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ABSTRACT
Dysregulated tyrosine kinases (TKs) are the hallmark of nearly all cases of
myeloproliferative neoplasms (MPNs). The most widely studied of these TKs is BCRABL1, a known direct molecular cause of both CML and Ph+ B-ALL. The cardinal role of
BCR-ABL1 in the pathogenesis of CML came from the development of a bone marrow
transduction/transplantation mouse model, in which retrovirally-directed expression of only
BCR-ABL1 led to an MPN that shared many of the features of the human disease. This
observation and other studies led to the development of imatinib mesylate, a small molecule
inhibitor of the ABL1 TK that has a long track record of inducing hematologic and
cytogenetic remissions in CML patients in the chronic phase of their disease.
Despite the unquestioned success of imatinib and other second generation TKIs in the
treatment of CML, they present emerging clinical challenges. One strategy to address the
challenge of imatinib resistance is to seek a better understanding of the molecular
pathogenesis of CML. Previous work in our laboratory has led to the identification of Tyr177
phosphorylation and recruitment of the GRB2 adaptor protein as absolutely critical steps in
the development of CML. Further in vitro work has implicated the importance of a
GRB2/GAB2 interaction in BCR-ABL1–mediated transformation. In particular, genetic
experiments in the context of the mouse model of leukemogenesis were used to assess the
importance of GAB2 in both CML and Ph+ B-ALL.
The most common mechanism for imatinib resistance involves point mutations in the
kinase domain of BCR-ABL1 that alter or disrupt inhibitor binding. The kinase domain
mutations that confer drug resistance have been previously described. The development of
second generation TKIs have focused largely on rational design of drugs that bind within the
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kinase domain. As a result, these second-line therapies have had some success in treating
imatinib-resistant CML, but several mutations, in particular the BCR-ABL1 T315I mutation,
confer resistance to all approved drugs. We present current work taking a different approach
to the rational design of TKIs. In particular, we will describe the pre-clinical development of
a family of TKIs called switch pocket inhibitors. The small molecule inhibitors are non-ATP
competitive inhibitors that function by stabilizing the inactive form of the BCR-ABL1
tyrosine kinase.
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Chapter 1
Introduction
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Chronic Myeloid Leukemia (CML) is a human cancer characterized by a single
genetic abnormality, the Philadelphia (Ph) chromosome. At the molecular level, this
balanced translocation between chromosomes 9 and 22 generates a fusion of the BCR and cABL1 genes, the BCR-ABL1 oncogene. This fusion event produces a constitutively active
non-receptor tyrosine kinase, BCR-ABL1, which activates a variety of intracellular signaling
pathways, and is the direct molecular cause of both CML and Ph+ positive acute Blymphoblastic leukemia (B-ALL). Although CML has been the subject of intense study for
the past 50 years, a thorough understanding of its molecular pathogenesis is only beginning
to emerge.
The objective of this thesis is to contribute to a better understanding of the molecular
pathogenesis and therapy of BCR-ABL1-induced leukemia. Since CML has an established
genetic abnormality, it provides a facile model for teasing out the molecular underpinnings of
this disease. In particular, this introductory section will review some of the current fields of
study in BCR-ABL1: molecular biology, cell biology, signal transduction, animal models,
and treatment. A particular emphasis will be placed on mouse models because they facilitate
the identification and validation of molecular targets for therapy.

A BRIEF HISTORY OF CHRONIC MYELOID LEUKEMIA
Chronic myeloid (or myelogenous) leukemia was first recognized and documented as
early as 1845 by Rudolf Virchow and others (Bennett 1845; Craigie 1845; Virchow 1845) as
a distinctive hematological malignancy. Early efforts at CML therapy centered around the
use of Arsenic, first described by the German physician Lissauer (Gunz 1980) and later
detailed by Conan Doyle (Doyle 1882). Lissauer noted a marked reduction in splenomegaly
and leukocytosis, and improvement in anemia that was durable for several months. The first
2

landmark discovery in the pathogenesis of CML came in 1960 when Nowell and Hungerford
associated CML with the consistent appearance of a chromosomal abnormality, later termed
the Philadelphia (Ph) chromosome (Nowell and Hungerford 1960). This was the first
instance of a chromosomal marker that could be reliably correlated with a specific human
neoplasm. Although initially thought to be trisomy 21, Janet Rowley in 1973 further
characterized the Ph chromosome as a reciprocal translocation between chromosomes 9 and
22, now termed t(9;22)(q34;q11) (Rowley 1973).
In the 1980s, the Ph chromosome was shown to give rise to a unique chimeric gene,
BCR-ABL1, resulting from a fusion between the “breakpoint cluster region” gene (BCR) on
chromosome 22 (Groffen, Stephenson et al. 1984) with sequences of the c-ABL1 protooncogene on chromosome 9 (de Klein, van Kessel et al. 1982; Bartram, de Klein et al. 1983).
This fusion created a new gene referred to as the BCR-ABL1 gene. Since then, BCR-ABL1
and its product BCR-ABL1 fusion protein has been the subject of intense study. In 1990, the
first in vivo induction of CML by BCR-ABL1 provided definitive evidence that BCR-ABL1
fulfills Koch‟s hypothesis as being necessary and sufficient for the pathogenesis of CML
(Daley, Van Etten et al. 1990). Over the years, continued insights into the molecular
pathogenesis of CML have led to the development of targeted therapies against ABL1
tyrosine kinase activity. Since the late 1980s, several pharmaceutical companies initiated
screens to identify compounds that would interact with BCR-ABL1 to inhibit its tyrosine
kinase activity. By 1990, the inhibitory activity of phenylaminopyrimidines was discovered.
Painstaking work in targeted therapy to optimize this molecule lead to the synthesis of
imatinib mesylate, the first promising therapeutic drug for the treatment of CML.
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NATURAL HISTORY AND CLINICAL FEATURES OF CML
Chronic myeloid leukemia is a myeloproliferative neoplasm (MPN) that arises from
neoplastic transformation of a hematopoietic stem cell. William Dameshek first recognized
MPNs in 1951 (Dameshek 1951), when he coined the term “myeloproliferative disease” and
classified CML in this group of disorders along with polycythemia vera (PV), essential
thrombocythemia (ET), primary myelofibrosis (PMF), and erythroid leukemia (Di Guglielmo
syndrome). In 2001, the World Health Organization (WHO) further refined this
classification by creating a broader category of chronic myeloproliferative diseases
(CMPDs), and included chronic neutrophilic leukemia (CNL), chronic eosinophilic
leukemia/hypereosinophilic syndrome (CEL/HES) and “CMPD, unclassifiable” (Vardiman,
Harris et al. 2002). In 2008, the WHO revised the classification and discarded the term
CMPD in favor of myeloproliferative neoplasm (MPN). In this latest classification, mast cell
disease has been re-categorized as an MPN, and the subcategory CEL-not otherwise
specified (CEL-NOS) was added to differentiate this entity from myeloid and lymphoid
disease with eosinophilia and abnormalities in PDGFR-A, PDGFR-B, or FGFR1 (Tefferi,
Thiele et al. 2007). The common threads amongst these disorders are:
1) They are clonal disorders of hematopoiesis arising in a hematopoietic stem or early
progenitor cell
2) They are characterized by dysregulated expansion of a specific lineage of mature,
normally differentiated myeloid cells
3) They possess a variable tendency to progress towards acute leukemia
4) They share abnormalities of hemostasis and thrombosis.
The distinctive phenotypes of each MPN can be attributed to the specific genetic
rearrangements or mutations underlying clonal myeloproliferation (Tefferi and Gilliland
2007). This more nuanced approach takes into account current evidence strongly supporting

