, Lyn and Fyn strongly associate with the
SH3-SH2 region of Ber-Abl, but differ in their binding to the isolated SH3 and SH2 domains.
Hck and Fyn each show a strong affinity for the SH2 domain but do not bind the SH3 domain.
In contrast, Lyn interacts with both the SH3 and SH2 domains. In addition to Src family kinases,
several key signaling proteins in CML oncogenesis bind Bcr-Abl through the SH3 and SH2
domains. Activation of the PI-3K pathway requires binding of p85 to the Bcr-Abl SH2 domain
(248), while activation of Stat5 is dependent on both an intact SH2 and SH3 domain (220). In
the case of Stat5, the SH2-SH3 region of Bcr-Abl does not directly bind Stat5 but instead
interacts with Hck, which acts as a signaling intermediate and directly phosphorylates Stat5
(230). Since we show that Lyn and Fyn can also bind the SH3 and SH2 region of Bcr-Abl, it
stands to reason they might function like Hck and act as a bridge between Bcr-Abl and Stat5 or
other downstream signaling pathways. Indeed, work from our laboratory has shown that Lyn
and Fyn can bind, phosphorylate and activate Stat3 in vitro (324). Moreover, inhibition of all the
myeloid expressed Src family kinases using a Src-selective inhibitor blocked Stat5 activation and
induced apoptosis in CML cells (323). However, the reasons for differential binding to the
isolated SH3 and SH2 domains and the individual functional role of Lyn, Fgr and Fyn in Ber-
Abl-mediated signaling remain unclear.

One novel role for the various Src family kinases in Ber-Abl signaling is demonstrated in

the present work. We show for the first time that Hck, Lyn and Fyn transphosphorylate Ber-Abl
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in the SH3-SH2 region on seven different tyrosine residues (Figure 17). Moreover, Hck
phosphorylates full-length Ber-Abl on at least a subset of these residues (Figure 18) and we have
identified candidate peptides for several of these sites in TF-1 cells expressing kinase-dead Ber-
Abl (data not shown). Although Ber-Abl is a constitutively activated tyrosine kinase, Hantschel
and Superti-Furga have recently proposed that Ber-Abl retains at least a partial level of
regulation from c-Abl [reviewed in (174)]. Therefore, to understand how phosphorylation of the
SH3-SH2 region of Ber-Abl potentially impacts its signaling and/or kinase activity, the structure
and regulation of c-Abl must be considered. The crystal structure of c-Abl shows that the SH3
domain forms an intramolecular interaction with polyproline type-II helix within its own SH2-
kinase linker near the N-lobe of the kinase domain, much like Src family kinases. The SH2
domain docks on the distal surface of the C-lobe through a novel switch mechanism governed by
myristoyl binding. The eight residues of the SH3-SH2 connector form a rigid connector that
dynamically couples the SH3 and SH2 domains forming the basis for a regulatory “clamp”
(170).

Like Src family kinases, binding of external substrates or specific mutations within the
SH3 or SH2 domains of c-Abl can disrupt the clamp and activate the kinase (164, 169, 173).
Several of the tyrosine residues phosphorylated by the Src family kinases, including Y89, Y134,
Y158 and Y191 are located along the interface between the regulatory clamp and the distal
surface of the c-Abl kinase domain (Figure 17). A key interaction is made by the aromatic ring
of Y158 of the SH2 domain, which stacks with the aromatic ring of Y361 within the kinase
domain. Furthermore, the hydroxyl group of Y158 forms a hydrogen bond with the backbone
carbonyl group of Asn-393 of the kinase domain (170). Interestingly, mutation of Y158 to

glutamate in Abl resulted in nearly a four-fold stimulation of kinase activity compared to wild-
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type c-Abl (173). Similarly, phosphorylation of one or more of these sites by Src family kinases
in cells could potentially disrupt kinase regulation and have a profound effect on c-Abl and, and
therefore, Ber-Abl.

Are the regulatory interactions revealed in the c-Abl crystal structure retained in Ber-
Abl? Recent evidence shows that mutations of numerous residues that affect c-Abl regulation
also impact Ber-Abl kinase activity and sensitivity to imatinib. Azam et al. used a non-biased
random mutagenesis screen to uncover mutations in Bcr-Abl that confer imatinib resistance
(187) and mapped these residues onto the crystal structure of the autoinhibited form of c-Abl
(170). Several residues conferring imatinib resistance are identical to residues that impair c-Abl
negative regulation (14, 164, 169, 172, 173). This is fundamentally important since imatinib
only binds the inactive form of the Ber-Abl kinase domain (240). Therefore, mutations that
disrupt the negative regulation of c-Abl result in imatinib resistance of Bcr-Abl. This strongly
implies that mechanisms governing c-Abl autoinhibition are retained in Bcr-Abl (174).
Importantly, several of these activating mutations are located within the SH3 or SH2 domain of
Abl or within the kinase domain and form reciprocal contacts with the SH3-SH2 region. Direct
confirmation of the hypothesis that Bcr-Abl retains negative regulatory elements from c-Abl
comes from the recent work of Smith ef al. (192). They showed that the Ber-Abl kinase
inactivation and the leukemogenesis defect caused by the loss of the Ber-Abl oligomerization
domain could be rescued by a point mutation disrupting the intramolecular interaction of SH3
with the SH2-kinase domain linker (192). These data provide direct proof that c-Abl SH3-
mediated negative regulation is at least partially retained in Ber-Abl.

The cumulative analysis of these recent data regarding c-Abl and Ber-Abl structure and

regulation suggests that Ber-Abl exists in a dynamic equilibrium between the active and inactive
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states in cells. Phosphorylation of Y89 and Y134 by Src family kinases could potentially shift
this equilibrium towards the active conformation through disruption the SH3/SH2-kinase domain
interaction or via stabilization of the active form of the kinase. Indeed, Azam et al. (187) found
that mutation of Y89 to D/H/N in Bcer-Abl resulted in imatinib resistance.  This strongly
suggests that Y89 plays a role in Ber-Abl autoregulation and that disruption of Y89 by mutation
or potentially via phosphorylation as observed here may activate or at least stabilize the active
conformation of Ber-Abl.

In the present study, we found that Hck, Lyn and Fyn phosphorylate full-length Ber-Abl
on Y177 in the Ber region, and on Y245 and Y412 in the Abl region. Previous work from other
groups has shown that Hck can phosphorylate Y177 (232), linking Bcr-Abl to Ras activation
downstream (128). Y245 and Y412 in c-Abl have been shown to be sites of both
autophosphorylation (171) and transphosphorylation by Src family kinases (179) (178)
(discussed below) and phosphorylation has a profound effect on c-Abl kinase activity (171). Itis
also noteworthy that we showed tyrosine 245 was phosphorylated by Hck, Lyn and Fyn using a
phosphospecific antibody but were unable to locate this phospho-peptide using mass
spectrometry. This highlights an important point that several technical constraints, including
protein concentration, extent of tryptic digestion, recovery of individual peptides from LC, and
chemical properties of the peptides themselves can influence the identification of particular
phospho-peptides. Therefore, the inability to locate a particular tyrosine phosphorylated tryptic
peptide in Ber-Abl is not conclusive proof of its absence and additional detection methods, such
as phosphospecific antibodies are required.

Several studies have linked Src family kinases to c-Abl regulation and signaling and

could potentially influence Bcr-Abl kinase activity, downstream oncogenic signaling and
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sensitivity to imatinib. Plattner ef al. demonstrated that the kinase activity of c-Abl increased 10-
to 20-fold by the presence of constitutively activated v-Src in mouse Ba/F3 hematopoietic cells
and 10T1/2 fibroblasts (179). The Src kinase-mediated increase in c-Abl kinase activity directly
correlated with phosphorylation of c-Abl by Src or Fyn (179). Dorey ef al. showed that activated
c-Src can phosphorylate Y412 and enhance the ability of Abl to phosphorylate the downstream
substrate, c-Jun (178). A similar study by a separate group provided evidence that Src kinase
activity was necessary for c-Abl activation in NIH3T3 cells and that activated c-Src
phosphorylated c-Abl on both Y412 and Y245 and dual phosphorylation was required for c-Abl
function (180). Brasher and Van Etten demonstrated that phosphorylation of tyrosine 245 can
enhance kinase activity of c-Abl by potentially disrupting the SH3/SH2-kinase linker interaction
and that dual phosphorylation of Y245 and Y412 is necessary for full catalytic activation (171).
Lastly, Hck can desensitize Abl to inhibition with imatinib through an activating phosphorylation
of Y412 in vitro (240) (181). When taken together with our work, these data predict that Src
family kinases may enhance Ber-Abl kinase activity or stabilize the active conformation of the
kinase via transphosphorylation. Whether tyrosine Y245 and Y412 are predominantly sites of
auto- or transphosphorylation in a cellular milieu is unknown and may depend on several factors,
including the stage of disease and requires further investigation.

To better understand the biological role of the seven SH3-SH2 region tyrosines, we
created a Ber-Abl mutant with a phenylalanine substitution at each of the seven sites and
measured its ability to transform cytokine dependent myeloid cells. Mutation of these residues
in Ber-Abl significantly diminished its ability to transform TF-1 cells to cytokine independence
but did not significantly alter autophosphorylation or binding to Ber-Abl SH3-SH2-dependent

binding partners compared to wild-type Ber-Abl. These data suggest that Src family kinase-
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mediated phosphorylation of tyrosine residues located in the Bcr-Abl SH3-SH2 region are
critical for the transformation potential of Bcr-Abl. As mentioned previously, the position of
these seven tyrosines along the interface between the SH3-SH2 regulatory clamp and the Ber-
Abl kinase domain suggests that transphosphorylation by Src family kinases may significantly
impact kinase conformation and catalytic activity. Since the regulatory clamp mechanism of c-
Abl depends on tight docking of the SH3-SH2 against the distal kinase surface, it stands to
reason that disruption of this interaction would enhance or stabilize the active form of the kinase.
For instance, it has been established that deletion of the SH3 domain or mutations that abrogate
ligand binding can potentiate both c-Abl and Bcer-Abl activity (14, 192).  Similarly,
phosphorylation of Y245 in the SH2/kinase-linker enhances c-Abl kinase activity by disrupting
SH3-mediated negative regulation (171). Therefore, mutation of the tyrosine residues along the
interface prevents potentially activating phosphorylation from taking place, shifting the Ber-Abl
equilibrium towards the inactive state.

Two potential caveats of our approach of mutating all seven tyrosine residues are
apparent. First, the seven phenylalanine substitutions could alter the folding or stability of the
SH3-SH2 region resulting in a loss of function. The data presented in Figures 20 and 8 argue
against this possibility. We showed that the mutant SH3-SH2 region still associates with two
independent downstream partner proteins, p85 and Hck, similar to that of the wild-type SH3-
SH2 region (Figure 20). The full-length Ber-Abl 210-7YF mutant in TF-1 cells also appears to
be biochemically similar to Ber-Abl wild-type in terms of phosphorylation of Y412, Y245, and
Y177 (Figure 21). In contrast, kinase-dead Bcr-Abl exhibits significantly less tyrosine
phosphorylation at these sites compared to Ber-Abl 210-7YF (data not shown). The second

caveat is that the individual tyrosine residues may have opposing functions in Ber-Abl regulation
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and that these effects may be masked by mutation of all seven residues. We can not exclude this

possibility and the role of the individual tyrosines will be the subject of future investigations.

3.5. Materials and Methods

3.5.1.  Co-precipitation of Abl Domains and Src family kinases in Sf-9 Cells

Sf-9 binding assays were performed as described previously (239). The coding
sequences for the human Abl SH3-SH2 region (Gly’’-Thr***) and kinase domain (Tyr*">-11e**")
were amplified by polymerase chain reaction and subcloned into the baculovirus transfer vector
pVL-GST (325). The SH3-SH2 region was further subdivided into the SH3 (Gly’’-Ser'*®) and
SH2 (Ser'*'-Thr***) domains and subcloned into the pVL-GST vector. The C-terminal region of
Abl was similarly amplified as a series of four sequences encoding residues Pro***-Gly®*® (CT1),
Arg™®-Leu®” (CT2), 11e*'-Ala’ (CT3), and Gly***-Arg'"*® (CT4), which were subcloned into
the same vector. The resulting pVL-GST constructs were used to create recombinant
baculoviruses for the expression of these Abl regions as GST fusion proteins. Sf-9 cells (2.5 x
10° were co-infected with each of the GST-Abl baculoviruses (or a GST baculovirus as a
negative control) and Hck, Lyn, Fyn or Fgr baculoviruses. Forty-eight hours post infection, the
cells were lysed in 1.0 ml of Hck lysis buffer, and GST fusion proteins were precipitated with
glutathione-agarose beads (Sigma; 20 ul of a 50% w/v suspension). The precipitates were
washed three times with 1.0 ml of RIPA buffer, and bound proteins were eluted by heating in
SDS-PAGE sample buffer. Proteins were resolved on duplicate SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride membranes. Associated Hck, Lyn and Fyn were

visualized by immunoblotting with kinase isoform-specific polyclonal antibodies (Santa Cruz).
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The amount of precipitated GST-Abl fusion protein present in each reaction was determined by
immunoblotting with anti-GST antibodies (Santa Cruz). Equivalent expression of the Src kinases
in each culture was verified by immunoblot analysis of the clarified cell lysates. All
immunoreactive bands were visualized with goat-anti-rabbit secondary antibodies conjugated to
alkaline phosphatase with NBT-BCIP as colorimetric substrate (Southern Biotechnology

Associates).

3.5.2.  Bcr-Abl GST fusion protein purification and in vitro kinase assay

For the Ber-Abl domain phosphorylation experiments, Escherichia coli strain DH5e: was
transformed with the GST-fusion vector, pGEX-2T, containing the Bcr-Abl SH3, SH2, SH3-SH2
regions described above. GST fusion protein expression was induced with isopropyl-p-D-
thiogalactopyranoside (IPTG), and recombinant fusion proteins were isolated from clarified cell
extracts with glutathione-agarose beads. The protein was dialyzed overnight against 20 mM
Hepes pH 7.4 and 1 mM B-mercaptoethanol. The concentration of each protein was determined
on Coomassie-stained gels by two-dimensional laser densitometry using bovine serum albumin
as a standard. Each purified GST fusion protein or GST alone (380 pmol) was incubated with
recombinant purified Hck-YEEI (326), Lyn (Upstate Biotechnology) and Fyn (Upstate
Biotechnology) along with 500 uM ATP. The ratio of substrate to kinase was at least 20:1 for
each kinase. The reaction was carried out at 30 °C for 30 minutes (50 mM Hepes pH 7.4, 10
mM MgCl,, 500 uM ATP; 50 pl total reaction volume) and quenched by freezing in a dry ice
ethanol bath. An aliquot of the phosphorylated sample was analyzed by SDS-PAGE followed by
western blotting with anti-GST (Santa Cruz) or anti-phosphotyrosine (PY99, Santa Cruz)

monoclonal antibodies.
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3.5.3.  Bcr-Abl Hisg 3+2 and full-length Ber-Abl kinase-dead protein purification

The Bcer-Abl SH3-SH2 region (described above) was subcloned into the pET-14b
expression vector (Novagen) resulting in the addition of an N-terminal hexa-histidine repeat.
BL21 pLysS bacterial cells were transformed with the vector and induced with IPTG. The Hisg
3+2 protein was purified from clarified cell extracts using an HiTrap metal-chelating column
charged with Ni** (Amersham). The purified protein was phosphorylated with recombinant Hck
YEEI, Lyn and Fyn as described above.

Full-length kinase-dead Bcr-Abl was purified as follows. A hexa-histidine tag was
engineered onto the C-terminus of a kinase-defective mutant of Bcr-Abl using PCR. The
resulting construct was subcloned into the pVL-1393 baculovirus transfer vector (BD
Biosciences). Sf-9 cells (1 L) were infected with 100 ml of virus and harvested 72 hours later
and lysed with a Tris-based lysis buffer (20 mM Tris, pH 8.3, 10% glycerol, 5 mM f-
mercaptoethanol, 20 mM imidazole, 500 mM NaCl). The protein was purified, quanititated
using a Bio-Rad GS-710 densitometer and BSA protein standards, and approximately 8 pmol
was phosphorylated by Hck YEEI in vitro as described above prior to SDS-PAGE and MS

analysis.

3.5.4.  Mass Spectrometry

Hisg 3+2 or kinase-dead Ber-Abl p210 was purified as described and phosphorylated in
vitro with purified Src kinases. For the full-length Ber-Abl sample, the phosphorylated protein
was digested overnight with trypsin. The tryptic fragments were separated by reverse-phase
capillary HPLC, fractions mixed online with MALDI matrix and automatically spotted on a

MALDI plate at 20 second intervals with a Probot robot (144 spots total for full-length Bcr-Abl).
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MALDI-TOF spectra were collected on all fractions with an Applied Biosystems 4700
proteomics analyzer. A theoretical tryptic digest of each protein was prepared using BioLynx
software. Mass peaks for most peptides were identified in the MALDI spectra and the sequence

of these peptides was verified with MS/MS sequencing of the parent ion where possible.