4

the view that MPNs are characterized by dysregulated tyrosine kinase signaling arising in a
stem cell that leads to clonal expansion of differentiated myeloid cells.
CML was the first documented case of a genetic lesion leading to a human cancer,
and continues to be one of the few human cancers caused by a single oncogene. Indeed, the
presence of the BCR-ABL1 gene fusion is required to establish the diagnosis of CML. A
large prospective study reported that about 15% of patients with clinical features of CML
lack a Ph chromosome (Savage, Szydlo et al. 1997). Upon closer examination of this cohort,
roughly half were found to have complex chromosomal rearrangements that cytogenetically
masked the BCR-ABL1 fusion gene, which nonetheless could be detected by fluorescence in
situ hybridization (FISH) or by reverse-transcriptase polymerase chain reaction (RT-PCR)
detection of BCR-ABL1 fusion mRNA transcripts. This group of patients had clinical
features similar to Ph+ CML. In contrast, the remaining patients lacked molecular evidence
of the BCR-ABL1 fusion gene and had clinical features that distinguished them from classic
CML (Kurzrock, Kantarjian et al. 1990). These patients most likely do not have CML, and
instead are presenting with one of the myelodysplastic syndromes (MDS) or MPN/MDS
overlap conditions. In addition to CML, the Ph chromosome is also found in 2-5% of cases
of pediatric acute lymphoblastic leukemia (ALL), 15-20% of cases of adult ALL, 2% of
acute myeloid leukemia (AML) cases, as well as rare cases of lymphoma and myeloma
(Kurzrock, Gutterman et al. 1988; Melo 1996).
CML accounts for 15-20% of human leukemias and has an incidence of
approximately 1 to 2 new cases per 100,000 individuals per year, so that about 4,500
Americans are newly diagnosed with CML each year (Kantarjian, Dixon et al. 1988; Sawyers
1999). It usually occurs in middle-aged adults, with a median age of about 50 years, there is
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no sex bias, and no concordance amongst identical twins. Reflecting its origin in
hematopoietic stem cells, in CML the Ph chromosome is found in almost all hematopoietic
lineages, including granulocytes, monocytes, erythrocytes, megakaryocytes, B-lymphocytes,
and occasionally T lymphocytes (Fialkow, Jacobson et al. 1977). CML progresses through
three distinct phases: a chronic phase that may last approximately 2 to 5 years, accelerated
phase that lasts 6 to 18 months, and blast crisis phase that lasts only about 3 to 6 months
(Quintas-Cardama and Cortes 2006).
During the chronic phase (CML-CP), there is a steady increase of the circulating
white blood cell (WBC) count due to massive expansion of differentiated myeloid cells
(median WBC 100,000/ L) (Figure 1.1). Patients may be asymptomatic (20-50%), but
symptoms including fatigue (34%), malaise (3%), weight loss (20%), excessive sweating
(15%), abdominal fullness (15%), and bleeding episodes due to platelet dysfunction (21%)
are also common (Savage, Szydlo et al. 1997). The chronic phase of CML is a clinical
feature that distinguishes it from acute leukemias. Indeed, the hallmark of CML is the clonal
expansion of morphologically maturing granulocytes. The overproduction of mature
myeloid cells occurs with no block in differentiation, and, provided the leukocyte count is
controlled by myelosuppressive medication, CML-CP patients normally survive until their
disease progresses. In contrast, acute leukemias, such as AML associated with the fusion
transcript AML1-ETO (Erickson and al. 1992), are characterized by a profound block in
differentiation, which results in accumulation of immature blast cells and a typically
aggressive disease progression, with morbidity and mortality caused by loss of normal bone
marrow hematopoiesis.