3.5.,5.  Sf-9 Ber-Abl/Src family kinase coexpression

To assess Ber-Abl phosphorylation, wild-type and kinase-dead full-length Ber-Abl were
coexpressed in Sf-9 cells along with Hck, Lyn or Fyn. Cells were harvested 48 h later, lysed in
ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCI, pH 7.4, 50 mM
NaCl, 1 mM EDTA, 10 mM MgCl,, 1% Triton X-100, 1% sodium deoxycholate, and 0.1%
SDS), and Ber-Abl was immunoprecipitated with 4 pg of the c-Abl monoclonal antibody (8E9;
BD-Pharmingen) and 25 pl protein G-Sepharose (50:50 w/v slurry; Amersham Biotech) by
rotation at 4°C overnight. Beads were then collected and washed three times with ice-cold RIPA
buffer, resuspended in a final volume of 25 ul, combined with an equal volume of 2X SDS
sample buffer and heated for 5 min at 95° C. Proteins were resolved by SDS-PAGE, transferred
to PVDF membranes, and blotted with antibodies specific for phospho-Y 177, phospho-Y245,

phospho-Y412 (BioSource), Abl (BD-Pharmingen) and actin (Chemicon; loading control).

3.5.6. TF-1cellculture
The human GM-CSF-dependent myeloid leukemia cell line TF-1 (303) was obtained
from the ATCC and grown in RPMI 1640 supplemented with 10% FCS, 50 pg/ml gentamycin,

and 1 ng/ml of recombinant human GM-CSF.
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3.5.7.  Bcr-Abl 210-7YF mutant

A 1121 base-pair oligonucleotide spanning the SH3-SH2 region of Bcer-Abl and
containing seven tyrosine to phenylalanine substitutions (Y89F, Y134F, Y147F, Y158F, Y191F,
Y204F, Y234F) flanked by HindlIIl (5') and BsrGIl (3') restriction sites was commercially
synthesized (DNA 2.0). The SH3-SH2 7YF oligonucleotide was subcloned into wild-type Bcr-
Abl using the corresponding HindlIll and BsrG1 sites in Ber-Abl (nucleotides 2610-3730 in Ber-
Abl). The entire coding region of the mutant Ber-Abl construct was then inserted en mass into
the pMSCV-neo retroviral vector (Clonetech). As a control, Ber-Abl p210 wild-type was also

subcloned into the pMSCV-neo retroviral vector.

3.5.8.  Transformation of TF-1 cells with Bcr-Abl Retroviruses

To make retroviral stocks, subconfluent 100 mm dishes of 293T cells were co-transfected
with each retroviral vector and an amphotropic packaging vector using a calcium phosphate
procedure described elsewhere (36). Viral supernatants were collected at 48-, 72-, and 96-h post
transfection, pooled, filtered with 0.45 pum filters, and stored at -80°C. TF-1 cells were stably
infected as follows: 10° cells were incubated with 5 ml of viral supernatant in the presence of 4
mg/ml polybrene. To increase viral uptake, cells were centrifuged during infection at 2,400 rpm
for 3 h at room temperature (239). Cell populations were selected for neomycin resistance with
800 ng/ml G418 for 10-14 days. For the colony forming assays, 2000 cells were plated in soft-
agar in the presence or absence of GM-CSF. Ten to 14 days later the colonies were stained with
Giemsa and quantitiated using densitometry and colony counting software. To analyze Bcr-Abl
WT or 7YF protein expression, 10" cells were collected by centrifugation, washed once with

PBS, and lysed in ice-cold RIPA buffer supplemented with the protease inhibitors aprotinin (25
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pg/ml), leupeptin (25 pg/ml) and PMSF (1 mM) and the phosphatase inhibitors NaF (10 mM),
and NazVO4 (1 mM). Clarified lysates were resolved by SDS-PAGE, transferred to PVDF
membranes, and blotted with antibodies specific for Abl phospho-Y177, phospho-Y245,
phospho-Y412 (BioSource), c-Abl (BD-Pharmingen) or actin (Chemicon) to normalize for

loading.
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Chapter IV — General Discussion
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Previous work from our laboratory and others has implicated the Src tyrosine kinase family
in Ber-Abl-mediated transformation of myeloid cells (231, 232, 239). Based on these data, |
hypothesized that Src family kinases (SFK) are essential for Ber-Abl-mediated oncogenesis and
CML progression.

Work from our lab published in 2000 demonstrated that a kinase-defective mutant of Hck
could block cytokine independent outgrowth of Ber-Abl transformed cells (239). This result
suggested for the first time that loss of Src family kinase activity could prevent Bcr-Abl-
mediated transformation in a fashion similar to direct inhibition of Ber-Abl itself and provided a
key starting point for my project. To extend these findings, I used two pan-SFK inhibitors, PP2
and A-419259. This strategy had the added advantage of inhibiting all the Src kinases within a
myeloid cell and provided a clinical rationale for targeting SFKs in patients with CML. There
were a few potential pitfalls with employing this approach. The crucial issue was the need for
inhibitors that selectively blocked SFK activation without interfering with Bcr-Abl kinase
activity. This is underscored by the fact that amino acid sequence of the kinase domain of SFKs
and Bcer-Abl are over 45% homologous. Moreover, several key residues in the ATP binding
pocket are strictly conserved between the two kinases (31). The availability of A-419259 for this
project work provided me with the necessary reagent to overcome this issue. A-419259 is one of
a group of second generation pyrazolo-pyrimidines developed to exhibit improved selectivity
towards the Src kinase family (302). This compound was the ideal inhibitor for the project
because it exhibited greater than 1000-fold selectivity towards the myeloid expressed SFK
members Lck and Lyn compared to c-Abl in vitro. Importantly, concentrations of A-419259

responsible for the anti-CML effects also inhibited Src family kinases but did not markedly
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affect Ber-Abl activity, suggesting that Src kinases are the primary target for this drug in CML
cells.

It is noteworthy to mention that at the highest concentrations of PP2 and A-419259
tested, reductions in Ber-Abl and CrkL tyrosine phosphorylation were observed in CML cell
lines. At least two explanations are possible for this observation. First, the simplest explanation
is that these inhibitors may directly bind and inhibit the Abl kinase domain at higher
concentrations. A second, more intriguing possibility is that inhibition of Src kinases may
indirectly affect Bcr-Abl phosphotyrosine content and kinase activity. I was particularly excited
about exploring the issue of whether SFKs may lie upstream of Ber-Abl signaling in CML cells.
Up to this point, there seemed to be a consensus in the field that SFK were simply another
downstream signaling substrate of Ber-Abl and there was very little evidence that SFK could
directly phosphorylate Ber-Abl. The lone exception was the work of Warmuth ef al. that showed
Hck could phosphorylate Ber-Abl on Y177 in the Ber region, providing a link to downstream
Ras signal transduction (232).

A thorough survey of the c-Abl literature revealed that SFKs have been implicated
upstream of c-Abl signaling both in vitro and in cells (see Chapter 3 Discussion). To summarize,
numerous studies have convincingly shown that various SFKs can phosphorylate c-Abl on Y412
and Y245 and this phosphorylation correlates with a significant increase in c-Abl kinase activity
in vitro and in fibroblast and hematopoietic cell lines (171, 179, 180). Of particular clinical
significance, Hck can desensitize Abl to inhibition with imatinib by activating the kinase via
phosphorylation of Y412 in vitro (181, 240). These data implicated SFKs upstream of c-Abl

signaling and strongly suggested that SFKs could also phosphorylate Ber-Abl, thus modulating
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its activity. It was still unclear, however, whether SFKs could phosphorylate full-length Ber-Abl
or on what sites.

The data in Chapter 3 show for the first time that SFKs can indeed phosphorylate Ber-
Abl and that mutation of these residues can block Bcr-Abl-mediated transformation. In
summary, I showed for the first time that Hck, Lyn and Fyn transphosphorylated Abl in the SH3-
SH2 region on seven different tyrosine residues. Moreover, Hck phosphorylated full-length Ber-
Abl on a subset of these residues in vitro. To better understand the biological role of the seven
SH3-SH2 region tyrosines, I created a Ber-Abl mutant with a phenylalanine substitution at each
of these sites and measured its ability to transform cytokine dependent myeloid cells. Mutation
of these seven tyrosines in the context of full-length Ber-Abl significantly diminished its ability
to transform TF-1 myeloid cells to cytokine independence but did not significantly alter
autophosphorylation or binding to Ber-Abl SH3-SH2-dependent binding partners compared to
wild-type Ber-Abl. These data suggest that Src family kinase-mediated phosphorylation of
tyrosine residues located in the Bcer-Abl SH3-SH2 region are critical for the Bcer-Abl
transforming signal.

How might phosphorylation of the SH3-SH2 region of Ber-Abl affect the kinase? The
position of these seven tyrosines in the crystal structure of c-Abl suggest that
transphosphorylation by Src family kinases may significantly alter c-Abl conformation and
activity (170). Briefly, c-Abl is maintained in the off conformation through autoregulation
involving tight binding of the SH3-SH2 regulatory clamp to the distal surface of the Abl kinase
domain. The clamp closely associates with the N-lobe of the kinase domain through binding of
the Abl SH3 domain with a PPII helix in SH2-kinase linker and an N-terminal myristoyl switch

that regulates SH2/C-lobe interaction [(170, 173); discussed in detail in Chapter I].
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Several lines of evidence show that Ber-Abl retains several of the key regulatory features
found in c-Abl (187) (192). Bcer-Abl clearly exists in a dynamic equilibrium between the on and
off states in cells. Because several of the tyrosines I identified lie along this interface, Src
kinase-mediated phosphorylation may disrupt the tight packing of the regulatory clamp and,
therefore, stabilize the active open form of the kinase. For example, a key set of interactions is
made by the aromatic ring of Y158 of the SH2 domain, which stacks with the aromatic ring of
Y361 within the kinase domain. Mutation of Y158 to glutamate in Abl resulted in nearly a four-
fold activation of kinase activity compared to wild-type c-Abl (173). Similarly, phosphorylation
Y158 in cells by SFKs could potentially disrupt kinase regulation and have a profound effect on
c-Abl and, and therefore, Ber-Abl. Likewise, phosphorylation of Y89 and Y134 by Src family
kinases could potentially shift this equilibrium towards the active conformation through
disruption of the SH3 interaction with the SH2-kinase linker. In support of this, Azam et al.
(187) found that mutation of Y89 to D/H/N in Ber-Abl resulted in imatinib resistance. This
strongly suggests that Y89 plays a role in Ber-Abl autoregulation and that disruption of Y89 by
mutation or potentially via phosphorylation may activate or at least stabilize the active
conformation of Ber-Abl. Brasher and Van Etten demonstrated that phosphorylation of tyrosine
245, which is located in close proximity to both Y89 and Y 134, can enhance kinase activity of c-
Abl by up to 50% by potentially disrupting the SH3—Iinker interaction (171). Consequently, it
is reasonable to hypothesize that phosphorylation of Y89 and/or Y134 by SFKs might work via
the same mechanism leading to stabilization of the active Ber-Abl kinase domain. This point is
particularly relevant from a clinical perspective since imatinib will only bind and inhibit the
“off” form of Bcer-Abl (177). Therefore, the prediction is that inhibition of Src kinases would

push the dynamic equilibrium of Ber-Abl activation towards the off conformation, thus
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sensitizing Ber-Abl to imatinib treatment. It is noteworthy that several “dual specificity”
inhibitors to both SFKs and Bcr-Abl have potent nanomolar sensitivity towards CML cells,
compared to the low micromolar sensitivity of imatinib (327) and also inhibit imatinib-resistance
Ph+ cells (283).

The question remains: How does inhibition of SFK affect Ber-Abl and block downstream
activation of Stat5, Erk and potentially other oncogenic signaling pathways, ultimately resulting
in apoptosis of Ph+ myeloid cells? The cumulative evidence presented in Chapters 2 and 3 of
this dissertation and work from other groups suggests that inhibition of SFKs may both directly
and indirectly block Bcer-Abl-mediated signal transduction. In the direct paradigm, Bcr-Abl
activates SFKs, which then directly phosphorylate downstream effectors such as Stat5.
Therefore, treatment of cells with A-419259 blocks SFK activation, which in turn are then
unable to phosphorylate Stat5, causing apoptosis. Evidence supporting the direct paradigm was
provided by Klejman and colleagues, who in collaboration with our group found that Bcr-Abl-
mediated activation of Stat5b was dependent or Hck (230). Specifically, Ber-Abl directly
interacts with Hck, which then directly phosphorylates and activates Stat5b. They also found
that inhibition of Hck results in a decrease in StatSb activation and down-regulates expression of
the Stat5b target proteins, Al and pim-1 (230), further validating the findings in Chapter 2 in this
dissertation.

Inhibition of SFK could result in the downstream inactivation of Bcr-Abl-mediated
oncogenic signaling through an indirect mechanism. In this model, Ber-Abl directly activates
SFKs in cells, which in turn phosphorylate Bcr-Abl in the SH3-SH2 region on several key
regulatory tyrosines. Phosphorylation of these residues stabilizes the active form of Ber-Abl,

pushing the dynamic equilibrium in favor of the on state of the enzyme (discussed above). Src
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kinase-mediated phosphorylation of one or more of these tyrosines in Ber-Abl could also lead to
the recruitment of SH2-containing signaling proteins important for maintaining the transformed
phenotype. Therefore, inhibition of SFKs using pharmacological inhibitors or dominant-
negative mutants indirectly blocks downstream activation of substrates by preventing Src-
mediated phosphorylation of Ber-Abl.

The answer is that SFK most likely play a dual role in both directly and indirectly
facilitating Ber-Abl oncogenic signaling. For instance, Hck could directly bind, phosphorylate
and activate Stat5 and also stabilize the active conformation of Ber-Abl through phosphorylation
of one or more tyrosine residues in the SH3-SH2 region or kinase domain. This dual model of
signaling in CML where SFKs are both downstream substrate and upstream modulators of Ber-
Abl is especially clinically relevant. In this scenario, inhibition of Src kinases within a CML cell
would not only block activation of direct Src target proteins, but also inhibit full
activation/stabilization of Bcr-Abl kinase. The challenges associated with elucidating the
potential dual role of SFKs in Bcer-Abl-mediated signal transduction and possible future
approaches are detailed below.

Dissecting the direct paradigm for SFK in Ber-Abl signaling is complicated by the fact
that both SFK and Ber-Abl share a wide range of substrates. For example, Ber-Abl and SFKs
have each been shown to phosphorylate Shc (62, 328), Dok (329, 330), and various cytoskeletal
proteins (331, 332). If the dual role hypothesis of Src kinases in Ber-Abl signal transduction is
correct, pharmacological inhibitors or dominant-negative mutants will not be useful in
differentiating between Src-mediated and Bcr-Abl-mediated pathways since blockage of one
pathway will undoubtedly alter the other. One intriguing solution to this problem is provided by

the work of Kevan Shokat at the University of California San Francisco. His group has devised a
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method for tagging the direct substrates of a given tyrosine kinase by engineering the kinase
domain to accept an orthogonal ATP analogue that is not a substrate for any wild-type protein
kinase (333). Interestingly, Liu et al. created a chimeric v-Abl protein that contained a space-
creating mutation in the N-lobe of the kinase domain, which allowed for the catalytic transfer of
phosphate from a unique ATP analogue to Abl-specific peptides (334). The same strategy could
be employed to create a Ber-Abl mutant with a modified ATP-binding cleft that would accept an
ATP analogue not recognized by wild-type SFKs. Conversely, a mutant Src family kinase could
be engineered and compared to wild-type Ber-Abl. This strategy would allow us to distinguish
between Src-specific or Ber-Abl-specific substrates.

The question of the indirect role of SFK in downstream Bcr-Abl signaling is further
complicated by the possibility that several of the sites I identified as being targets for SFK
transphosphorylation could also be sites of Bcr-Abl autophosphorylation. Data in Chapter 3
show that wild-type Ber-Abl can autophosphorylate on Y177, Y245 and Y412 in vitro, yet these
sites are also transphosphorylated by Hck, Lyn and Fyn in the same system using a Bcr-Abl
kinase-dead mutant. Moreover, it is unknown if any of the novel SFK sites I identified in the
SH3-SH2 region are also sites of autophosphorylation. The stability of wild-type Bcr-Abl was
significantly lower than kinase-dead Bcr-Abl preventing analysis of autophosphorylation sites
using the same MS approach. This problem will eventually be addressed through the generation
of phosphospecific antibodies raised against the sites in the SH3-SH2 region of Ber-Abl.