6

Figure 1.1 - Peripheral blood smear of CML patient characterized by marked
leukocytosis with granulocyte left shift
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In CML patients not treated with drugs (such as interferon or tyrosine kinase
inhibitors- see below) that favorably alter the natural history of the disease, the leukemic
cells gradually but inevitably lose their capacity to terminally differentiate, presumably due
to the accumulation of other genetic abnormalities, and eventually disrupt normal
hematopoiesis and cause extramedullary disease symptoms not associated with CML-AP.
Within three to five years after onset, CML usually progresses to the accelerated phase
(CML-AP) and then blast crisis (CML-BC). The definition of CML-AP is poor and variable
and 50% of CML-CP patients reportedly bypass this phase altogether, and progress directly
to blast crisis. The most frequently used criteria, defined and sanctioned by the WHO,
defines CML-AP as patients with CML exhibiting one or more of the following features
(Cortes, Talpaz et al. 2006):
10-19% blasts in the peripheral blood or bone marrow
Peripheral blood basophils > 20%
Platelets <100,000/mL, unrelated to therapy
Platelets >1,000,000/mL, unresponsive to therapy
Progressive splenomegaly and increasing white cell count, unresponsive to therapy
Cytogenetic evolution (defined as the development of chromosomal abnormalities in
addition to the Philadelphia chromosome)
CML-BC is characterized by the presence of more than 20% blast cells in the bone
marrow, and by the presence of extramedullary infiltration in liver and/or spleen (Sokal,
Baccarani et al. 1988). In addition, patients typically also have progressive anemia,
thrombocytosis, and become refractory to therapy (Koeffler and Golde 1981; Faderl, Talpaz
et al. 1999). Progression to the CML-BC usually correlates with additional chromosomal
abnormalities, such as duplication of the Ph chromosome, trisomy 8, isochromsome 17q, and
trisomy 19. In addition to these cytogenetic abnormalities, epigenetic changes might also be
involved. Methylation of the proximal promoter of the ABL1 gene, for example, is a common
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epigenetic alteration associated with clinical progression of CML (Asimakopoulos, Shteper
et al. 1999).
CML can transition from CML-CP or CML-AP into two distinctive leukemic types of
blast crisis: either acute myeloid leukemia (AML)-like or acute lymphoblastic leukemia
(ALL)-like disease, but not both. Approximately 70% of the patients entering AML blast
crisis, and 30% of the patients entering a pre-B blast stage similar to acute lymphoid
leukemia (B-ALL) (Wong and Witte 2004). Distinguishing myeloid versus lymphoid
transformation is important clinically because of the different therapeutic regimens and
prognostic implications of these two diseases (Derderian, Kantarjian et al. 1993). In CMLBC stage, leukemia cells are generally refractory to chemotherapy and patients usually expire
3 to 6 months after the disease progresses into this stage. Myeloid blast crisis does not
respond well to standard AML induction chemotherapy regimens (Sacchi, Kantarjian et al.
1999), although responses to imatinib, either alone (Druker, Sawyers et al. 2001; Kantarjian,
Cortes et al. 2002; Sawyers, Hochhaus et al. 2002) or in combination with chemotherapy
(Fruehauf, Topaly et al. 2007), have been reported. Lymphoid blast crisis often responds to
chemotherapeutic programs used for acute lymphoblastic leukemia alone and in combination
with imatinib.
Since myeloid blast crisis is typically refractory to chemotherapy, the preferred initial
treatment is the use of imatinib followed by an allogeneic hematopoietic stem cell transplant
(HSCT) for eligible patients. Transplantation while the patient remains in blast crisis has
poor results with less than 10 percent long-term survival (Gratwohl, Hermans et al. 1993). A
reasonable plan is an attempt to return the patient to an earlier phase of disease, with suitable
candidates subsequently undergoing allogeneic HSCT (Lange, Günther et al. 2003). Imatinib
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treatment prior to transplantation has not been associated with an increase in transplant
associated morbidity or mortality (Baccarani, Saglio et al. 2006).

CELL BIOLOGY OF CML
It is useful at this point to consider BCR-ABL1-mediated leukemogenesis from a cell
biology perspective. At the cellular level, CML is defined as the clonal expansion of mature
granulocytes and their precursors. Although myeloid differentiation is normal in CML,
studies have demonstrated distinct differences between hematopoiesis in normal patients and
CML patients (Eaves, Marnett et al. 1998; Deininger, Goldman et al. 2000).

NORMAL HEMATOPOIESIS
Hematopoiesis is the dynamic and complex development of all mature, terminally
differentiated blood elements (white blood cells, red blood cells and platelets) from immature
progenitor/precursor cells in bone marrow (BM) and lymphatic tissues (Figure 1.2). In
addition, hematopoiesis is a tightly controlled, hierarchical process in which pluripotent stem
cells develop into various types of mature blood cells (Orkin 1995). All cellular components
originate from undifferentiated multipotent hematopoietic stem cells (HSC). HSCs are
characterized by the ability to self-renew indefinitely or commit to a certain hematopoietic
differentiation pathway. The earliest stages begin with the long-term (LT) repopulating HSC
(LT-HSC) differentiating into the short-term (ST) repopulating HSC (ST-HSC) and the nonself-renewing multipotent progenitors (MPP). The progenitor cells that arise as the result of
MPP differentiation are called common myeloid progenitors (CMP) or common lymphoid
progenitors (CLP), (Akashi, Traver et al. 2000; Weissman 2000). Under different intricate
regulation, the lineage restricted CMP cells give rise to more restricted oligopotent

10

Figure 1.2 - Schematic diagram depicting normal hematopoietic development
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granulocyte-macrophage progenitors (GMP) and megakaryocyte-erythroid progenitors
(MEP). GMP cells in turn terminally differentiate into mature granulocytes and
macrophages/monocytes, and MEP cells terminally differentiate into erythrocytes and
platelets through megakaryocytes (Shizuru, Negrin et al. 2005). CLP cells in turn give rise to
terminally differentiated B lymphoid, T lymphoid and natural killer cells (Weissman 2000;
Shizuru, Negrin et al. 2005). A competing model of hematopoiesis describes MPP
differentiation into a CMP or a newly described bipotent lymphoid/myeloid progenitor
(LMPP), which is capable of giving rise to a CMP, GM T cell progenitor, or CLP, but not a
megakaryocyte/erythroid progenitor (Luc, Buza-Vidas et al. 2008).
Hematopoietic cell growth and differentiation are controlled by growth factors and
cytokines, which include interleukins, colony-stimulating factors, and hematopoietins
(Ogawa 1993). Outside of a few exceptions, the receptors for these hematopoietic growth
factors are transmembrane proteins that lack a tyrosine kinase catalytic domain (Kaczmarski
and Mufti 1991; Rane and Reddy 2002). Cytokine stimulation recruits cytoplasmic TKs to
the cytoplasmic domain of the receptor, resulting in propagation of the signal to downstream
target proteins. Some of the kinases recruited and activated by the cytoplasmic subunit of the
cytokine receptors include the Janus family of kinases (JAK), the SRC family of kinases
(SFKs), and the TEC family of kinases (Torigoe, O'Connor et al. 1992; Witthuhn, Quelle et
al. 1993; Corey, Burkhardt et al. 1994; Anderson and Jorgensen 1995; Ihle 1996; Weil,
Power et al. 1997).