The generation of phosphospecific antibodies will also address the related question of
whether one or more of the seven tyrosines in the Ber-Abl SH3-SH2 region are phosphorylated
by SFKs in Ph+ myeloid cells. I attempted to address this question by stably transducing TF-1

myeloid cells with a His-tagged kinase-defective mutant of Ber-Abl. This resulted in a modest
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expression of Bcer-Abl that was significantly lower than expression in Sf-9 insect cells as
expected. Attempts at purifying His-tagged kinase-dead Bcer-Abl protein from TF-1 cells had
limited success and as a result I was not able sequence several candidate peptides. Currently,
obtaining a pure, concentrated sample of Bcr-Abl from myeloid cells presents a daunting
challenge, but I am confident this problem will be overcome by improvements in purification
strategies and enhanced detection sensitivity in next generation mass spectrometers. Similar to
the issue of distinguishing between auto- and transphosphorylation, a better approach will be the
application of phosphospecific antibodies to the putative SFK phosphorylation sites in myeloid
cells. For instance, TF-1 cells stably expressing wild-type or kinase-dead Ber-Abl could be
incubated alone or with SFK-selective inhibitor such as A-419259, and immunoblots of cellular
lysates probed with SH3-SH2 region phosphotyrosine-specific antibodies. The prediction would
be that sites of SFK transphosphorylation would exhibit diminished reactivity with the various
antibodies in the presence of A-419259 compared to the untreated cells.

An addition layer of complexity is that the potential direct and indirect roles played by
SFKs in Bcer-Abl signaling described above may also be context dependent. This point is
illustrated by work by Hu and colleagues, which recently addressed the question of the
requirement of Src family kinases in disease initiation and progression in the murine model of
chronic phase CML and B-cell acute lymphocytic leukemia (B-ALL) (238). In this context, Ber-
Abl activated Lyn, Hck, Src, Blk, Fgr and Lck in a mouse pre-B-cell leukemia line and Hek, Lyn
and Fgr in primary cells from a mouse with Bcr-Abl-induced B-ALL (158). To test the
requirement for these Src kinases in the mouse model, a retrovirus containing Ber-Abl was used
to transduce bone marrow from mice lacking the myeloid expressed Src family kinases, Hck,

Lyn and Fgr. The Hck/Lyn/Fgr-deficient marrow cells were still able to induce a CML-like
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syndrome but not a B-ALL syndrome in the reconstituted host mice, suggesting that the Src
family kinases are necessary for B-ALL but not CML initiation. Moreover, a Src-selective
inhibitor was able to impair growth of ALL cells in vitro and in B-ALL mice, but was ineffective
in blocking CML progression (158). From these data the authors conclude that Src family
kinases are not required to induce CML in mice, but instead are important for B-ALL and
potentially progression to CML blast crisis (238).

In contrast to the mouse model of chronic phase of CML, Src family kinases seem to play
an important role in the context of human CML progression to blast crisis and imatinib
resistance. For example, a recent study by Donato et al. showed Ph+ K562 cells selected for
imatinib resistance as well as patients with advanced CML treated with imatinib display
increased expression and activity of Lyn (282). Inhibition of Lyn in the imatinib resistant CML
cells blocked proliferation, while imatinib had no effect, suggesting an important role for Lyn in
both imatinib resistance and CML progression (282). Moreover, a dual inhibitor for Ber-Abl and
the Src family kinases was able to efficiently kill imatinib resistant cells, indicating that imatinib
resistant Ph+ cells may rely on Src family kinases for disease maintenance (283).

In summary, data presented in this dissertation show a necessary role in Bcer-Abl-
mediated oncogenic signaling and validate the myeloid expressed SFKs as alternative targets for
CML drug therapy, particularly in patients shown to be refractory to treatment with imatinib.
Treatment of CML patients, especially those in blast crisis, with a combination of Src and Ber-
Abl inhibitors could provide a dramatic therapeutic benefit by blocking activation of both SFKs
and Bcer-Abl as well as altering the activation state of Ber-Abl. Furthermore, like combinational
therapy, the rational design of compounds that have dual specificity for both kinases could also

provide similar benefit and would potentially prevent drug resistance and subsequent disease
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relapse. Several dual specificity reagents have recently been reported and have proven to be very
potent inhibitors of CML cell growth (283, 327). Future work in this project should focus on
dissecting both the direct and indirect roles of SFKs in downstream Ber-Abl signaling as well as
the validation and extension of these data through alternative strategies, including
phosphospecific antibodies and ATP analogue protein engineering. The observation that Ber-
Abl 210-7YF was unable to induce TF-1 cytokine independent growth is certainly intriguing, but
the question of how each individual tyrosine might contribute to this phenotype remains
unanswered. Finally, the work presented expands the current knowledge regarding the role of
Src family kinases in Ber-Abl signaling and CML progression. The continuation of this project
is essential for a complete understanding of the molecular basis for CML disease initiation and
progression as well as improvement of the prognosis of patients, particularly those in terminal

blast crisis.

141



BIBLIOGRAPHY

Rous,P. A transmissible avian neoplasm. (Sarcoma of the common fowl) by Peyton Rous,
M.D., Experimental Medicine for Sept. 1, 1910, vol. 12, pp.696-705, J.Exp.Med., 12: 696-

705, 1910.

Stehelin,D., Varmus,H.E., Bishop,J.M. and Vogt,P.K. DNA related to the transforming
gene(s) of avian sarcoma viruses is present in normal avian DNA, Nature, 260: 170-173,

1976.

Martin,G.S. Rous sarcoma virus: a function required for the maintenance of the

transformed state, Nature, 227: 1021-1023, 1970.

Abram,C.L. and Courtneidge,S.A. Src family tyrosine kinases and growth factor signaling,

Exp.Cell Res., 254: 1-13, 2000.

Resh,M.D. Myristylation and palmitylation of Src family members: The fats of the matter,

Cell, 76: 411-413, 1994.

Biscardi,J.S., Tice,D.A. and Parsons,S.J. c-Src, receptor tyrosine kinases, and human

cancer, Adv.Cancer Res., 76: 61-119, 1999.

Wilson,L.K., Luttrell,D.K., Parsons,].T. and Parsons,S.J. pp60c-src tyrosine kinase,

myristylation, and modulatory domains are required for enhanced mitogenic

142



10

11

12

13

responsiveness to epidermal growth factor seen in cells overexpressing c-src, Mol.Cell

Biol., 9: 1536-1544, 1989.

Brown,M.T. and Cooper,J.A. Regulation, substrates, and functions of Src,

Biochim.Biophys.Acta, 1287: 121-149, 1996.

Sadowski,l., Stone,J.C. and Pawson,T. A noncatalytic domain conserved among
cytoplasmic protein-tyrosine kinases modifies the kinase function and transforming activity

of Fujinami sarcoma virus p130£¢™™ Mol.Cell.Biol., 6: 4396-4408, 1986.

Waksman,G., Shoelson,S.E., Pant,N., Cowburn,D. and Kuriyan,J. Binding of a high
affinity phosphotyrosyl peptide to the Src SH2 domain: Crystal structures of the complexed

and peptide-free forms, Cell, 72: 779-790, 1993.

Kuriyan,J. and Cowburn,D. Structures of SH2 and SH3 domains, Current Opinion in

Structural Biology, 3: 828-837, 1993.

Sicheri,F., Moarefi,I. and Kuriyan,J. Crystal structure of the Src family tyrosine kinase

Hck, Nature, 385 602-609, 1997.

Koch,C.A., Anderson,D., Moran,M.F., Ellis,C. and Pawson,T. SH2 and SH3 domains:
Elements that control interactions of cytoplasmic signaling proteins, Science, 252: 668-

674, 1991.

143



14

15

16

17

18

19

20

Mayer,B.J. and Baltimore,D. Mutagenic analysis of the roles of SH2 and SH3 domains in

regulation of the Abl tyrosine kinase, Mol.Cell.Biol., /4: 2883-2894, 1994.

Fantl,W.J., Escobedo,J.A., Martin,G.A., Turck,C.W., del Rosario,M., McCormick,F. and
Williams,L.T. Distinct phosphotyrosines on a growth factor receptor bind to specific

molecules that mediate different signaling pathways, Cell, 69: 413-423, 1992.

Kashishian,A., Kazlauskas,A. and Cooper,J.A. Phosphorylation sites in the PDGF receptor
with different specificities for binding GAP and PI3 kinase in vivo, EMBO J., /7: 1373-

1382, 1992.

Songyang,Z., Shoelson,S.E., Chaudhuri,M., Gish,G., Pawson,T., Haser,W.G., King,F.,
Roberts,T., Ratnofsky,S., Lechleider,R.J., Neel,B.G., Birge,R.B., Fajardo,J.E., Chou,M.M.,
Hanafusa,H., Schaffthausen,B. and Cantley,L..C. SH2 domains recognize specific

phosphopeptide sequences, Cell, 72: 767-778, 1993.

MacArthur,M.W. and Thornton,J.M. Influence of proline residues on protein conformation,

J.Mol.Biol., 218: 397-412, 1991.

Williamson,M.P. The structure and function of proline-rich regions in proteins,

Biochem.J., 297 ( Pt 2): 249-260, 1994.

Musacchio,A., Noble,M., Pauptit,R., Wierenga,R. and Saraste,M. Crystal structure of a

Src-homology 3 (SH3) domain, Nature, 359: 851-855, 1992.

144



21

22

23

24

25

26

27

Lim,W.A., Richards,F.M. and Fox,R.O. Structural determinants of peptide-binding

orientation and of sequence specificity in SH3 domains, Nature, 372: 375-379, 1994.

Yu,H., Chen,J.K., Feng,S., Dalgarno,D.C., Brauer,A.W. and Schreiber,S.L. Structural basis

for the binding of proline-rich peptides to SH3 domains, Cell, 76: 933-945, 1994.

Zarrinpar,A., Bhattacharyya,R.P. and Lim,W.A. The structure and function of proline

recognition domains, Sci.STKE., 2003: RES, 2003.

Feng,S., Kasahara,C., Rickles,R.J. and Schreiber,S.L. Specific interactions outside the
proline-rich core of two classes of Src homology 3 ligands, Proc.Natl.Acad.Sci.U.S.A, 92:

12408-12415, 1995.

Robinson,M.J., Harkins,P.C., Zhang,J., Baer,R., Haycock,J.W., Cobb,M.H. and
Goldsmith,E.J. Mutation of position 52 in ERK2 creates a nonproductive binding mode for

adenosine 5'-triphosphate, Biochemistry, 35: 5641-5646, 1996.

Okada,M., Nada,S., Yamanashi,Y., Yamamoto,T. and Nakagawa,H. CSK: a protein-
tyrosine kinase involved in regulation of src family kinases, J.Biol.Chem., 266: 24249-

24252, 1991.

Cartwright,C.A., Eckhart,W., Simon,S. and Kaplan,P.L. Cell transformation by pp60c-src

mutated in the carboxy-terminal regulatory domain, Cell, 49: 83-91, 1987.

145



28

29

30

31

32

33

Reynolds,A.B., Vila,J., Lansing,T.J., Potts, W.M., Weber,M.J. and Parsons,J.T. Activation
of the oncogenic potential of the avian cellular src protein by specific structural alteration

of the carboxy terminus, EMBO J., 6: 2359-2364, 1987.

Yamaguchi,H. and Hendrickson,W.A. Structural basis for activation of human lymphocyte

kinase Lck upon tyrosine phosphorylation, Nature, 384 484-489, 1996.

Xu,W., Harrison,S.C. and Eck,M.J. Three-dimensional structure of the tyrosine kinase c-

Src, Nature, 385: 595-602, 1997.

Schindler,T., Sicheri,F., Pico,A., Gazit,A., Levitzki,A. and Kuriyan,J. Crystal structure of
Hck in complex with a Src family-selective tyrosine kinase inhibitor, Mol.Cell, 3. 639-

648, 1999.

Zheng,J.H., Knighton,D.R., Parello,J., Taylor,S.S. and Sowadski,J.M. Crystallization of
catalytic subunit of adenosine cyclic monophosphate-dependent protein kinase, Methods

Enzymol., 200: 508-521, 1991.

Bossemeyer,D., Engh,R.A., Kinzel,V., Ponstingl,H. and Huber,R. Phosphotransferase and
substrate binding mechanism of the cAMP-dependent protein kinase catalytic subunit from
porcine heart as deduced from the 2.0 A structure of the complex with Mn2+ adenylyl

imidodiphosphate and inhibitor peptide PKI(5-24), EMBO J., 12: 849-859, 1993.

146



34

35

36

37

38

39

40

Hon,W.C., McKay,G.A., Thompson,P.R., Sweet,R.M., Yang,D.S., Wright,G.D. and
Berghuis,A.M. Structure of an enzyme required for aminoglycoside antibiotic resistance

reveals homology to eukaryotic protein kinases, Cell, §9: 887-895, 1997.

Sicheri,F. and Kuriyan,J. Structures of Src-family tyrosine kinases, Curr.Opin.Struct.Biol.,

7:777-785, 1997.

Briggs,S.D., Sharkey,M., Stevenson,M. and Smithgall, T.E. SH3-mediated Hck tyrosine
kinase activation and fibroblast transformation by the Nef protein of HIV-1, J.Biol.Chem.,

272:17899-17902, 1997.

Moarefi,l., LaFevre-Bernt,M., Sicheri,F., Huse,M., Lee,C.-H., Kuriyan,J. and Miller, W.T.
Activation of the Src-family tyrosine kinase Hck by SH3 domain displacement, Nature,

385: 650-653, 1997.

Briggs,S.D. and Smithgall, T.E. SH2-kinase linker mutations release Hck tyrosine kinase

and transforming activities in rat-2 fibroblasts, J.Biol.Chem., 274: 26579-26583, 1999.

Parsons,J.T. and Parsons,S.J. Src family protein tyrosine kinases: Cooperating with growth

factor and adhesion signaling pathways, Curr.Opin.Cell Biol., 9: 187-192, 1997.

Taniguchi, T. Cytokine signaling through nonreceptor protein tyrosine kinases, Science,

268: 251-255, 1995.

147



Johnson,L.N., Noble,M.E.M. and Owen,D. Active and inactive protein kinases: Structural

basis for regulation, Cell, 85: 149-158, 1996.

Miller, W.T. Determinants of substrate recognition in nonreceptor tyrosine kinases,

Acc.Chem.Res., 36: 393-400, 2003.

Lowell,C.A., Soriano,P. and Varmus,H.E. Functional overlap in the src gene family:

Inactivation of /ck and fgr impairs natural immunity, Genes Dev., §: 387-398, 1994.

Lowell,C.A., Fumagalli,L. and Berton,G. Deficiency of Src family kinases p59/61"* and
p58°7%" results in defective adhesion-dependent neutrophil functions, J.Cell Biol., /33:

895-910, 1996.

Lowell,C.A. and Berton,G. Resistance to endotoxic shock and reduced neutrophil
migration in mice deficient for the Src-family kinases Hck and Fegr,

Proc.Natl.Acad.Sci.U.S.A, 95: 7580-7584, 1998.

Hibbs,M.L., Tarlinton,D.M., Armes,J., Grail,D., Hodgson,G., Maglitto,R., Stacker,S.A. and
Dunn,A.R. Multiple defects in the immune system of Lyn-deficient mice, culminating in

autoimmune disease, Cell, §3: 301-311, 1995.

Molina,T.J., Bachmann,M.F., Kundig,T.M., Zinkernagel,R.M. and Mak,T.W. Peripheral T
cells in mice lacking p56lck do not express significant antiviral effector functions,

J.Immunol., /51: 699-706, 1993.

148



48

49

50

51

52

53

54

Stein,P.L., Lee,H.M., Rich,S. and Soriano,P. pp59fyn mutant mice display differential

signaling in thymocytes and peripheral T cells, Cell, 70: 741-750, 1992.

Anderson,S.M. and Jorgensen,B. Activation of src-related tyrosine kinases by IL-3,

J.Immunol., /55: 1660-1670, 1995.

Ernst,M., Gearing,D.P. and Dunn,A.R. Functional and biochemical association of Hck with
the LIF/IL- 6 receptor signal transducing subunit gp130 in embryonic stem cells, EMBO

J., 13: 1574-1584, 1994.

Linnekin,D., Howard,0.M.Z., Park,L., Farrar,W., Ferris,D. and Longo,D.L. Hck expression
correlates with granulocyte-macrophage colony- stimulating factor-induced proliferation in

HL-60 cells, Blood, 84: 94-103, 1994.

Burton,E.A., Hunter,S., Wu,S.C. and Anderson,S.M. Binding of src-like kinases to the [3-

subunit of the interleukin- 3 receptor, J.Biol.Chem., 272: 16189-16195, 1997.

Li,B., Subleski,M., Fusaki,N., Yamamoto,T., Copeland,T., Princler,G.L., Kung,H. and
Kamata, T. Catalytic activity of the mouse guanine nucleotide exchanger mSOS is activated

by Fyn tyrosine protein kinase and the T-cell antigen receptor in T cells,

Proc.Natl.Acad.Sci.U.S.A, 93: 1001-1005, 1996.

Corey,S.J., Dombrosky-Ferlan,P.M., Zuo,S., Krohn,E., Donnenberg,A.D., Zorich,P.,

Romero,G., Takata,M. and Kurosaki,T. Requirement of Src kinase Lyn for induction of

149



55

56

57

58

DNA synthesis by granulocyte colony-stimulating factor, J.Biol.Chem., 273 3230-3235,

1998.

Corey,S., Eguinoa,A., Puyana-Theall LK., Bolen,J.B., Cantley,L.C., Mollinedo,F.,
Jackson,T.R., Hawkins,P.T. and Stephens,L.R. Granulocyte-macrophage colony-
stimulating factor stimulates both association and activation of phosphoinositide 3'OH-

kinase and src-related tyrosine kinases in human myeloid derived cells, EMBO J., 12:

2681-2690, 1993.

Hatakeyama,M., Kono,T., Kobayashi,N., Kawahara,A., Levin,S.D., Perlmutter,R.M. and
Taniguchi, T. Interaction of the IL-2 receptor with the src-family kinase p56'*:

Identification of novel intermolecular association, Science, 252: 1523-1528, 1991.

Torigoe,T., O'Connor,R., Santoli,D. and Reed,J.C. Interleukin-3 regulates the activity of
the LYN protein-tyrosine kinase in myeloid-committed leukemic cell lines, Blood, 80:

617-624, 1992.

Polte, T.R. and Hanks,S.K. Complexes of focal adhesion kinase (FAK) and Crk-associated

substrate (p130“*

) are elevated in cytoskeleton-associated fractions following adhesion and
Src transformation - Requirements for Src kinase activity and FAK proline-rich motifs,

J.Biol.Chem., 272: 5501-5509, 1997.

150



59

60

61

62

63

64

Tanaka,S., Amling,M., Neff,L., Peyman,A., Uhlmann,E., Levy,J.B. and Baron,R. c-Cbl is
downstream of c-Src in a signalling pathway necessary for bone resorption, Nature, 383:

528-531, 1996.

McGlade,J., Cheng,A., Pelicci,G., Pelicci,P.G. and Pawson,T. She proteins are
phosphorylated and regulated by the v-src and v-fps protein-tyrosine kinases,

Proc.Natl.Acad.Sci.USA, 8§9: 8869-8873, 1992.

Nagai K., Takata,M., Yamamura,H. and Kurosaki,T. Tyrosine phosphorylation of Shc is
mediated through Lyn and Syk in B cell receptor signaling, J.Biol.Chem., 270: 6824-6829,

1995.

Grishin,A., Sinha,S., Roginskaya,V., Boyer,M.J., Gomez-Cambronero,J., Zuo,S.,
Kurosaki,T., Romero,G. and Corey,S.J. Involvement of Shc and Cbl-PI 3-kinase in Lyn-

dependent proliferative signaling pathways for G-CSF, Oncogene, /9: 97-105, 2000.

Raab,M., Cai,Y.C., Bunnell,S.C., Heyeck,S.D., Berg,L..J. and Rudd,C.E. p56Lck and
p59Fyn regulate CD28 binding to phosphatidylinositol 3-kinase, growth factor receptor-
bound protein GRB-2, and T cell-specific protein-tyrosine kinase ITK: implications for T-

cell costimulation, Proc.Natl.Acad.Sci.U.S.A, 92: 8891-8895, 1995.

Turkson,J., Bowman,T.L., Garcia,R., Caldenhoven,E., de Groot,R.P. and Jove,R. Stat3
activation by Src induces specific gene regulation and is required for cell transformation,

Mol.Cell.Biol., 18: 2545-2552, 1998.

151



65

66

67

68

69

70

71

Yu,C.-L., Meyer,D.J., Campbell,G.S., Larner,A.C., Carter-Su,C., Schwartz,J. and Jove,R.
Enhanced DNA-binding activity of a Stat3-related protein in cells transformed by the Src

oncoprotein, Science, 269: 81-83, 1995.

Cao,X.M.,, Tay,A., Guy,G.R. and Tan,Y.H. Activation and association of stat3 with Src in

v-Src- transformed cell lines, Mol.Cell.Biol., 16: 1595-1603, 1996.

Okutani,Y ., Kitanaka,A., Tanaka,T., Kamano,H., Ohnishi,H., Kubota,Y., Ishida,T. and
Takahara,J. Src directly tyrosine-phosphorylates STATS on its activation site and is

involved in erythropoietin-induced signaling pathway, Oncogene, 20. 6643-6650, 2001.

Bromberg,J.F., Horvath,C.M., Besser,D., Lathem,W.W. and Darnell Jr.,J.E. Stat3
activation is required for cellular transformation by v-src, Mol.Cell.Biol., /8: 2553-2558,

1998.

Bishop,J.M. Cellular oncogenes and retroviruses, Annu.Rev.Biochem., 52: 301-354, 1983.

Simpson,N.E. The map of chromosome 20, J.Med.Genet., 25: 794-804, 1988.

Roulston,D., Espinosa,R., III, Stoffel, M., Bell,G.I. and Le Beau,M.M. Molecular genetics
of myeloid leukemia: identification of the commonly deleted segment of chromosome 20,

Blood, §2: 3424-3429, 1993.

152



72

73

74

75

76

77

Hollings,P.E. Molecular heterogeneity at the breakpoints of smaller 20q deletions, Genes

Chromosomes.Cancer, /1: 21-28, 1994.

Rosen,N., Bolen,J.B., Schwartz,A.M., Cohen,P., DeSeau,V. and Israel, M.A. Analysis of
pp60c-src protein kinase activity in human tumor cell lines and tissues, J.Biol.Chem., 261

13754-13759, 1986.

Mazurenko,N.N., Kogan,E.A., Zborovskaia,l.B., Sukhova,N.M. and Kiselev,F.L. [The
detection of the c-src protein gene product in human lung tumors], Vopr.Onkol., 37: 683-

690, 1991.

Ottenhoff-Kalff,A.E., Rijksen,G., van Beurden,E.A., Hennipman,A., Michels,A.A. and
Staal,G.E. Characterization of protein tyrosine kinases from human breast cancer:

involvement of the c-src oncogene product, Cancer Res., 52: 4773-4778, 1992.

Garcia,R., Bowman,T.L., Niu,G., Yu,H., Minton,S., Muro-Cacho,C.A., Cox,C.E.,
Falcone,R., Fairclough,R., Parsons,S., Laudano,A., Gazit,A., Levitzki,A., Kraker,A. and
Jove,R. Constitutive activation of Stat3 by the Src and JAK tyrosine kinases participates in

growth regulation of human breast carcinoma cells, Oncogene, 20: 2499-2513, 2001.

Bjelfman,C., Meyerson,G., Cartwright,C.A., Mellstrom,K., Hammerling,U. and Pahlman,S.
Early activation of endogenous pp60src kinase activity during neuronal differentiation of

cultured human neuroblastoma cells, Mol.Cell Biol., 10: 361-370, 1990.

153



78

79

80

81

82

83

84

85

Budde,R.J., Ke,S. and Levin,V.A. Activity of pp60c-src in 60 different cell lines derived

from human tumors, Cancer Biochem.Biophys., /4: 171-175, 1994.

Kim,K., koto-Amanfu,E., Cherrick,H.M. and Park,N.H. Anchorage-independent growth
and the expression of cellular proto-oncogenes in normal human epidermal keratinocytes
and in human squamous cell carcinoma cell lines, Oral Surg.Oral Med.Oral Pathol., 71:

303-311, 1991.

Seki,T., Fujii,G., Mori,S., Tamaoki,N. and Shibuya,M. Amplification of c-yes-1 proto-

oncogene in a primary human gastric cancer, Jpn.J.Cancer Res., 76: 907-910, 1985.

Pena,S.V., Melhem,M.F., Meisler,A.I. and Cartwright,C.A. Elevated c-yes tyrosine kinase

activity in premalignant lesions of the colon, Gastroenterology, /08: 117-124, 1995.

Hannig,G., Ottilie,S. and Schartl, M. Conservation of structure and expression of the c-yes

and fyn genes in lower vertebrates, Oncogene, 6: 361-369, 1991.

Lensch,M.W. and Daley,G.Q. Origins of mammalian hematopoiesis: in vivo paradigms and

in vitro models, Curr.Top.Dev.Biol., 60: 127-196, 2004.

Ogawa,M. Differentiation and proliferation of hematopoietic stem cells, Blood, 87. 2844-

2853, 1993.

Sawyers,C.L. Chronic myeloid leukemia, N.Engl.J.Med., 340: 1330-1340, 1999.

154



86

87

88

&9

90

91

92

Faderl,S., Talpaz,M., Estrov,Z., O'Brien,S., Kurzrock,R. and Kantarjian,H.M. The biology

of chronic myeloid leukemia, N.Engl.J.Med., 341: 164-172, 1999.

Kantarjian,H.M., Dixon,D., Keating,M.J., Talpaz,M., Walters,R.S., McCredie,K.B. and
Freireich,E.J. Characteristics of accelerated disease in chronic myelogenous leukemia,

Cancer, 6/: 1441-1446, 1988.

Sokal,J.E., Baccarani,M., Russo,D. and Tura,S. Staging and prognosis in chronic

myelogenous leukemia, Semin.Hematol., 25: 49-61, 1988.

Nowell PC and Hungerford DA. A minute chromosomal abnormality in human chronic

granulocytic leukemia, Science, /32: 1497, 1960.

Rowley,J.D. A new consistent chromosomal abnormality in chronic myelogenous leukemia

identified by quinacrine fluorescence and G Giemsa staining, Nature, 243: 290-293, 1973.

de,K.A., van Kessel,A.G., Grosveld,G., Bartram,C.R., Hagemeijer,A., Bootsma,D.,
Spurr,N.K., Heisterkamp,N., Groffen,J. and Stephenson,J.R. A cellular oncogene is
translocated to the Philadelphia chromosome in chronic myelocytic leukaemia, Nature,

300: 765-767, 1982.

Groffen,J., Stephenson,J.R., Heisterkamp,N., de,K.A., Bartram,C.R. and Grosveld,G.
Philadelphia chromosomal breakpoints are clustered within a limited region, ber, on

chromosome 22, Cell, 36: 93-99, 1984.

155



93 Melo,J.V. The diversity of BCR-ABL fusion proteins and their relationship to leukemia

phenotype, Blood, 88: 2375-2384, 1996.

94 Shepherd,P., Suffolk,R., Halsey,J. and Allan,N. Analysis of molecular breakpoint and m-
RNA transcripts in a prospective randomized trial of interferon in chronic myeloid
leukaemia: no correlation with clinical features, cytogenetic response, duration of chronic

phase, or survival, Br.J.Haematol., §9: 546-554, 1995.

95 Westbrook,C.A., Hooberman,A.L., Spino,C., Dodge,R.K., Larson,R.A., Davey,F.,
Wurster-Hill,D.H., Sobol,R.E., Schiffer,C. and Bloomfield,C.D. Clinical significance of the
BCR-ABL fusion gene in adult acute lymphoblastic leukemia: a Cancer and Leukemia

Group B Study (8762), Blood, 80: 2983-2990, 1992.

96 Kurzrock,R., Gutterman,J.U. and Talpaz,M. The molecular genetics of Philadelphia

chromosome-positive leukemias, N.Engl.J.Med., 379: 990-998, 1988.

97 Hermans,A., Heisterkamp,N., von Lindern,M., van Baal,S., Meijer,D., van der Plas,D.,
Wiedemann,L.M., Groffen,J., Bootsma,D. and Grosveld,G. Unique fusion of bcr and c-ab!/
genes in Philadelphia chromosome-positive acute lymphoblastic leukemia, Cell, 57: 33-40,

1987.

98 Chen,S.J., Flandrin,G., Daniel, M.T., Valensi,F., Baranger,L., Grausz,D., Bernheim,A.,

Chen,Z., Sigaux,F. and Berger,R. Philadelphia-positive acute leukemia: lineage

156



99

100

101

102

103

promiscuity and inconsistently rearranged breakpoint cluster region, Leukemia, 2: 261-

273, 1988.

Chen,S.J., Chen,Z., Grausz,J.D., Hillion,J., d'Auriol,L., Flandrin,G., Larsen,C.J. and
Berger,R. Molecular cloning of a 5' segment of the genomic phl gene defines a new
breakpoint cluster region (bcr2) in Philadelphia-positive acute leukemias, Leukemia, 2:

634-641, 1988.

Melo,J.V. and Deininger,M.W. Biology of chronic myelogenous leukemia--signaling
pathways of initiation and transformation, Hematol.Oncol.Clin.North Am., /8: 545-viii,

2004.

Surralles,]., Puerto,S., Ramirez,M.J., Creus,A., Marcos,R., Mullenders,L..H. and
Natarajan,A.T. Links between chromatin structure, DNA repair and chromosome fragility,

Mutat.Res., 404: 39-44, 1998.

Tanaka,K., Takechi,M., Hong,J., Shigeta,C., Oguma,N., Kamada,N., Takimoto,Y .,
Kuramoto,A., Dohy,H. and Kyo,T. 9;22 translocation and bcr rearrangements in chronic

myelocytic leukemia patients among atomic bomb survivors, J.Radiat.Res.(Tokyo), 30:

352-358, 1989.

Corso,A., Lazzarino,M., Morra,E., Merante,S., Astori,C., Bernasconi,P., Boni,M. and
Bernasconi,C. Chronic myelogenous leukemia and exposure to ionizing radiation--a

retrospective study of 443 patients, Ann.Hematol., 70: 79-82, 1995.

157



104

105

106

107

108

Deininger,M.W., Bose,S., Gora-Tybor,J., Yan,X.H., Goldman,J.M. and Melo,J.V. Selective
induction of leukemia-associated fusion genes by high-dose ionizing radiation, Cancer

Res., 58: 421-425, 1998.

Kozubek,S., Lukasova,E., Ryznar,L., Kozubek,M., Liskova,A., Govorun,R.D.,
Krasavin,E.A. and Horneck,G. Distribution of ABL and BCR genes in cell nuclei of

normal and irradiated lymphocytes, Blood, §9: 4537-4545, 1997.

Kozubek,S., Lukasova,E., Mareckova,A., Skalnikova,M., Kozubek,M., Bartova,E.,
Kroha,V., Krahulcova,E. and Slotova,J. The topological organization of chromosomes 9
and 22 in cell nuclei has a determinative role in the induction of t(9,22) translocations and

in the pathogenesis of t(9,22) leukemias, Chromosoma, /08: 426-435, 1999.

Neves,H., Ramos,C., da Silva,M.G., Parreira,A. and Parreira,L.. The nuclear topography of
ABL, BCR, PML, and RARalpha genes: evidence for gene proximity in specific phases of

the cell cycle and stages of hematopoietic differentiation, Blood, 93: 1197-1207, 1999.

Chissoe,S.L., Bodenteich,A., Wang,Y.F., Wang,Y.P., Burian,D., Clifton,S.W., Crabtree,J.,
Freeman,A., Iyer,K. and Jian,L. Sequence and analysis of the human ABL gene, the BCR

gene, and regions involved in the Philadelphia chromosomal translocation, Genomics, 27:

67-82, 1995.

158



109

110

111

112

113

114

McLaughlin,J., Chianese,E. and Witte,O.N. In vitro transformation of immature
hematopoietic cells by the P210 BCR/ABL oncogene product of the Philadelphia

chromosome, Proc.Natl.Acad.Sci.U.S.A, 84: 6558-6562, 1987.

Young,J.C. and Witte,O.N. Selective transformation of primitive lymphoid cells by the
BCR/ABL oncogene expressed in long-term lymphoid or myeloid cultures, Mol.Cell Biol.,

8:4079-4087, 1988.

Hariharan,l.K., Adams,J.M. and Cory,S. ber-abl oncogene renders myeloid cell line factor
independent: potential autocrine mechanism in chronic myeloid leukemia, Oncogene Res.,

3:387-399, 1988.

Daley,G.Q., Van Etten,R.A. and Baltimore,D. Induction of chronic myelogenous leukemia
in mice by the p210”““” gene of the Philadelphia chromosome, Science, 247: 824-830,

1990.