LEUKEMIC STEM CELLS
The current perspective characterizes leukemias as an aberrant hematopoietic process
caused by leukemic stem cells (LSC) that have either maintained or reacquired the capacities
12

for both self-renewal and indefinite proliferation (Reya, Morrison et al. 2001; Passegue,
Jamieson et al. 2003; Passegue and Weisman 2005). The concept of LSC originates from
cancer stem cells (CSC), which are a rare population of cells capable of self-renewal
necessary for cancer initiation and maintenance. This property is functionally validated by
the ability to recapitulate the disease upon xerotransplantation into immunodeficient mice
(Bonnet and Dick 1997). Targeting and eradication of LSC is now emerging as an additional
if not critical approach to anti-leukemia therapy (Krause and Van Etten 2007; Zou 2007).
Given that both HSC and LSC are capable of self-renewal, a critical question is
whether leukemias arise exclusively from HSC-transformed cells or could they also originate
from short-lived progenitors that have acquired self-renewal through mutation(s) and/or
epigenetic changes. To address this question, Cozzio et al. generated an AML mouse model
induced by an oncogenic fusion gene MLL-ENL (Cozzio, Passegue et al. 2003). Relatively
pure populations of HSC, CMP, GMP, and MEP were sorted respectively according to the
cell surface markers and transduced with MLL-ENL. All progenitors with granulocytemacrophage differentiation potential (i.e. HSC, CMP, GMP) efficiently and rapidly induce
AML with similar latencies and phenotypes in vivo. This demonstrates that the origin of LSC
are not restricted to HSC, since it could derive from different heterogeneous progenitor
populations (Cozzio, Passegue et al. 2003). This observation has been confirmed in work
done on another fusion gene MLL-AF9. The putative AML LSC also differed from HSC:
they can also originate from oligopotent MLL-AF9 positive GMP cells. Taken together, it is
likely that certain oncogenes, such as MLL-AF9 and MLL-ENL, confer progenitor cells with
the ability to initiate and maintain leukemias in recipient mice. At the molecular level,
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expression profiling showed that a group of genes highly expressed in normal HSC were
reactivated in oncogenic LSC (Krivtsov, Twomey et al. 2006).
The identity of the CML initiating cell also has dramatic implications for both the
pathogenesis and treatment of CML. The initiating event, formation of the Ph chromosome,
is thought to occur in a multipotent HSC. Cytogenetic lineage analysis of CML-CP patients
showed the presence of the Ph chromosome in mature myeloid and B-lymphoid populations
(Whang, Frei III et al. 1963). The ability of CML to evolve clinically into either an acute
myeloid or lymphoid leukemia also argues strongly for the HSC origin of the disease. In one
of the classic studies of the field, X-linked polymorphic glucose-6-phosphate dehydrogenase
(G6PD) loci in female CML-CP patients served as markers supporting the monoclonal origin
of Ph+ cells (Fialkow, Jacobson et al. 1977). Subsequent work by this group described
clonal Ph-negative B-lymphoid cells in some patients, opening up the possibility that the Ph
chromosome translocation may not be the initiating event in CML (Fialkow, Martin et al.
1981). However, these observations can also be explained by skewed lyonization in older
women (Busque, Mio et al. 1996). In separate clonality studies, Ph–/CD34+ progenitors from
patients with early chronic phase CML were polyclonal (Delforge, Boogaerts et al. 1999).
These results indicate that clonal hematopoiesis does not typically precede the acquisition of
the Ph chromosome in the pathogenesis of CML.
The development of sensitive cytogenetic and molecular biology techniques has
allowed the detection BCR-ABL1 transcripts in all hematopoietic lineages except natural
killer cells, further supporting the HSC origin of Ph chromosome (Takahashi, Miura et al.
1998). In contrast to MLL-AF9 and MLL-ENL, BCR-ABL1 does not intrinsically confer selfrenewal, which may explain why the BCR-ABL1 fusion event must occur in an HSC. Mice
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transplanted with sorted CMP and GMP transduced with BCR-ABL1 failed to develop a
CML-like MPN, suggesting that BCR-ABL1 alone is unable to alter the programs for terminal
differentiation and survival in committed myeloid progenitors (Huntly, Shigematsu et al.
2004). Taken together, these observations support the hypothesis that the BCR-ABL1 fusion
gene is the initiating event in CML, and that this event must occur in an HSC for the disease
to propagate.
Upon the acquisition of the Ph chromosome, the HSC undergoes proliferation and
self-renewal giving rise to a population of cells called LSCs or LICs that initiate the chronic
phase of CML (Yilmaz, Valdez et al. 2006). These LSCs share many properties with normal
HSCs: LSC at steady-state are quiescent, have a long life-span and show great proliferative
and self-renewal potential that enables them to maintain the cancer cell population (Clarke
and Fuller 2006). In addition, they exhibit resistance to drugs and express characteristic HSC
markers (Graham, Jorgensen et al. 2002; Zou 2007). Similar to normal HSCs, the
immunophenotype of CML stem cells is CD34+CD38– (Holyoake, Jiang et al. 2002), but the
transcriptional phenotype more closely resembles a normal CMP (Bruns, Czibere et al.
2009).
In accelerated phase and blast crisis of CML, bone marrow granulocyte-macrophage
progenitors (GMP) acquire self-renewal properties in vitro and exhibit increased expression,
nuclear localization, and function of beta-catenin (Jamieson, Ailles et al. 2004), a
transcription factor in the Wnt signaling pathway that has been implicated in self-renewal of
normal HSCs (Reya, Duncan et al. 2003). This suggests that aberrant activation of the Wnt
pathway may be a central feature of disease progression in CML. Additional studies indicate
that the Hedgehog (Hh) signaling pathway may also contribute to self-renewal of CML stem
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cells (Dierks, Beigi et al. 2008). Together, these observations offer new opportunities for
therapeutic intervention in CML through inhibition of the Wnt and Hh signaling.
More recently, increasing evidence suggests that although the Ph+ CML stem cells
(leukemia initiating cells) are important for the initial expansion of myeloid progenitors
during the chronic phase, other cells with stem cell-like properties support the progression to
blast crisis. Specifically, it was shown that expression of BCR-ABL1 in myeloid progenitor
cells could induce myeloproliferative neoplasm in transgenic mouse models (Jaiswal et al.,
2003). In addition, Jamieson et al. demonstrated that the granulocyte-macrophage progenitor
(GMP) pool from patients in blast crisis CML have increased levels of ß-catenin compared to
the levels in normal progenitor cells (Jamieson et al., 2004). Because the GMP cells display
enhanced self-renewal activity, and since in normal hematopoietic stem cells the process of
self-renewal requires ß-catenin, the authors propose that GMP cells are the stem-like cells
that drive the progression to blast crisis. Lastly, a recent mathematical model of CML blast
crisis also suggests that CML blasts are likely to result from more differentiated leukemic
progenitors (Michor, 2007).

ABNORMALITIES IN CML CELLS
A fundamental question in the study of CML is how a single Ph+ clone eventually
dominates the hematopoietic system. The leukemic clone possesses a proliferative
advantage, as bone marrow aspirates at diagnosis indicate that most patients are 90-100%
Ph+. However, the relatively long latency period characteristic of CML-CP suggests the
proliferative advantage is small. In support of this notion, normal HSCs persist in the bone
marrow of patients with CML (Goto, Nishikori et al. 1982; Coulombel, Kalousek et al. 1983;
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Kantarjian, Talpaz et al. 1991). Furthermore, in rare patients receiving an early diagnosis,
significant Ph– hematopoiesis is observed (Lisker, Caras et al. 1980).
Increased proliferation in Ph-positive cells is one mechanism that contributes to the
myeloid expansion observed in CML. Since it has been established that the Ph chromosome
arises in the HSC, the key question, as it pertains to CML, is at what stage in hematopoiesis
does BCR-ABL1 confer a growth advantage. The first compartment to consider is at the
HSC level, which by nature of its small size and uncertain cell surface expression pattern
(Sato, Laver et al. 1999), poses a challenge to study. Earlier studies indicate that the
Ph+/CD34+/Lin– population are not amplified, and possibly even reduced, in patients with
CML (Eaves, Udomsakdi et al. 1993; Delforge, Boogaerts et al. 1999). Recent work
confirms this observation, and employing a combination of flow assisted cell sorting (FACS)
analysis and gene expression profiling, concludes that HSCs derived from CML patients
have a transcriptional phenotype reminiscent of a normal CMP, yet maintain the
immunophenotype of a normal HSC (Bruns, Czibere et al. 2009).
Continuing along the pathway of hematopoietic differentiation, Ph-positive myeloid
progenitors are greatly expanded due in part to a proliferative advantage. CFU progenitor
cells are significantly amplified in CML patients, as assessed by both in vivo 3[H] labeling
(Ogawa, Fried et al. 1970) and colony-forming assays (Moore, Williams et al. 1973). Despite
this proliferation abnormality, all hematopoietic lineages are amplified equally and maintain
normal morphology.
The antecedents of this proliferative advantage are multifactorial. One possibility is
simply a shift in the balance between self-renewal and differentiation. This abnormality,
termed discordant maturation, manifests as a slight delay in maturation over normal

17

hematopoietic cell differentiation (Strife, Lambek et al. 1988). Consistent with this finding,
the size of the Ph+/ ß-catenin+, self-renewing stem cells is normal, while Ph+/ ß-catenin–,
differentiating progenitor pool is expanded. In CML-CP, it may be that BCR-ABL1 plays a
more critical role in progenitor cells than is does in the stem cells (Clarke 2004). Others
have pointed to the primary mitogenic activity conferred by BCR-ABL1 can stimulate cell
cycle entry in hematopoietic cell lines and primary cells in the absence of growth factors
(Cortez, Reuther et al. 1997; Jonuleit, Peschel et al. 1998). This difference in proliferation
may provide some insight into the treatment of CML. In summary, the BCR-ABL1–driven
expansion of the myeloid subset appears to originate from the HSC, which is unable to enter
quiescence. As a result, the pool of HSC (Ph+/CD34+/Lin–) remains relatively constant,
while the progenitor pools are continuously replenished. The consequence is a massive
accumulation of maturing myeloid cells.
While BCR-ABL1 mediated leukemogenesis appears in part to be driven by
increased proliferation, it is equally plausible that BCR-ABL1 confers resistance to
programmed cell death (apoptosis). Neutrophils, the myeloid lineage cells expanded in
CML, normally undergo apoptosis soon after maturity (Squier, Sehnert et al. 1995). Early
accounts suggest a modest survival advantage in Ph+ granulocytes compared to normal cells
(Athens, Raab et al. 1965; Galbraith and Abu-Zahra 1972). Cytokine-dependent
hematopoietic cells lines expressing BCR-ABL1 maintain their resistance to apoptosis
following cytokine withdrawal (Daley and Baltimore 1988; Hariharan, Adams et al. 1988),
while other Ph+ cell lines demonstrate resistance to apoptosis-inducing factors such as
irradiation and cytotoxic chemotherapeutic agents (Bedi, Zehnbauer et al. 1994; McGahon,
Bissonnette et al. 1994).