Szczylik,C., Skorski, T., Nicolaides,N.C., Manzella,L., Malaguarnera,L., Venturelli,D.,
Gewirtz,A.M. and Calabretta,B. Selective inhibition of leukemia cell proliferation by BCR-

ABL antisense oligodeoxynucleotides, Science, 253: 562-565, 1991.

Stam,K., Heisterkamp,N., Grosveld,G., de,K.A., Verma,R.S., Coleman,M., Dosik,H. and
Groffen,J. Evidence of a new chimeric ber/c-abl mRNA in patients with chronic
myelocytic leukemia and the Philadelphia chromosome, N.Engl.J.Med., 313: 1429-1433,

1985.

159



115

116

117

118

119

120

121

Laurent,E., Talpaz,M., Wetzler,M. and Kurzrock,R. Cytoplasmic and nuclear localization

of the 130 and 160 kDa Bcr proteins, Leukemia, /4: 1892-1897, 2000.

Heisterkamp,N., Stam,K. and Groffen,J. Structural organization of the bcr gene and its role

in the Ph! translocation, Nature, 3/5: 758-761, 1985.

Dhut,S., Dorey,E.L., Horton,M.A., Ganesan,T.S. and Young,B.D. Identification of two

normal bcr gene products in the cytoplasm, Oncogene, 3: 561-566, 1988.

Collins,S., Coleman,H. and Groudine,M. Expression of bcr and ber-abl fusion transcripts in

normal and leukemic cells, Mol.Cell Biol., 7: 2870-2876, 1987.

Wetzler,M., Talpaz,M., Van Etten,R.A., Hirsh-Ginsberg,C., Beran,M. and Kurzrock,R.
Subcellular localization of Bcr, Abl, and Ber-Abl proteins in normal and leukemic cells and

correlation of expression with myeloid differentiation, J.Clin.Invest, 92: 1925-1939, 1993.

Voncken,J.W., Van Schaick,H., Kaartinen,V., Deemer,K., Coates,T., Landing,B.,
Pattengale,P., Dorseuil,O., Bokoch,G.M., Groffen,J. and Heisterkamp,N. Increased

neutrophil respiratory burst in ber-null mutants, Cell, 80: 719-728, 1995.

Arlinghaus,R.B. Multiple BCR-related gene products and their proposed involvement in

ligand-induced signal transduction pathways, Mol.Carcinog., 5: 171-173, 1992.

160



122

123

124

125

126

127

128

Laurent,E., Talpaz,M., Kantarjian,H. and Kurzrock,R. The BCR gene and philadelphia

chromosome-positive leukemogenesis, Cancer Res., 67: 2343-2355, 2001.

McWhirter,J.R., Galasso,D.L. and Wang,J.Y.J. A coiled-coil oligomerization domain of
ber 1s essential for the transforming function of hcr-abl oncoproteins, Mol.Cell.Biol., /3:

7587-7595, 1993.

Stam,K., Heisterkamp,N., Reynolds,F.H. and Groffen,J. Evidence that the phl gene encodes
a 160,000-dalton phosphoprotein with associated kinase activity, Mol.Cell.Biol., 7: 1955-

1960, 1987.

Maru,Y. and Witte,O.N. The BCR gene encodes a novel serine/threonine kinase activity

within a single exon, Cell, 67: 459-468, 1991.

Reuther,G.W., Fu,H., Cripe,L.D., Collier,R.J. and Pendergast,A.M. Association of the
Protein Kinases c-Bcr and Ber-Abl with proteins of the 14-3-3 family, Science, 266: 129-

133, 1994.

Braselmann,S. and McCormick,F. BCR and RAF form a complex in vivo via 14-3-3

proteins, EMBO J., 14: 4839-4848, 1995.

Pendergast,A.M., Quilliam,L.A., Cripe,L.D., Bassing,C.H., Dai,Z., Li,N., Batzer,A.,

Rabun,K.M., Der,C.J., Schlessinger,J. and Gishizky,M.L. BCR-4BL-induced oncogenesis

161



129

130

131

132

133

is mediated by direct interaction with the SH2 domain of the GRB-2 adaptor protein, Cell,

75:175-185, 1993.

Pendergast,A.M., Muller,A.J., Havlik, M.H., Maru,Y. and Witte,O.N. BCR sequences
essential for transformation by the BCR-ABL oncogene bind to the ABL SH2 regulatory

domain in a non-phosphotyrosine-dependent manner, Cell, 66: 161-171, 1991.

Ron,D., Zannini,M., Levis,M., Wickner,R.B., Hunt,L..T., Graziani,G., Tronick,S.R.,
Aaronson,S.A. and Eva,A. A region of proto-db!/ essential for its transforming activity
shows sequence similarity to a yeast cell cycle gene, CDC 24, and the human breakpoint

cluster gene, bcr, New Biologist, 3: 372-379, 1991.

Adams,J.M., Houston,H., Allen,J., Lints,T. and Harvey,R. The hematopoietically expressed
vav proto-oncogene shares homology with the dbl GDP-GTP exchange factor, the ber gene
and a yeast gene (CDC24) involved in cytoskeletal organization, Oncogene, 7: 611-618,

1992.

Ziman,M., O'Brien,J.M., Ouellette,L..A., Church,W.R. and Johnson,D.I. Mutational
analysis of CDC42Sc, a Saccharomyces cerevisiae gene that encodes a putative GTP-
binding protein involved in the control of cell polarity, Mol.Cell Biol., /7. 3537-3544,

1991.

Maru,Y., Kobayashi,T., Tanaka,K. and Shibuya,M. BCR binds to the xeroderma

pigmentosum group B protein, Biochem.Biophys.Res.Commun., 260: 309-312, 1999.

162



134

135

136

137

138

139

Takeda,N., Shibuya,M. and Maru,Y. The BCR-ABL oncoprotein potentially interacts with
the xeroderma pigmentosum group B protein, Proc.Natl.Acad.Sci.U.S.A, 96: 203-207,

1999.

Diekmann,D., Brill,S., Garrett, M.D., Totty,N., Hsuan,J., Monfries,C., Hall,C., Lim,L. and

Hall,A. BCR encodes a GTPase-activating protein for p21"““, Nature, 357 400-402, 1991.

Lancaster,C.A., Taylor-Harris,P.M., Self,A.J., Brill,S., van Erp,H.E. and HallLA.
Characterization of rhoGAP. A GTPase-activating protein for rho-related small GTPases,

J.Biol.Chem., 269: 1137-1142, 1994.

Hall,C., Monfties,C., Smith,P., Lim,H.H., Kozma,R., Ahmed,S., Vanniasingham,V.,
Leung,T. and Lim,L. Novel human brain cDNA encoding a 34,000 Mr protein n-chimaerin,
related to both the regulatory domain of protein kinase C and BCR, the product of the

breakpoint cluster region gene, J.Mol.Biol., 2/7: 11-16, 1990.

Maru,Y., Peters,K.L., Afar,D.E.H., Shibuya,M., Witte,O.N. and Smithgall, T.E. Tyrosine
phosphorylation of BCR by FPS/FES protein-tyrosine kinases induces association of BCR

with GRB-2/SOS, Mol.Cell.Biol., /5: 835-842, 1995.

Li,J. and Smithgall, T.E. Co-expression with Ber induces activation of the Fes tyrosine
kinase and phosphorylation of specific N-terminal Ber tyrosine residues, J.Biol.Chem.,

271:32930-32936, 1996.

163



140

141

142

143

144

145

Peters,K.L. and Smithgall, T.E. Tyrosine phosphorylation enhances the SH2 domain-
binding activity of Ber and inhibits Ber interaction with 14-3-3 proteins, Cell.Signal., /1:

507-514, 1999.

Laurent,C.E. and Smithgall, T.E. The c-Fes tyrosine kinase cooperates with the breakpoint
cluster region protein (Bcr) to induce neurite extension in a Rac- and Cdc42-dependent

manner, Exp.Cell Res., 299: 188-198, 2004.

Abelson,H.T. and Rabstein,L.S. Lymphosarcoma: virus-induced thymic-independent

disease in mice, Cancer Res., 30: 2213-2222, 1970.

Wang,J.Y., Ledley,F., Goff,S., Lee,R., Groner,Y. and Baltimore,D. The mouse c-abl locus:

molecular cloning and characterization, Cell, 36. 349-356, 1984.

Wang,J.Y. and Baltimore,D. Cellular RNA homologous to the Abelson murine leukemia
virus transforming gene: expression and relationship to the viral sequence, Mol.Cell Biol.,

3:773-779, 1983.

Heisterkamp,N., Groffen,J., Stephenson,J.R., Spurr,N.K., Goodfellow,P.N., Solomon,E.,
Carritt,B. and Bodmer,W.F. Chromosomal localization of human cellular homologues of

two viral oncogenes, Nature, 299: 747-749, 1982.

164



146 Shtivelman,E., Lifshitz,B., Gale,R.P., Roe,B.A. and Canaani,E. Alternative splicing of
RNAs transcribed from the human abl gene and from the ber-abl fused gene, Cell, 47:

277-284, 1986.

147 Ben-Neriah,Y., Bernards,A., Paskind,M., Daley,G.Q. and Baltimore,D. Alternative 5'

exons in c-abl mRNA, Cell, 44: 577-586, 1986.

148 Superti-Furga,G. and Courtneidge,S.A. Structure-function relationships in Src family and

related protein tyrosine kinases, BioEssays, /7: 321-330, 1995.

149 Taagepera,S., McDonald,D., Loeb,J.E., Whitaker,L.L., McElroy,A.K., Wang,J.Y. and
Hope,T.J. Nuclear-cytoplasmic shuttling of C-ABL tyrosine kinase,

Proc.Natl.Acad.Sci.U.S.A, 95: 7457-7462, 1998.

150 Wen,S.T., Jackson,P.K. and Van Etten,R.A. The cytostatic function of c-Abl is controlled
by multiple nuclear localization signals and requires the p53 and Rb tumor suppressor gene

products, EMBO J., 15: 1583-1595, 1996.

151 McWhirter,J.R. and Wang,J.Y.J. An actin-binding function contributes to transformation
by the Bcr-Abl oncoprotein of Philadelphia chromosome-positive human leukemias,

EMBO J., 12: 1533-1546, 1993.

165



152

153

154

155

156

157

Van Etten,R.A., Jackson,P.K., Baltimore,D., Sanders,M.C., Matsudaira,P.T. and
Janmey,P.A. The COOH terminus of the c-Abl tyrosine kinase contains distinct F- and G-

actin binding domains with bundling activity, J.Cell Biol., /124: 325-340, 1994.

Kipreos,E.T. and Wang,J.Y .J. Cell cycle-regulated binding of c-Abl tyrosine kinase to

DNA, Science, 256: 382-385, 1992.

Wang,J.Y.J. Abl tyrosine kinase in signal transduction and cell-cycle regulation,

Curr.Opin.Genet.Dev., 3: 35-43, 1993.

Van Etten,R.A. Cycling, stressed-out and nervous: cellular functions of c-Abl, Trends Cell

Biol., 9: 179-186, 1999.

Tybulewicz,V.L., Crawford,C.E., Jackson,P.K., Bronson,R.T. and Mulligan,R.C. Neonatal
lethality and lymphopenia in mice with a homozygous disruption of the c-abl proto-

oncogene, Cell, 65: 1153-1163, 1991.

Schwartzberg,P.L., Stall,A.M., Hardin,J.D., Bowdish,K.S., Humaran,T., Boast,S.,
Harbison,M.L., Robertson,E.J. and Goff,S.P. Mice homozygous for the ablm1 mutation
show poor viability and depletion of selected B and T cell populations, Cell, 65 1165-

1175, 1991.

166



158

159

160

161

162

163

Mayer,B.J., Jackson,P.K., Van Etten,R.A. and Baltimore,D. Point mutations in the abl SH2
domain coordinately impair phosphotyrosine binding in vitro and transforming activity in

vivo, Mol.Cell Biol., /2: 609-618, 1992.

Feller,S.M., Knudsen,B. and Hanafusa,H. c-Abl kinase regulates the protein binding

activity of c-Crk, EMBO J., 13: 2341-2351, 1994.

Shafman,T., Khanna,K K., Kedar,P., Spring, K., Kozlov,S., Yen,T., Hobson,K., Gatei,M.,
Zhang N., Watters,D., Egerton,M., Shiloh,Y., Kharbanda,S., Kufe,D. and Lavin,M.F.
Interaction between ATM protein and c-Abl in response to DNA damage, Nature, 387:

520-523, 1997.

Goga,A., Liu,X., Hambuch,T.M., Senechal K., Major,E., Berk,A.J., Witte,O.N. and
Sawyers,C.L. p53 dependent growth suppression by the c-Abl nuclear tyrosine kinase,

Oncogene, 11: 791-799, 1995.

Welch,P.J. and Wang,J.Y.J. A C-terminal protein-binding domain in the retinoblastoma

protein regulates nuclear c-Abl tyrosine kinase in the cell cycle, Cell, 75: 779-790, 1993.

Baskaran,R., Chiang,G.G. and Wang,J.Y. Identification of a binding site in c-Ab1 tyrosine
kinase for the C-terminal repeated domain of RNA polymerase II, Mol.Cell Biol., /6:

3361-3369, 1996.

167



164

165

166

167

168

169

170

Pluk,H., Dorey,K. and Superti-Furga,G. Autoinhibition of c-Abl, Cell, /08: 247-259,

2002.

Franz,W.M., Berger,P. and Wang,J.Y.J. Deletion of an N-terminal regulatory domain of the

c-abl tyrosine kinase activates its oncogenic potential, EMBO J., 8: 137-147, 1989.

Pendergast,A.M., Muller,A.J., Havlik, M.H., Clark,R., McCormick,F. and Witte,O.N.
Evidence for regulation of the human ABL tyrosine kinase by a cellular inhibitor,

Proc.Natl.Acad.Sci.USA, 88: 5927-5931, 1991.

Wen,S.T. and Van Etten,R.A. The PAG gene product, a stress-induced protein with
antioxidant properties, is an Abl SH3-binding protein and a physiological inhibitor of c-Abl

tyrosine kinase activity, Genes Dev., /1: 2456-2467, 1997.

Woodring,P.J., Hunter,T. and Wang,J.Y. Inhibition of c-Abl tyrosine kinase activity by

filamentous actin, J.Biol.Chem., 276: 27104-27110, 2001.

Barila,D. and Superti-Furga,G. An intramolecular SH3-domain interaction regulates c-Abl

activity, Nat.Genet., /8: 280-282, 1998.

Nagar,B., Hantschel,O., Young,M.A., Scheffzek K., Veach,D., Bornmann,W., Clarkson,B.,
Superti-Furga,G. and Kuriyan,J. Structural basis for the autoinhibition of c-Abl tyrosine

kinase, Cell, /72: 859-871, 2003.

168



171

172

173

174

175

176

Brasher,B.B. and Van Etten,R.A. c-Abl has high intrinsic tyrosine kinase activity that is
stimulated by mutation of the Src homology 3 domain and by autophosphorylation at two

distinct regulatory tyrosines, J.Biol.Chem., 275: 35631-35637, 2000.

Brasher,B.B., Roumiantsev,S. and Van Etten,R.A. Mutational analysis of the regulatory

function of the c-Abl Src homology 3 domain, Oncogene, 20: 7744-7752, 2001.

Hantschel,O., Nagar,B., Guettler,S., Kretzschmar,J., Dorey,K., Kuriyan,J. and Superti-

Furga,G. A myristoyl/phosphotyrosine switch regulates c-Abl, Cell, /72: 845-857, 2003.

Hantschel,O. and Superti-Furga,G. Regulation of the c-Abl and Ber-Abl tyrosine kinases,

Nat.Rev.Mol.Cell Biol., 5: 33-44, 2004.

Van Etten,R.A., Debnath,J., Zhou,H. and Casasnovas,J.M. 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, /0: 1977-1988, 1995.

Reynolds,F.H., Jr., Oroszlan,S. and Stephenson,J.R. Abelson murine leukemia virus P120:
identification and characterization of tyrosine phosphorylation sites, J.Virol., 44: 1097-

1101, 1982.

169



177 Schindler,T., Bornmann,W., Pellicena,P., Miller,W.T., Clarkson,B. and Kuriyan,J.
Structural mechanism for STI-571 inhibition of abelson tyrosine kinase, Science, 289:

1938-1942, 2000.

178 Dorey,K., Engen,J.R., Kretzschmar,J., Wilm,M., Neubauer,G., Schindler,T. and Superti-
Furga,G. Phosphorylation and structure-based functional studies reveal a positive and a
negative role for the activation loop of the c-Abl tyrosine kinase, Oncogene, 20: 8075-

8084, 2001.