At the molecular level, BCR-ABL1–expressing cell lines appear to
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express anti-apoptotic signaling molecules, such as BCL2, PI3K, and activated NF- B
(Sanchez-Garcia and Grutz 1995; Reuther, Reuther et al. 1998; Horita, Andreu et al. 2000;
Neshat, Raitano et al. 2000).
However, there is conflicting evidence as to how much a role resistance to apoptosis
plays in the progression of CML-CP. This is especially true in primary cells gathered from
CML patients. While reports indicate CD34+ CML cells were resistant to apoptosis induced
by ionizing radiation (Bedi, Barber et al. 1995) and serum deprivation (Bedi, Zehnbauer et al.
1994), other have not been able to confirm these same observations (Amos, Lewis et al.
1995; Albrecht, Schwab et al. 1996). In fact, even if resistance to apoptosis does exist in
primary CML cells, it cannot completely account for the total myeloid expansion observed in
CML patients (Clarkson, Strife et al. 1997). These observations indicate that BCR-ABL1mediated resistance to apoptosis may be cell type-dependent. It is important to note that the
cells used in these experiments were either cell lines or advanced stage CML cells, and are
not representative of conditions that exist in chronic phase CML. Therefore, a role for
apoptotic resistance cannot be discounted in the progression of chronic phase CML to blast
crisis.
Changes in cell adhesion and migration present third possible explanation for the
increased circulation and proliferation of Ph+ stem/progenitor cells in CML (Verfaillie,
Hurley et al. 1997). Primitive Ph+ progenitors isolated from CML patients exhibit abrogated
adherence to bone marrow stroma (Gordon, Dowding et al. 1987) and fibronectin (Verfaillie,
McCarthy et al. 1992) due to a defect in beta-1 integrin function. This acquired adherence
defect offers one explanation to the disappearance of Ph+ progenitors from long-term in vitro
marrow cultures (Coulombel, Kalousek et al. 1983).
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These defects in adherence can have important clinical implications. It has been
exploited to cleanse CML marrow of malignant cells prior to an HSC autograft (Barnett,
Eaves et al. 1994). Therapeutic interventions such as interferon-alpha (Dowding, Gou et al.
1991; Bhatia, Wayner et al. 1994; Bhatia, McCarthy et al. 1996), antisense
oligodeoxynucleotides to BCR-ABL1 (Bhatia and Verfaillie 1998), and treatment with BCRABL1 tyrosine kinase inhibitors (Bhatia, Munthe et al. 1998) all reverse the observed
adherence defect in CML progenitor cells and restore normal adhesion-dependent inhibition
of proliferation (Hurley, McCarthy et al. 1995). However, restoring adherence alone does
not explain the efficacy of interferon-alpha in patients with CML. Although CML
progenitors recover normal adherence within 48 hours in vitro, the required hematologic
response in patients can take weeks to months of prolonged therapy. It is unclear whether
patients that are unresponsive to interferon-alpha also lack the interferon-alpha induced
normalization of adhesion in vitro. Although showing some promising therapeutic
implications, the study of adhesion defects in the pathophysiology of CML is still relatively
nascent.
Clearly, a considerable amount of work remains to be done to further elucidate the
cellular basis of myeloid expansion. The cell biology approach to the study of CML has
important implication for understanding CML pathogenesis, especially in its early stages, as
well as further characterizing disease progression. In addition, cell abnormalities in CML
can be leveraged towards improving clinical applications. Therapeutic interventions such as
ex vivo bone marrow purging can be optimized if differences in the cell biology between Ph+
and Ph– cells can be exploited. Furthermore, reversal of these observed abnormalities can
serve as surrogate markers for testing the efficacy of drug therapy.
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MOLECULAR BIOLOGY OF CML
BCR
Since the identification of the Ph chromosome, the function of the BCR gene product
has been examined in both in vitro and in vivo contexts. Although most studies of BCR focus
on its function in hematopoietic cells, BCR transcripts are detected in a variety of tissues,
arguing for its general involvement in cell function. Overexpression of BCR inhibits cell
proliferation (Braselmann and McCormick 1995). Wild-type BCR protein is a complex
protein that is largely localized to the cytoplasm. BCR is a player in multiple cell signaling
pathways due to the presence of multiple functional domains and motifs, including a coiledcoil (CC) oligomerization domain, a serine/ threonine (S/T) protein kinase, a DBL (Diffuse B
cell Lymphoma) homology domain which is a putative Rho guanine nucleotide exchange
factor (GEF), a pleckstrin homology (PH) domain, a putative calcium-dependent lipid
binding site (CaLB), and a Rac GTPase-activating proteins/domains (GAP) (Maru and Witte
1991; Boguski and McCormick 1993). The CC domain mediates homo- and heterooligomerization of BCR and BCR-ABL1 (McWhirter, Galasso et al. 1993); the BCR S/T
kinase domain auto- and trans-phosphorylates serine, threonine and tyrosine residues on itself
and downstream targets such as BAP-1, a member of 14-3-3 family (Reuther, Fu et al. 1994).
The DBL domain of BCR functions as a guanine nucleotide exchange factor for RHOA,
RAC1 and CDC42 and stimulates their binding of GTP, which may activate transcription
factors such as NF-ĸB (Montaner, Perona et al. 1998). The GAP homology domain in BCR is
similar to those found in other proteins that stimulate GTP hydrolysis (Chuang, Xu et al.
1995).
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Bcr-null mice were generated to define the physiological function of BCR in vivo
(Voncken, van Schaick et al. 1995). Bcr–/– mice exhibited normal hematopoiesis, but
neutrophils isolated from these mice had a pronounced increase in respiratory burst
(Voncken, van Schaick et al. 1995). Furthermore, these neutrophils are more susceptible to
apoptosis during endotoxin-mediated septic shock, presumably due to decreased Rac
signaling. In other systems, Bcr–/– mice displayed defects in the regulation of hormonal and
behavioral stress responses. They demonstrated prolonged elevation of plasma
glucocorticoids level and increased aggression in males in response to physiological and
social stress (Voncken, Baram et al. 1998). The apparent mild phenotype observed in Bcr–/–
mice suggests the existence of other functionally overlapping genes. One such gene is the
active BCR-related gene (ABR), which is highly related to BCR and has a similar pattern of
expression (Heisterkamp, Morris et al. 1989; Chuang, Xu et al. 1995).
The contribution and mechanism of BCR to BCR-ABL1-mediated leukemogenesis is
not well understood. Two studies indicate that full-length BCR protein might not be required
for BCR-ABL1 leukemogenesis. One study found that introduction of BCR-ABL1 p190 into
bone marrow from Bcr–/– mice still caused leukemia that was similar to wild-type recipients
in terms of the latency and clinical findings (Voncken, Kaartinen et al. 1998), suggesting that
the normal BCR protein is dispensable for leukemogenesis. Similarly, another group
generated a transgenic mouse with a BCR-ABL1 p190 fusion gene under the control of
endogenous BCR promoter. These mice developed leukemia independent of BCR
copy/dosage (Castellanos, Pintado et al. 1997). Full-length BCR may also be a negative
regulator of BCR-ABL1 mediated leukemogenesis, as overexpression of full-length BCR in
BCR-ABL1-positive cells reduces its transforming ability (Wu, Ma et al. 1999).
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C-ABL1

The ABL family of non-receptor tyrosine kinases consists of c-ABL1 (Abelson
tyrosine kinase, ABL1) and a single homolog, ARG (Abl-related gene) or ABL2. Similar to
other proto-oncogenes, c-Abl was discovered as the normal cellular homologue of the v-Abl
oncogene isolated from the Abelson murine leukemia virus (Wang, Ledley et al. 1984). The
v-Abl oncogene, the fusion product of the viral gag gene of M-MuLV and mouse c-Abl, is
capable of transforming lymphoid cells and producing a rapidly progressing B cell
leukemia/lymphoma following co-infection with its helper Moloney murine leukemia virus
(M-MuLV) (Abelson and Rabstein 1970). c-ABL1 is ubiquitously expressed in tissues of
vertebrates, highly conserved through evolution, and thought to play an essential role in
normal cell physiology (Van Etten 1999). The N-terminal 60 kDa of c-ABL1 shares
considerable homology with the SRC family of tyrosine kinases (SFKs) (Superti-Furga and
Courtneidge 1995), possessing an N-terminal “cap”, followed by an SH3 domain, SH2
domain and tyrosine kinase domain (Figure 1.2). In addition, c-ABL1 has a unique 90 kDa
C-terminal domain, also shared by its homolog ABL-related gene (ARG or ABL2, see Figure
1.2), which includes several proline-rich motifs, three nuclear localization signals (NLS), a
single nuclear export signal (NES) within an F-actin binding domain (ABD), 3 high mobility
group-like boxes (HLB), and a DNA binding domain (DBD) (Figure 1.2), (Wang 1993; Van
Etten 1999; Pendergast 2002).
The c-ABL1 gene generates two proteins with different N-termini from two
transcripts that originate from distinct transcriptional promoters: a myristoylated (1b or IV)
splice variant, and a 1a (mouse I) splice variant that is 19 amino acids shorter and lacks the
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myristoylation site (Shtivelman et al, 1986). When overexpressed in fibroblasts or
hematopoietic cells, most of c-ABL1 protein shuttles to the nucleus, while a fraction of
protein is retained in the cytoplasm and associated with either F-actin or localized to the
plasma membrane (Van Etten, Jackson et al. 1989; Wetzler, Talpaz et al. 1993). This
suggests that the myristoylation motif, NLS, NES, and ABD can all potentially regulate cABL1 subcellular localization, and that c-ABL1 physiological function maybe largely
governed by its subcellular localization (Van Etten 1999). When c-ABL1 is driven into the
nucleus in response to DNA damage, any one of the three NLS is sufficient to direct ABL to
the nucleus, where it can regulate gene expression or interact with other molecules, such as
retinoblastoma (Rb) protein (Wang 2000).
In the cytoplasm, c-ABL1 mainly associates with F-actin cytoskeleton through its
ABD, while a fraction also associates with the plasma membrane (Van Etten, Jackson et al.
1994). In the cytoplasm, c-ABL1 is mainly involved in adhesion function and cell migration
(Lewis, Baskaran et al. 1996). Nuclear c-ABL1 is normally inhibited by Rb protein, but can
be activated by DNA damages following Rb inactivation. The activation of nuclear c-ABL1
by DNA damage also depends on the ATM kinase, which is induced by ionizing radiation.
In response to ionizing radiation, ATM activates nuclear c-ABL1 to phosphorylate RNA
polymerase II. Interestingly, the oncogenic BCR-ABL1 and v-Abl proteins do not enter the
nucleus despite also possessing three NLS motifs (Van Etten, Jackson et al. 1989; McWhirter
and Wang 1991; Vigneri and Wang 2001). Nuclear entrapment through the combination of
imatinib inhibition of ABL kinase and drug blockage of nuclear export have been recently
reported to be a potential therapeutic strategy, since it induced apoptosis of BCR-ABL1positive cells (Vigneri and Wang 2001).
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Figure 1.2 - BCR and ABL1 proteins and functional domains
Two isoforms of c-ABL1 (human types 1a and 1b) are generated by alternative splicing; and
1b contains a myristoylation site (Myr). v-Abl also contains a myristoylation site. The amino
terminal half of ABL contains SH3, SH2 and the tyrosine kinase (Kinase) domains. In its
carboxyl-terminal region, ABL contains four proline-rich SH3 binding sites (PXXP, light
blue), three nuclear localization signals (NLS, black), one nuclear export signal (NES, blue),
three high mobility group-like boxes (HLB, white color), and one actin-binding domain
including monomeric (G) and filamentous (F) binding site (grey). BCR contains a coiled-coil
(CC) oligomerization domain, a serine/threonine (S/T) kinase domain, a DBL guanine
nucleotide exchange factor homology (DBL) domain, a pleckstrin homology (PH) domain, a
putative calcium-dependent lipid binding site and a RAC GTPase-activating domain (RACGAP). BCR also contains a binding site for GRB2 at Tyrosine 177 (Y177). p190, p210 and
p230 indicate the points at which BCR most commonly fuses to ABL1.
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Genetic disruption of c-Abl in mice also provides some insight into its physiological
function. Two groups concurrently generated c-Abl null mice (Schwartzberg, Stall et al.
1991; Tybulewicz, Crawford et al. 1991) and observed similar defects, with most pups dying
by 3 weeks of age. Lymphopenia was observed in about half of the mice, but the myeloid
lineage remained intact. In order to address possible genetic compensation by the homolog
ARG/ABL2, Abl–/–Arg–/– double null mice have also been generated (Koleske, Gifford et al.
1998). This double mutation causes lethality at the embryonic stage, as the mice display a
gross defect in neurulation with death occurring 11 days postcoitum. At the cellular level,
cells derived from these mice divide normally, but have profound defects in their actin
cytoskeleton. Taken together with the observation that ABL1 and ARG colocalize on the
actin microfilaments of neuroepithelium, the ABL homologues may play an essential role in
the development of neurons (Koleske, Gifford et al. 1998).
Crystallographic analysis of the c-ABL1 1b core (N-terminus, SH3, SH2 and kinase