179 Plattner,R., Kadlec,L., DeMali,K.A., Kazlauskas,A. and Pendergast,A.M. c-Abl is activated
by growth factors and Src family kinases and has a role in the cellular response to PDGF,

Genes Dev., 13:2400-2411, 1999.

180 Furstoss,O., Dorey,K., Simon,V., Barila,D., Superti-Furga,G. and Roche,S. c-Abl is an
effector of Src for growth factor-induced c-myc expression and DNA synthesis, EMBO J.,

21:514-524, 2002.

181 Tanis,K.Q., Veach,D., Duewel,H.S., Bornmann,W.G. and Koleske,A.J. Two distinct
phosphorylation pathways have additive effects on Abl family kinase activation, Mol.Cell

Biol., 23: 3884-3896, 2003.

182 Steen,H., Fernandez,M., Ghaffari,S., Pandey,A. and Mann,M. Phosphotyrosine Mapping in
Bcer/Abl Oncoprotein Using Phosphotyrosine-specific Immonium Ion Scanning, Mol.Cell

Proteomics., 2: 138-145, 2003.

170



183 Salomon,A.R., Ficarro,S.B., Brill,L.M., Brinker,A., Phung,Q.T., Ericson,C., Sauer,K.,
Brock,A., Horn,D.M., Schultz,P.G. and Peters,E.C. Profiling of tyrosine phosphorylation
pathways in human cells using mass spectrometry, Proc.Natl.Acad.Sci.U.S.A, 100: 443-

448, 2003.

184 Roumiantsev,S., Shah,N.P., Gorre,M.E., Nicoll,J., Brasher,B.B., Sawyers,C.L. and Van
Etten,R.A. Clinical resistance to the kinase inhibitor STI-571 in chronic myeloid leukemia
by mutation of Tyr-253 in the Abl kinase domain P-loop, Proc.Natl.Acad.Sci.U.S.A, 99:

10700-10705, 2002.

185 Allen,P.B. and Wiedemann,L..M. An activating mutation in the ATP binding site of the

ABL kinase domain, J.Biol.Chem., 271: 19585-19591, 1996.

186 Musacchio,A., Wilmanns,M. and Saraste,M. Structure and function of the SH3 domain,

Prog.Biophys.Mol.Biol., 67: 283-297, 1994.

187 Azam,M., Latek,R.R. and Daley,G.Q. Mechanisms of autoinhibition and STI-571/imatinib

resistance revealed by mutagenesis of BCR-ABL, Cell, 7/72: 831-843, 2003.

188 Voncken,J.W., Kaartinen, V., Pattengale,P.K., Germeraad,W.T., Groffen,J. and
Heisterkamp,N. BCR/ABL P210 and P190 cause distinct leukemia in transgenic mice,

Blood, §6: 4603-4611, 1995.

171



189

190

191

192

193

194

195

Zhao,X., Ghaffari,S., Lodish,H., Malashkevich,V.N. and Kim,P.S. Structure of the Bcr-Abl

oncoprotein oligomerization domain, Nat.Struct.Biol., 9: 117-120, 2002.

Boguski,M.S. and McCormick,F. Proteins regulating Ras and its relatives, Nature, 366:

643-654, 1993.

He,Y., Wertheim,J.A., Xu,L., Miller,J.P., Karnell,F.G., Choi,J K., Ren,R. and Pear,W.S.
The coiled-coil domain and Tyr177 of ber are required to induce a murine chronic

myelogenous leukemia-like disease by ber/abl, Blood, 99: 2957-2968, 2002.

Smith,K.M., Yacobi,R. and Van Etten,R.A. Autoinhibition of Ber-Abl through its SH3

domain, Mol.Cell, 12: 27-37, 2003.

Skorski, T., Nieborowska-Skorska,M., Wlodarski,P., Wasik,M., Trotta,R., Kanakaraj,P.,
Salomoni,P., Antonyak,M., Martinez,R., Majewski,M., Wong,A., Perussia,B. and
Calabretta,B. The SH3 domain contributes to BCR/ABL-dependent leukemogenesis in

vivo: role in adhesion, invasion, and homing, Blood, 97: 406-418, 1998.

Zhang,X., Wong,R., Hao,S.X., Pear,W.S. and Ren,R. The SH2 domain of bcr-Abl is not
required to induce a murine myeloproliferative disease; however, SH2 signaling influences

disease latency and phenotype, Blood, 97: 277-287, 2001.

Lugo,T.G., Pendergast,A.M., Muller,A.J. and Witte,O.N. Tyrosine kinase activity and

transforming potency of bcr-abl oncogene products, Science, 247: 1079-1082, 1990.

172



196

197

198

199

200

201

McWhirter,J.R. and Wang,J.Y.J. Activation of tyrosine kinase and microfilament-binding
functions of c-ab/ by bcr sequences in ber/abl fusion proteins, Mol.Cell.Biol., 71: 1553-

1565, 1991.

Gaiger,A., Henn,T., Horth,E., Geissler,K., Mitterbauer,G., Maier-Dobersberger,T.,
Greinix,H., Mannhalter,C., Haas,O.A. and Lechner,K. Increase of bcr-abl chimeric mRNA
expression in tumor cells of patients with chronic myeloid leukemia precedes disease

progression, Blood, 86: 2371-2378, 1995.

Rovira,A., Urbano-Ispizua,A., Cervantes,F., Rozman,M., Vives-Corrons,J.L.,
Montserrat,E. and Rozman,C. P53 tumor suppressor gene in chronic myelogenous

leukemia: a sequential study, Ann.Hematol., 70: 129-133, 1995.

Sill,H., Goldman,J.M. and Cross,N.C. Homozygous deletions of the p16 tumor-suppressor
gene are associated with lymphoid transformation of chronic myeloid leukemia, Blood,

85:2013-2016, 1995.

Skorski,T., Nieborowska-Skorska,M., Wlodarski,P., Perrotti,D., Martinez,R., Wasik,M.A.
and Calabretta,B. Blastic transformation of p53-deficient bone marrow cells by p210bcr/abl

tyrosine kinase, Proc.Natl.Acad.Sci.U.S.A, 93: 13137-13142, 1996.

Ahuja,H., Bar-Eli,M., Advani,S.H., Benchimol,S. and Cline,M.J. Alterations in the p53
gene and the clonal evolution of the blast crisis of chronic myelocytic leukemia,

Proc.Natl.Acad.Sci.U.S.A, 86: 6783-6787, 1989.

173



202

203

204

205

206

207

Chang,E.H., Furth, M.E., Scolnick,E.M. and Lowy,D.R. Tumorigenic transformation of
mammalian cells induced by a normal human gene homologous to the oncogene of Harvey

murine sarcoma virus, Nature, 297: 479-483, 1982.

Shih,T.Y., Papageorge,A.G., Stokes,P.E., Weeks,M.O. and Scolnick,E.M. Guanine
nucleotide-binding and autophosphorylating activities associated with the p21src protein of

Harvey murine sarcoma virus, Nature, 287: 686-691, 1980.

Shih,T.Y., Williams,D.R., Weeks,M.O., Maryak,J.M., Vass,W.C. and Scolnick,E.M.
Comparison of the genomic organization of Kirsten and Harvey sarcoma viruses, J.Virol.,

27:45-55, 1978.

Vojtek,A.B., Hollenberg,S.M. and Cooper,J.A. Mammalian Ras interacts directly with the

serine/threonine kinase Raf, Cell, 74: 205-214, 1993.

Marais,R., Light,Y., Paterson,H.F. and Marshall,C.J. Ras recruits Raf-1 to the plasma

membrane for activation by tyrosine phosphorylation, EMBO J., 74: 3136-3145, 1995.

Chang,F., Steelman,L.S., Lee,J.T., Shelton,J.G., Navolanic,P.M., Blalock,W.L.,
Franklin,R.A. and McCubrey,J.A. Signal transduction mediated by the Ras/Raf/MEK/ERK
pathway from cytokine receptors to transcription factors: potential targeting for therapeutic

intervention, Leukemia, /7: 1263-1293, 2003.

174



208

209

210

211

212

213

Cortez,D., Stoica,G., Pierce,J.H. and Pendergast,A.M. The BCR-ABL tyrosine kinase
inhibits apoptosis by activating a Ras-dependent signaling pathway, Oncogene, /3: 2589-

2594, 1996.

Cortez,D., Reuther,G. and Pendergast,A.M. The Ber-Abl tyrosine kinase activates
mitogenic signaling pathways and stimulates G1-to-S phase transition in hematopoietic

cells, Oncogene, 15: 2333-2342, 1997.

Raitano,A.B., Halpern,J.R., Hambuch,T.M. and Sawyers,C.L. The Bcr-Abl leukemia
oncogene activates Jun kinase and requires Jun for transformation,

Proc.Natl.Acad.Sci.USA, 92: 11746-11750, 1995.

Puil,L., Liu,J., Gish,G., Mbamalu,G., Bowtell,D., Pelicci,P.G., Arlinghaus,R. and
Pawson,T. Ber-Abl oncoproteins bind directly to activators of the Ras signalling pathway,

EMBO J., 13:764-773, 1994.

Goga,A., McLaughlin,J., Afar,D.E.H., Saffran,D.C. and Witte,O.N. Alternative signals to
RAS for hematopoietic transformation by the BCR-ABL oncogene, Cell, §2: 981-988,

1995.

Zhang,X., Subrahmanyam,R., Wong,R., Gross,A.W. and Ren,R. The NH(2)-terminal
coiled-coil domain and tyrosine 177 play important roles in induction of a

myeloproliferative disease in mice by Ber-Abl, Mol.Cell Biol., 27: 840-853, 2001.

175



214 Cortez,D., Kadlec,L. and Pendergast,A.M. Structural and signaling requirements for BCR-
ABL-mediated transformation and inhibition of apoptosis, Mol.Cell.Biol., /5: 5531-5541,

1995.

215 Nosaka,Y., Arai,A., Miyasaka,N. and Miura,O. CrkL mediates Ras-dependent activation of
the Raf/ERK pathway through the guanine nucleotide exchange factor C3G in
hematopoietic cells stimulated with erythropoietin or interleukin-3, Journal of Biological

Chemistry, 274 30154-30162, 1999.

216 Darnell Jr.,J.E. STATs and gene regulation, Science, 277: 1630-1635, 1997.

217 Zhong,Z., Wen,Z. and Darnell,J.E., Jr. Stat3: A Stat family member activated by tyrosine
phosphorylation in response to epidermal growth factor and interleukin 6, Science, 264:

95-98, 1994.

218 Teglund,S., McKay,C., Schuetz,E., van Deursen,J.M., Stravopodis,D., Wang,D.,
Brown,M., Bodner,S., Grosveld,G. and Thle,J.N. Stat5a and Stat5b proteins have essential

and nonessential, or redundant, roles in cytokine responses, Cell, 93: 841-850, 1998.

219 Carlesso,N., Frank,D.A. and Griffin,J.D. Tyrosyl phosphorylation and DNA binding
activity of signal transducers and activators of transcription (STAT) proteins in

hematopoietic cell lines transformed by Ber/Abl, J.Exp.Med., /83: 811-820, 1996.

176



220 Nieborowska-Skorska,M., Wasik,M.A., Slupianek,A., Salomoni,P., Kitamura,T.,

221

222

223

224

225

Calabretta,B. and Skorski, T. Signal transducer and activator of transcription (STAT)S
activation by BCR/ABL is dependent on intact Src homology (SH)3 and SH2 domains of

BCR/ABL and is required for leukemogenesis, J.Exp.Med., 189: 1229-1242, 1999.

Shuai,K., Halpern,J., ten Hoeve,J., Rao,X.P. and Sawyers,C.L. Constitutive activation of
STATS by the BCR-ABL oncogene in chronic myelogenous leukemia, Oncogene, /3:

247-254, 1996.

de Groot,R.P., Raaijmakers,J.A., Lammers,J.W., Jove,R. and Koenderman,L. STATS
activation by BCR-AblI contributes to transformation of K562 leukemia cells, Blood, 94:

1108-1112, 1999.

Sillaber,C., Gesbert,F., Frank,D.A., Sattler,M. and Griffin,J.D. STATS5 activation
contributes to growth and viability in Ber/Abl- transformed cells, Blood, 95: 2118-2125,

2000.

de Groot,R.P., Raaijmakers,J.A., Lammers,J.W. and Koenderman,L. STAT5-Dependent
CyclinD1 and Bcl-xL expression in Ber-Abl-transformed cells, Mol.Cell

Biol.Res.Commun., 3: 299-305, 2000.

Gesbert,F. and Griftin,J.D. Ber/Abl activates transcription of the Bel-X gene through

STATS, Blood, 96: 2269-2276, 2000.

177



226

227

228

229

230

231

Hoover,R.R., Gerlach,M.J., Koh,E.Y. and Daley,G.Q. Cooperative and redundant effects of
STATS and Ras signaling in BCR/ABL transformed hematopoietic cells, Oncogene, 20:

5826-5835, 2001.

Ilaria,R.L., Jr. and Van Etten,R.A. P210 and P190%“®*BL induce the tyrosine
phosphorylation and DNA binding activity of multiple specific STAT family members,

J.Biol.Chem., 271: 31704-31710, 1996.

SexL,V., Piekorz,R., Moriggl,R., Rohrer,J., Brown,M.P., Bunting,K.D., Rothammer,K.,
Roussel,M.F. and Ihle,J.N. Stat5a/b contribute to interleukin 7-induced B-cell precursor

expansion, but abl- and bcr/abl-induced transformation are independent of stat5, Blood,

96. 2277-2283, 2000.

Gutierrez-Castellanos,S., Cruz,M., Rabelo,L., Godinez,R., Reyes-Maldonado,E. and
Riebeling-Navarro,C. Differences in BCL-X(L) expression and STATS5 phosphorylation in

chronic myeloid leukaemia patients, Eur.J.Haematol., 72: 231-238, 2004.

Klejman,A., Schreiner,S.J., Nieborowska-Skorska,M., Slupianek,A., Wilson,M.,
Smithgall, T.E. and Skorski,T. The Src family kinase Hck couples BCR/ABL to STATS

activation in myeloid leukemia cells, EMBO J., 21: 5766-5774, 2002.

Danhauser-Riedl,S., Warmuth,M., Druker,B.J., Emmerich,B. and Hallek,M. Activation of
Src kinases p53/56”" and p59"* by p210”“7“"! in myeloid cells, Cancer Res., 56: 3589-

3596, 1996.

178



232

233

234

235

236

237

Warmuth,M., Bergmann,M., Priess,A., Hauslmann,K., Emmerich,B. and Hallek,M. The
Src family kinase Hck interacts with Ber-Abl by a kinase- independent mechanism and

phosphorylates the Grb2-binding site of Ber, J.Biol.Chem., 272: 33260-33270, 1997.

Ernst,T.J., Slattery,K.E. and Griffin,J.D. p2105** And p160**" induce an increase in the

tyrosine phosphorylation of p93°™®, J.Biol.Chem., 269: 5764-5769, 1994,

Lionberger,J.M. and Smithgall, T.E. The c-Fes protein-tyrosine kinase suppresses cytokine-
independent outgrowth of myeloid leukemia cells induced by Ber-Abl, Cancer Res., 60:

1097-1103, 2000.

Ptasznik,A., Urbanowska,E., Chinta,S., Costa,M.A., Katz,B.A., Stanislaus,M.A., Demir,G.,
Linnekin,D., Pan,Z.K. and Gewirtz,A.M. Crosstalk between BCR/ABL oncoprotein and
CXCR4 signaling through a Src family kinase in human leukemia cells, J.Exp.Med., 196:

667-678, 2002.

Li,S., llaria,R.L., Jr., Million,R.P., Daley,G.Q. and Van Etten,R.A. The P190, P210, and
P230 forms of the BCR/ABL oncogene induce a similar chronic myeloid leukemia-like
syndrome in mice but have different lymphoid leukemogenic activity, J.Exp.Med., /89:

1399-1412, 1999.

Roumiantsev,S., de,A., I, Varticovski,L., Ilaria,R.L. and Van Etten,R.A. The src homology

2 domain of Ber/Abl is required for efficient induction of chronic myeloid leukemia-like

179



238

239

240

241

242

disease in mice but not for lymphoid leukemogenesis or activation of phosphatidylinositol

3-kinase, Blood, 97: 4-13, 2001.

Hu,Y., Liu,Y., Pelletier,S., Buchdunger,E., Warmuth,M., Fabbro,D., Hallek,M., Van
Etten,R.A. and Li,S. Requirement of Src kinases Lyn, Hck and Fgr for BCR-ABL1-
induced B-lymphoblastic leukemia but not chronic myeloid leukemia, Nat.Genet., 36: 453-

461, 2004.

Lionberger,J.M., Wilson,M.B. and Smithgall, T.E. Transformation of myeloid leukemia
cells to cytokine Independence by Ber-Abl is suppressed by kinase-defective Hck,

J.Biol.Chem., 275: 18581-18585, 2000.

Schindler,T., Bornmann,W., Pellicena,P., Miller, W.T., Clarkson,B. and Kuriyan,J.
Structural mechanism for STI-571 inhibition of abelson tyrosine kinase, Science, 289:

1938-1942, 2000.

ten,H.J., Morris,C., Heisterkamp,N. and Groffen,J. Isolation and chromosomal localization

of CRKL, a human crk-like gene, Oncogene, §: 2469-2474, 1993.

ten,H.J., Arlinghaus,R.B., Guo,J.Q., Heisterkamp,N. and Groffen,J. Tyrosine

phosphorylation of CRKL in Philadelphia+ leukemia, Blood, 84: 1731-1736, 1994.

180



243

244

245

246

247

248

Oda,T., Heaney,C., Hagopian,J.R., Okuda,K., Griffin,J.D. and Druker,B.J. Crkl is the
major tyrosine-phosphorylated protein in neutrophils from patients with chronic

myelogenous leukemia, J.Biol.Chem., 269: 22925-22928, 1994.

Nichols,G.L., Raines,M.A., Vera,J.C., Lacomis,L., Tempst,P. and Golde,D.W.
Identification of CRKL as the constitutively phosphorylated 39-kD tyrosine

phosphoprotein in chronic myelogenous leukemia cells, Blood, §4: 2912-2918, 1994.

Salgia,R., Uemura,N., Okuda,K., Li,J.L., Pisick,E., Sattler,M., de,J.R., Druker,B.,
Heisterkamp,N. and Chen,L.B. CRKL links p210BCR/ABL with paxillin in chronic

myelogenous leukemia cells, J.Biol.Chem., 270: 29145-29150, 1995.

Feller,S.M. Crk family adaptors-signalling complex formation and biological roles,

Oncogene, 20.: 6348-6371, 2001.

Sattler,M. and Salgia,R. Role of the adapter protein CRKL in signal transduction of normal

hematopoietic and BCR/ABL-transformed cells, Leukemia, /2: 637-644, 1998.

Skorski,T., Bellacosa,A., Nieborowska-Skorska,M.N., Majewski,M., Martinez,R.,
Choi,J.K., Trotta,R., Wlodarski,P., Perrotti,D., Chan,T.O., Wasik, M. A., Tsichlis,P.N. and
Calabretta,B. Transformation of hematopoietic cells by BCR/ABL requires activation of a

PI-3K/Akt-dependent pathway, EMBO J., /16: 6151-6161, 1997.

181



249 Neshat,M.S., Raitano,A.B., Wang,H.G., Reed,J.C. and Sawyers,C.L. The survival function
of the Ber-Abl oncogene is mediated by Bad- dependent and -independent pathways: roles

for phosphatidylinositol 3- kinase and Raf, Mol.Cell Biol., 20: 1179-1186, 2000.

250 Sattler,M., Salgia,R., Okuda,K., Uemura,N., Durstin,M.A., Pisick,E., Xu,G., Li,J.L.,
Prasad,K.V. and Griffin,J.D. The proto-oncogene product pI20CBL and the adaptor
proteins CRKL and c-CRK link c-ABL, p]l90BCR/ABL and p210BCR/ABL to the

phosphatidylinositol-3' kinase pathway, Oncogene, /2: 839-846, 1996.

251 Komatsu,N., Watanabe,T., Uchida,M., Mori,M., Kirito,K., Kikuchi,S., Liu,Q., Tauchi,T.,
Miyazawa,K., Endo,H., Nagai,T. and Ozawa,K. A member of Forkhead transcription factor
FKHRLI is a downstream effector of STI571-induced cell cycle arrest in BCR-ABL-

expressing cells, J.Biol.Chem., 278: 6411-6419, 2003.

252 Jonuleit,T., van der,K.H., Miething,C., Michels,H., Hallek,M., Duyster,J. and
Aulitzky, W E. Ber-Abl kinase down-regulates cyclin-dependent kinase inhibitor p27 in

human and murine cell lines, Blood, 96: 1933-1939, 2000.

253 Gesbert,F., Sellers,W.R., Signoretti,S., Loda,M. and Griffin,J.D. BCR/ABL regulates
expression of the cyclin-dependent kinase inhibitor p27Kip1 through the

phosphatidylinositol 3-Kinase/AKT pathway, J.Biol.Chem., 275: 39223-39230, 2000.

254 Gordon,M.Y., Dowding,C.R., Riley,G.P., Goldman,J.M. and Greaves,M.F. Adhesive

defects in chronic myeloid leukemia, Curr.Top.Microbiol.Immunol., /49: 151-155, 1989.

182



255

256

257

258

259

260

Gordon,M.Y ., Dowding,C.R., Riley,G.P., Goldman,J.M. and Greaves,M.F. Altered
adhesive interactions with marrow stroma of haematopoietic progenitor cells in chronic

myeloid leukaemia, Nature, 328: 342-344, 1987.

Salgia,R., Li,J.L., Ewaniuk,D.S., Pear,W., Pisick,E., Burky,S.A., Ernst,T., Sattler,M.,
Chen,L.B. and Griffin,J.D. BCR/ABL induces multiple abnormalities of cytoskeletal

function, J.Clin.Invest, 7100: 46-57, 1997.

Bhatia,R. and Verfaillie,C.M. The effect of interferon-alpha on beta-1 integrin mediated
adhesion and growth regulation in chronic myelogenous leukemia, Leuk.Lymphoma, 28:

241-254, 1998.

Gotoh,A., Miyazawa K., Ohyashiki,K., Tauchi,T., Boswell,H.S., Broxmeyer,H.E. and
Toyama,K. Tyrosine phosphorylation and activation of focal adhesion kinase (p125FAK)

by BCR-ABL oncoprotein, Exp.Hematol., 23: 1153-1159, 1995.

Salgia,R., Brunkhorst,B., Pisick,E., Li,J.L., Lo,S.H., Chen,L.B. and Griffin,J.D. Increased
tyrosine phosphorylation of focal adhesion proteins in myeloid cell lines expressing

p210BCR/ABL, Oncogene, /7: 1149-1155, 1995.

Horowitz,M.M., Rowlings,P.A. and Passweg,J.R. Allogeneic bone marrow transplantation
for CML: a report from the International Bone Marrow Transplant Registry, Bone Marrow

Transplant., /7 Suppl 3: S5-S6, 1996.

183



261 van,R.F., Szydlo,R.M., Hermans,J., Devergie,A., Frassoni,F., Arcese,W., de,W.T.,
Kolb,H.J., Niederwiser,D., Jacobsen,N., Gahrton,G., Bandini,G., Carreras,E.,
Bacigalupo,A., Michallet,M., Ruutu,T., Reiffers,J., Goldman,J.M., Apperley,J. and
Gratwohl,A. Long-term results after allogeneic bone marrow transplantation for chronic
myelogenous leukemia in chronic phase: a report from the Chronic Leukemia Working
Party of the European Group for Blood and Marrow Transplantation, Bone Marrow

Transplant., 20: 553-560, 1997.

262 Barrett,A.J. and Malkovska,V. Graft-versus-leukaemia: understanding and using the
alloimmune response to treat haematological malignancies, Br.J.Haematol., 93: 754-761,

1996.

263 Barrett,J. and Malkovska,V. The graft-versus-leukemia effect, Curr.Opin.Oncol., 8: 89-95,

1996.

264 Anonymous Interferon alfa-2a as compared with conventional chemotherapy for the
treatment of chronic myeloid leukemia. The Italian Cooperative Study Group on Chronic

Myeloid Leukemia, N.Engl.J.Med., 330: 820-825, 1994.

265 Hehlmann,R., Heimpel,H., Hasford,J., Kolb,H.J., Pralle,H., Hossfeld,D.K., Queisser,W.,
Loffler,H., Hochhaus,A., Heinze,B. and . Randomized comparison of interferon-alpha with
busulfan and hydroxyurea in chronic myelogenous leukemia. The German CML Study

Group, Blood, 84: 4064-4077, 1994.

184



266

267

268

269

270

271

Ohnishi, K., Ohno,R., Tomonaga,M., Kamada,N., Onozawa,K., Kuramoto,A., Dohy,H.,
Mizoguchi,H., Miyawaki,S., Tsubaki,K. and . A randomized trial comparing interferon-
alpha with busulfan for newly diagnosed chronic myelogenous leukemia in chronic phase,

Blood, 86: 906-916, 1995.

Allan,N.C., Richards,S.M. and Shepherd,P.C. UK Medical Research Council randomised,
multicentre trial of interferon-alpha nl for chronic myeloid leukaemia: improved survival
irrespective of cytogenetic response. The UK Medical Research Council's Working Parties

for Therapeutic Trials in Adult Leukaemia, Lancet, 345: 1392-1397, 1995.

Sawyers,C.L. and Druker,B. Tyrosine kinase inhibitors in chronic myeloid leukemia,

Cancer J.Sci.Am., 5: 63-69, 1999.

Druker,B.J., Tamura,S., Buchdunger,E., Ohno,S., Segal,G.M., Fanning,S., Zimmermann,J.
and Lydon,N.B. Effects of a selective inhibitor of the Abl tyrosine kinase on the growth of

Bcer-Abl positive cells, Nat.Med., 2: 561-566, 1996.

Savage,D.G. and Antman,K.H. Imatinib mesylate--a new oral targeted therapy,

N.Engl.J.Med., 346 683-693, 2002.

Oetzel,C., Jonuleit,T., Gotz,A., van der,K.H., Michels,H., Duyster,J., Hallek,M. and
Aulitzky, W E. The tyrosine kinase inhibitor CGP 57148 (ST1 571) induces apoptosis in
BCR-ABL-positive cells by down-regulating BCL-X, Clin.Cancer Res., 6: 1958-1968,

2000.

185



272

273

274

275

Waller,C.F., Ali,M., Heinzinger,M. and Lange,W. Growth inhibition of Ph+ progenitor
cells from CML patients using the tyrosine kinase inhibitor CGP57148B, Anticancer Res.,

20: 809-814, 2000.

Druker,B.J., Talpaz,M., Resta,D.J., Peng,B., Buchdunger,E., Ford,J.M., Lydon,N.B.,
Kantarjian,H., Capdeville,R., Ohno-Jones,S. and Sawyers,C.L. Efficacy and safety of a
specific inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid leukemia,

N.Engl.J.Med., 344: 1031-1037, 2001.

Kantarjian,H., Sawyers,C., Hochhaus,A., Guilhot,F., Schiffer,C., Gambacorti-Passerini,C.,
Niederwieser,D., Resta,D., Capdeville,R., Zoellner,U., Talpaz,M., Druker,B., Goldman,]J.,
O'Brien,S.G., Russell,N., Fischer,T., Ottmann,O., Cony-Makhoul,P., Facon,T., Stone,R.,
Miller,C., Tallman,M., Brown,R., Schuster,M., Loughran,T., Gratwohl,A., Mandelli,F.,
Saglio,G., Lazzarino,M., Russo,D., Baccarani,M. and Morra,E. Hematologic and
cytogenetic responses to imatinib mesylate in chronic myelogenous leukemia,

N.Engl.J.Med., 346 645-652, 2002.

Talpaz,M., Silver,R.T., Druker,B.J., Goldman,J.M., Gambacorti-Passerini,C., Guilhot,F.,
Schiffer,C.A., Fischer,T., Deininger,M.W., Lennard,A.L., Hochhaus,A., Ottmann,O.G.,
Gratwohl,A., Baccarani,M., Stone,R., Tura,S., Mahon,F.X., Fernandes-Reese,S.,
Gathmann,l., Capdeville,R., Kantarjian,H.M. and Sawyers,C.L. Imatinib induces durable
hematologic and cytogenetic responses in patients with accelerated phase chronic myeloid

leukemia: results of a phase 2 study, Blood, 99: 1928-1937, 2002.

186



276 Sawyers,C.L., Hochhaus,A., Feldman,E., Goldman,J.M., Miller,C.B., Ottmann,O.G.,
Schiffer,C.A., Talpaz,M., Guilhot,F., Deininger, M.W., Fischer,T., O'Brien,S.G.,
Stone,R.M., Gambacorti-Passerini,C.B., Russell,N.H., Reiffers,J.J., Shea,T.C., Chapuis,B.,
Coutre,S., Tura,S., Morra,E., Larson,R.A., Saven,A., Peschel,C., Gratwohl,A., Mandelli,F.,
Ben Am,M., Gathmann,I., Capdeville,R., Paquette,R.L. and Druker,B.J. Imatinib induces
hematologic and cytogenetic responses in patients with chronic myelogenous leukemia in

myeloid blast crisis: results of a phase II study, Blood, 99: 3530-3539, 2002.

277 O'Brien,S.G., Guilhot,F., Larson,R.A., Gathmann,I., Baccarani,M., Cervantes,F.,
Cornelissen,J.J., Fischer,T., Hochhaus,A., Hughes,T., Lechner,K., Nielsen,J.L.,
Rousselot,P., Reiffers,J., Saglio,G., Shepherd,J., Simonsson,B., Gratwohl,A.,
Goldman,J.M., Kantarjian,H., Taylor,K., Verhoef,G., Bolton,A.E., Capdeville,R. and
Druker,B.J. Imatinib compared with interferon and low-dose cytarabine for newly

diagnosed chronic-phase chronic myeloid leukemia, N.Engl.J.Med., 348: 994-1004, 2003.

278 Druker,B.J., Sawyers,C.L., Kantarjian,H., Resta,D.J., Reese,S.F., Ford,J.M., Capdeville,R.
and Talpaz,M. Activity of a specific inhibitor of the BCR-ABL tyrosine kinase in the blast
crisis of chronic myeloid leukemia and acute lymphoblastic leukemia with the Philadelphia

chromosome, N.Engl.J.Med., 344: 1038-1042, 2001.

279 Gambacorti-Passerini,C., Barni,R., le Coutre,P., Zucchetti,M., Cabrita,G., Cleris,L.,
Rossi,F., Gianazza,E., Brueggen,J., Cozens,R., Pioltelli,P., Pogliani,E., Corneo,G.,

Formelli,F. and D'Incalci,M. Role of alphal acid glycoprotein in the in vivo resistance of

187



human BCR- ABL(+) leukemic cells to the abl inhibitor STI571, J.Natl.Cancer Inst., 92:

1641-1650, 2000.

280 Gambacorti-Passerini,C., le,C.P., Zucchetti,M. and D'Incalci,M. Binding of imatinib by

alpha(1)-acid glycoprotein, Blood, 700: 367-368, 2002.

281 Mahon,F.X., Belloc,F., Lagarde,V., Chollet,C., Moreau-Gaudry,F., Reiffers,J.,
Goldman,J.M. and Melo,J.V. MDR1 gene overexpression confers resistance to imatinib

mesylate in leukemia cell line models, Blood, /01: 2368-2373, 2003.

282 Donato,N.J., Wu,J.Y., Stapley,J., Gallick,G., Lin,H., Arlinghaus,R. and Talpaz,M. BCR-
ABL independence and LYN kinase overexpression in chronic myelogenous leukemia cells

selected for resistance to STI571, Blood, 101: 690-698, 2003.

283 Warmuth,M., Simon,N., Mitina,O., Mathes,R., Fabbro,D., Manley,P.W., Buchdunger,E.,
Forster,K., Moarefi,l. and Hallek,M. Dual-specific Src and Abl kinase inhibitors, PP1 and
CGP76030, inhibit growth and survival of cells expressing imatinib mesylate-resistant Bcr-

Abl kinases, Blood, 101: 664-672, 2003.

284 Gorre,M.E., Mohammed,M., Ellwood,K., Hsu,N., Paquette,R., Rao,P.N. and Sawyers,C.L.
Clinical resistance to STI-571 cancer therapy caused by BCR-ABL gene mutation or

amplification, Science, 293: 876-880, 2001.

188



285

286

287

288

289

Tipping,A.J., Mahon,F.X., Zafirides,G., Lagarde,V., Goldman,J.M. and Melo,J.V. Drug
responses of imatinib mesylate-resistant cells: synergism of imatinib with other

chemotherapeutic drugs, Leukemia, /6: 2349-2357, 2002.

Weisberg,E. and Griffin,J.D. Mechanism of resistance to the ABL tyrosine kinase inhibitor

STI571 in BCR/ABL-transformed hematopoietic cell lines, Blood, 95: 3498-3505, 2000.

Shah,N.P., Nicoll,J.M., Nagar,B., Gorre,M.E., Paquette,R.L., Kuriyan,J. and Sawyers,C.L.
Multiple BCR-ABL kinase domain mutations confer polyclonal resistance to the tyrosine
kinase inhibitor imatinib (STI571) in chronic phase and blast crisis chronic myeloid

leukemia, Cancer Cell, 2: 117-125, 2002.

Branford,S., Rudzki,Z., Walsh,S., Parkinson,l., Grigg,A., Szer,J., Taylor,K., Herrmann,R.,
Seymour,J.F., Arthur,C., Joske,D., Lynch,K. and Hughes,T. Detection of BCR-ABL
mutations in patients with CML treated with imatinib is virtually always accompanied by
clinical resistance, and mutations in the ATP phosphate-binding loop (P-loop) are

associated with a poor prognosis, Blood, 7102: 276-283, 2003.

Branford,S., Rudzki,Z., Walsh,S., Grigg,A., Arthur,C., Taylor,K., Herrmann,R.,
Lynch,K.P. and Hughes, T.P. High frequency of point mutations clustered within the
adenosine triphosphate-binding region of BCR/ABL in patients with chronic myeloid
leukemia or Ph-positive acute lymphoblastic leukemia who develop imatinib (STI571)

resistance, Blood, 99: 3472-3475, 2002.

189



290

291

292

293

294

295

von,B.N., Schneller,F., Peschel,C. and Duyster,J. BCR-ABL gene mutations in relation to
clinical resistance of Philadelphia-chromosome-positive leukaemia to STIS71: a

prospective study, Lancet, 359: 487-491, 2002.

Nardi,V., Azam,M. and Daley,G.Q. Mechanisms and implications of imatinib resistance

mutations in BCR-ABL, Curr.Opin.Hematol., /7: 35-43, 2004.

Nowell,P.C. and Hungerford,D.A. A minute chromosome in human chronic granulocytic

leukemia, Science, /32: 1497, 1960.

Lugo,T.G. and Witte,O.N. The BCR-ABL oncogene transforms Rat-1 cells and cooperates

with v-myc, Mol.Cell.Biol., 9: 1263-1270, 1989.

Nagar,B., Bornmann,W.G., Pellicena,P., Schindler,T., Veach,D.R., Miller, W.T.,
Clarkson,B. and Kuriyan,J. Crystal Structures of the Kinase Domain of c-Abl in Complex
with the Small Molecule Inhibitors PD173955 and Imatinib (STI-571), Cancer Res., 62:

4236-4243, 2002.

Branford,S., Rudzki,Z., Walsh,S., Grigg,A., Arthur,C., Taylor,K., Herrmann,R.,
Lynch,K.P. and Hughes,T.P. High frequency of point mutations clustered within the
adenosine triphosphate-binding region of BCR/ABL in patients with chronic myeloid
leukemia or Ph-positive acute lymphoblastic leukemia who develop imatinib (STI571)

resistance, Blood, 99: 3472-3475, 2002.

190



296

297

298

299

300

301

Warmuth,M., Danhauser-Riedl,S. and Hallek,M. Molecular pathogenesis of chronic
myeloid leukemia: implications for new therapeutic strategies, Ann.Hematol., 78: 49-64,

1999.

Hanke,J.H., Gardner,J.P., Dow,R.L., Changelian,P.S., Brissette, W.H., Weringer,E.J.,
Pollok,B.A. and Connelly,P.A. Discovery of a novel, potent, and Src family-selective
tyrosine kinase inhibitor. Study of Lck- and FynT-dependent T cell activation,

J.Biol.Chem., 271: 695-701, 1996.

Klein,E., Ben Bassat,H., Neumann,H., Ralph,P., Zeuthen,J., Polliack,A. and Vanky,F.
Properties of the K562 cell line, derived from a patient with chronic myeloid leukemia,

Int.J.Cancer, 18: 421-431, 1976.

Lozzio,B.B., Lozzio,C.B., Bamberger,E.G. and Feliu,A.S. A multipotential leukemia cell

line (K-562) of human origin, Proc.Soc.Exp.Biol.Med., /166: 546-550, 1981.

Ogura,M., Morishima,Y., Ohno,R., Kato,Y., Hirabayashi,N., Nagura,H. and Saito,H.
Establishment of a novel human megakaryoblastic leukemia cell line, MEG- 01, with

positive Philadelphia chromosome, Blood, 66: 1384-1392, 1985.

Blake,R.A., Broome,M.A., Liu,X., Wu,J., Gishizky,M., Sun,L. and Courtneidge,S.A.
SU6656, a selective src family kinase inhibitor, used to probe growth factor signaling,

Mol.Cell Biol., 20: 9018-9027, 2000.

191



302

303

304

305

306

307

Arnold,L.D., Calderwood,D.J., Dixon,R.W., Johnston,D.N., Kamens,J.S., Munschauer,R.,
Rafferty,P. and Ratnofsky,S.E. Pyrrolo[2,3-d]pyrimidines containing an extended 5-
substituent as potent and selective inhibitors of Ick I, Bioorg.Med.Chem.Lett., /0: 2167-

2170, 2000.

Kitamura,T., Tange,T., Terasawa,T., Chiba,S., Kuwaki,T., Miyagawa,K., Piao,Y.-F.,
Miyazono,K., Urabe,A. and Takaku,F. Establishment and characterization of a unique
human cell line that proliferates dependently on GM-CSF, IL-3 or erythropoietin,

J.Cell.Physiol., 140: 323-334, 1989.

Martin,P. and Papayannopoulou,T. HEL cells: a new human erythroleukemia cell line with

spontaneous and induced globin expression, Science, 2/6: 1233-1235, 1982.

Liu,J., Campbell,M., Guo,J.Q., Lu,D., Xian,Y.M., Andersson,B.S. and Arlinghaus,R.B.
BCR-ABL tyrosine kinase is autophosphorylated or transphosphorylates P160 BCR on

tyrosine predominantly within the first BCR exon, Oncogene, §: 101-109, 1993.

Senechal K., Halpern,J. and Sawyers,C.L. The CRKL adaptor protein transforms
fibroblasts and functions in transformation by the BCR-ABL oncogene, J.Biol.Chem.,

271:23255-23261, 1996.

Sawyers,C.L., McLaughlin,J. and Witte,O.N. Genetic requirement for ras in the
transformation of fibroblasts and hematopoietic cells by the Bcr-Abl oncogene,

J.Exp.Med., 181:307-313, 1995.

192



308 LiJ. and Smithgall,T.E. Fibroblast transformation by Fps/Fes tyrosine kinases requires
Ras, Rac and Cdc42 and induces extracellular signal-regulated and c-Jun N-terminal kinase

activation, J.Biol.Chem., 273: 13828-13834, 1998.

309 Turkson,J., Bowman,T., Adnane,J., Zhang,Y., Djeu,J.Y., Sekharam,M., Frank,D.A.,
Holzman,L.B., Wu,J., Sebti,S. and Jove,R. Requirement for Ras/Racl-mediated p38 and c-
Jun N-terminal kinase signaling in stat3 transcriptional activity induced by the src

oncoprotein, Mol.Cell Biol., /9: 7519-7528, 1999.

310 Liu,Y., Bishop,A., Witucki,L., Kraybill,B., Shimizu,E., Tsien,J., Ubersax,J., Blethrow,J.,
Morgan,D.O. and Shokat,K.M. Structural basis for selective inhibition of Src family

kinases by PP1, Chem.Biol., 6: 671-678, 1999.

311 Chin,H., Arai,A., Wakao,H., Kamiyama,R., Miyasaka,N. and Miura,O. Lyn physically
associates with the erythropoietin receptor and may play a role in activation of the Stat5

pathway, Blood, 91 3734-3745, 1998.

312 Bowman,T., Garcia,R., Turkson,J. and Jove,R. STATs in oncogenesis, Oncogene, /9:

2474-2488, 2000.

313 Garcia,R., Yu,C.-L., Hudnall,A., Catlett,R., Nelson,K., Smithgall,T.E., Fujita,D.J.,
Ethier,S. and Jove,R. Constitutive activation of Stat3 in fibroblasts transformed by diverse
oncoproteins and in breast carcinoma cells, Cell Growth and Differentiation, 8: 1267-

1276, 1998.

193



314 Morgan,M.A., Dolp,O. and Reuter,C.W. Cell-cycle-dependent activation of mitogen-
activated protein kinase kinase (MEK-1/2) in myeloid leukemia cell lines and induction of
growth inhibition and apoptosis by inhibitors of RAS signaling, Blood, 97: 1823-1834,

2001.

315 Woessmann,W. and Mivechi,N.F. Role of ERK activation in growth and erythroid

differentiation of K562 cells, Exp.Cell Res., 264: 193-200, 2001.

316 Feller,S.M., Knudsen,B. and Hanafusa,H. Cellular proteins binding to the first Src
homology 3 (SH3) domain of the proto-oncogene product c-Crk indicate Crk-specific

signaling pathways, Oncogene, /0: 1465-1473, 1995.

317 Huang,M., Dorsey,J.F., Epling-Burnette,P.K., Nimmanapalli,R., Landowski, T.H.,
Moral,L.B., Niu,G., Sinibaldi,D., Bai,F., Kraker,A.J., Yu,H., Moscinski,L., Wei,S., Djeu,J.,
Dalton,W.S., Bhalla,K.N., Loughran,T., Wu,J. and Jove,R. Inhibition of Bcr-Abl kinase
activity by PD180970 blocks constitutive activation of Stat5 and growth of CML cells,

Oncogene, 2002 (in press)

318 Pear,W.S., Miller,J.P., Xu,L., Pui,J.C., Soffer,B., Quackenbush,R.C., Pendergast,A.M.,
Bronson,R., Aster,J.C., Scott,M.L. and Baltimore,D. Efficient and rapid induction of a

chronic myelogenous leukemia-like myeloproliferative disease in mice receiving P210

ber/abl-transduced bone marrow, Blood, 92: 3780-3792, 1998.

194



319

320

321

322

323

324

Muller,A.J., Young,J.C., Pendergast,A.M., Pondel,M., Landau,R.N., Littman,D.R. and
Witte,O.N. BCR first exon sequences specifically activate the BCR/ABL tyrosine kinase
oncogene of Philadelphia chromosome-positive human leukemias, Mol.Cell.Biol., /1:

1785-1792, 1991.

Wong,S. and Witte,O.N. The BCR-ABL story: bench to bedside and back,

Annu.Rev.Immunol., 22: 247-306, 2004.

Fang F., Ahmad,S., Lei,J., Klecker,R.W., Trepel,J.B., Smithgall, T.E. and Glazer,R.I. The
effect of mutation of tyrosine 713 in p93°7 on its catalytic activity and ability to promote

myeloid differentiation in K-562 cells, Biochemistry, 32: 6995-7001, 1993.

Xie,S., Wang,Y., Liu,J., Sun,T., Wilson,M.B., Smithgall, T.E. and Arlinghaus,R.B.
Involvement of Jak2 tyrosine phosphorylation in Ber-Abl transformation, Oncogene, 20:

6188-6195, 2001.

Wilson,M.B., Schreiner,S.J., Choi,H.J., Kamens,J. and Smithgall, T.E. Selective pyrrolo-
pyrimidine inhibitors reveal a necessary role for Src family kinases in Ber-Abl signal

transduction and oncogenesis, Oncogene, 2/: 8075-8088, 2002.

Schreiner,S.J., Schiavone,A.P. and Smithgall, T.E. Activation of STAT3 by the Src family

kinase Hck requires a functional SH3 domain, J.Biol.Chem., 277: 45680-45687, 2002.

195



325

326

327

328

329

330

Rogers,J.A., Read,R.D., Li,J., Peters,K.L. and Smithgall, T.E. Autophosphorylation of the
Fes tyrosine kinase: Evidence for an intermolecular mechanism involving two kinase

domain tyrosine residues, J.Biol.Chem., 271: 17519-17525, 1996.

Lerner,E.C. and Smithgall, T.E. SH3-dependent stimulation of Src-family kinase
autophosphorylation without tail release from the SH2 domain in vivo, Nat.Struct.Biol., 9:

365-369, 2002.

Dorsey,J.F., Jove,R., Kraker,A.J. and Wu,J. The pyrido[2,3-d]pyrimidine derivative
PD180970 inhibits p210Bcr-Abl tyrosine kinase and induces apoptosis of K562 leukemic

cells, Cancer Res., 60: 3127-3131, 2000.

Tauchi,T., Boswell,H.S., Leibowitz,D. and Broxmeyer,H.E. Coupling between p210bcr-abl
and Shc and Grb2 adaptor proteins in hematopoietic cells permits growth factor receptor-

independent link to ras activation pathway, J.Exp.Med., 179: 167-175, 1994.

Bhat,A., Johnson,K.J., Oda,T., Corbin,A.S. and Druker,B.J. Interactions of p62(dok) with

p210(bcr-abl) and Ber-Abl-associated proteins, J.Biol.Chem., 273: 32360-32368, 1998.

Liang,X., Wisniewski,D., Strife,A., Shivakrupa, Clarkson,B. and Resh,M.D.
Phosphatidylinositol 3-kinase and Src family kinases are required for phosphorylation and
membrane recruitment of Dok-1 in c-Kit signaling, J.Biol.Chem., 277: 13732-13738,

2002.

196



331 Salgia,R., Li,J.L., Lo,S.H., Brunkhorst,B., Kansas,G.S., Sobhany,E.S., Sun,Y., Pisick,E.,
Hallek,M., Ernst,T. and . Molecular cloning of human paxillin, a focal adhesion protein

phosphorylated by P210BCR/ABL, J.Biol.Chem., 270: 5039-5047, 1995.

332 Minoguchi,K., Kihara,H., Nishikata,H., Hamawy,M.M. and Siraganian,R.P. Src family
tyrosine kinase Lyn binds several proteins including paxillin in rat basophilic leukemia

cells, Mol.Immunol., 3/: 519-529, 1994.

333 Shah,K., Liu,Y., Deirmengian,C. and Shokat,K.M. Engineering unnatural nucleotide
specificity for Rous sarcoma virus tyrosine kinase to uniquely label its direct substrates,

Proc.Natl.Acad.Sci.U.S.A, 94: 3565-3570, 1997.

334 Liu,Y., Witucki,L.A., Shah,K., Bishop,A.C. and Shokat,K.M. Src-Abl tyrosine kinase
chimeras: replacement of the adenine binding pocket of c-Abl with v-Src to swap

nucleotide and inhibitor specificities, Biochemistry, 39: 14400-14408, 2000.

197



	Title
	Committee
	Abstract
	Table of Contents
	List of Tables
	List of Figures
	Preface
	Introduction
	Src family kinases
	Overview
	Structure and Regulation
	Role in hematopoietic cells
	Mitogenic signaling
	Role in cancer

	Chronic Myelogenous Leukemia
	Hematopoiesis
	CML Overview
	The Philadelphia Chromosome
	Bcr
	c-Abl
	Structure and regulation

	Bcr-Abl overview
	Bcr-Abl signaling
	Ras/MAPK
	STAT signaling
	Src family kinases
	Src kinase-mediated phosphorylation of c-Abl and Bcr-Abl
	Other signaling pathways

	Classical treatment
	Imatinib mesylate (Gleevec/STI-571)
	Imatinib resistance


	Dissertation Hypothesis
	Specific Aims

	Chapter II
	Abstract
	Introduction
	Results
	The Src family kinase inhibitors, PP2 and A-419259, block pr
	PP2 and A-419259 inhibit Src family kinase activity in Ph+ l
	A-419259 inhibits proliferation of myeloid cells following t
	PP2 and A-419259 block Stat5 and Erk activation in Ph+ leuke

	Discussion
	Materials and methods
	Cell culture & proliferation assays
	Apoptosis Assays
	Transformation of DAGM cells with Bcr-Abl Retroviruses
	Analysis of protein expression and tyrosine kinase activity
	Electromobility shift assays (EMSA)
	RNase protection assay (RPA)
	In vitro kinase assays

	Acknowledgments

	Chapter III
	Abstract
	Introduction
	Results
	Myeloid expressed Src family kinases bind Abl in a similar f
	Myeloid expressed Src kinases transphosphorylate the SH3 and
	Hck phosphorylates full-length Bcr-Abl in vitro
	Mutation of the seven SH3-SH2 tyrosine phosphorylation sites

	Discussion
	Materials and Methods
	Co-precipitation of Abl Domains and Src family kinases in Sf
	Bcr-Abl GST fusion protein purification and in vitro kinase 
	Bcr-Abl His6 3+2 and full-length Bcr-Abl kinase-dead protein
	Mass Spectrometry
	Sf-9 Bcr-Abl/Src family kinase coexpression
	TF-1 cell culture
	Bcr-Abl 210-7YF mutant
	Transformation of TF-1 cells with Bcr-Abl Retroviruses

	Acknowledgments
	Chapter IV – General Discussion