domain) revealed the structural basis of its regulation (Figure 1.3) (Nagar, Hantschel et al.
2003). Similar to SFK structure, the c-ABL core assumes an autoinhibited conformation
stabilized by a complex set of intramolecular interactions among its SH3 and SH2 domains
and the kinase domain (Hantschel & Superti-Furga, 2004; (Nagar, Bornmann et al. 2002).
These modular domains were shown to dock onto the back of the kinase domain, acting as a
clamp and restricting its conformational flexibility (Nagar, Hantschel et al. 2003). The SH3
domain interacts with the N- terminal lobe of the kinase domain through an atypical PXXP
motif within the SH2:kinase linker that encompasses the residues P242TVY245 (Nagar,
Hantschel et al. 2003). In contrast to SFKs, this interaction is maintained in the absence of
the SH2 domain (Hochrein, Lerner et al. 2006). The tethering of the SH2 domain is mediated
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through the Y245 side chain that points away from the SH3 domain and interacts with the Nlobe of the kinase (Nagar, Hantschel et al. 2003). Mutation of P242 or phosphorylation of
Y245 can induce an increase in ABL1 kinase activity, suggesting that this “sandwich”
interaction is essential for the maintenance of the downregulated conformation (Barila and
Superti-Furga 1998; Brasher and Van Etten 2000; Tanis, Veach et al. 2003).
Although c-ABL1 lacks a phosphorylated ligand, the SH2 domain is docked tightly
against the C-lobe (Nagar, Hantschel et al. 2006). This interaction requires the binding of
myristic acid to a hydrophobic pocket in the C-lobe, which in turn induces a specific
conformational change in helix αI in the C-terminus of the C-lobe. SH2 binding is promoted
by the myristate-induced conformational change and is stabilized through a series of
hydrogen bonds described in detail by Nagar et al. (Nagar, Hantschel et al. 2003).
Interestingly, although c-ABL1 1a is not myristoylated, deletion of the N-terminus in both cAbl isoforms induces kinase activation, indicating that 1) the myristoyl moiety is required for
the stabilization of the inactive conformation of c-ABL1 1b, and 2) in c-ABL1 1a, there must
be other compensatory interactions that stabilize this conformation (Wang 1988; Pluk, Dorey
et al. 2002). Engagement of the SH2 domain by other proteins induces kinase activation due
to disrupted autoinhibition (Hantschel, Nagar et al. 2003).
The short eight-residue connector between the SH3 and SH2 domains forms a rigid
structure highly similar to that seen in SFKs, a structure stabilized by a network of hydrogen
bonds (Nagar, Hantschel et al. 2003). This connector dynamically couples the SH3-SH2 into
a regulatory “clamp” (Nagar, Hantschel et al. 2003). In addition to the SH3-SH2 clamp, the
N-terminal “cap” (N-cap) is believed to compensate for the lack of the phospho-Tyr tail and
to further stabilize the kinase in an inactive conformation. For example, when expressed in
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HEK293, an N-cap deletion mutant of c-ABL1 displayed increased kinase activity as
measured by the total cellular phosphotyrosine levels (Pluk, Dorey et al. 2002). The
mechanism by which the N-cap provides an extra layer of stabilization is illustrated by recent
crystallographic and hydrogen exchange mass spectrometry (HXMS) studies (Nagar,
Hantschel et al. 2006; Chen, O'Reilly et al. 2008). The crystal structure of the c-ABL1 kinase
core shows that residues within the cap region interact with both the SH3 and SH2 domains
through a network of hydrogen bonds and appear to stabilize docking onto the kinase domain
(Nagar, Hantschel et al. 2006). In addition, S69 within the cap region is phosphorylated and
interacts with the SH3-SH2 rigid linker. Mutations at this residue induce kinase activation,
presumably due to N-cap destabilization (Nagar, Hantschel et al. 2006).
Similar to SFKs, c-ABL1 kinase activity is also regulated by tyrosine phosphorylation
(Figure 1.3). In the absence of activating stimuli, endogenous c-Abl was found to be
unphosphorylated at Tyr residues (Van Etten, Debnath et al. 1995; Barila and Superti-Furga
1998). Structural studies show that when Y412 is unphosphorylated, the activation loop folds
into the active site thus preventing substrate and ATP binding (Schindler, Bornmann et al.
2000). Functionally, Y412 phosphorylation in trans or by SFKs induces kinase activation
(Plattner, Kadlec et al. 1999; Dorey, Engen et al. 2001). Tyrosine 245 (Y245), located in
SH2-kinase domain linker, is also critical residue in the full activation of c-ABL1 (Brasher
and Van Etten 2000). It is unclear how Y245 participates in kinase activation, as
phosphorylation at this residue does not appear to disrupt the SH3-SH2/linker interaction
(Brasher and Van Etten 2000).
Other tyrosine residues have also been implicated in the regulation of c-ABL1
activity. These residues include Tyr-134 in the SH3 domain, which is directly involved in
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binding the PXXP motif in the SH2:kinase linker, and Tyr-283 in the amino-terminal lobe of
the kinase domain, which comes into close contact with Ser-94 of the SH3 domain (Brasher,
Roumiantsev et al. 2001). Phosphorylation at any of these residues was predicted to disrupt
the SH3-linker-N-lobe of the kinase domain interaction and to activate c-ABL1 (Hantschel
and Superti-Furga 2004). Tyrosine 89, located in the SH3, interacts with both the linker and
SH2 domain in a negative regulatory fashion (Chen, O'Reilly et al. 2008). SFKs can relieve
this inhibitory interaction by phosphorylating c-Abl at Y89.
All these structure-function studies serve to underscore that c-Abl tyrosine kinase
activity is tightly regulated. A brief survey of the literature summarizes the myriad ways in
which c-ABL1 kinase activity is facilitated. Overexpression, as well in vitro purfication,
increases its c-ABL1 kinase activity (Brasher and Van Etten 2000), which indicates the
presence in vivo of a soluble inhibitor (Pendergast, Muller et al. 1991). These putative
physiological inhibitors of c-ABL1 include Rb (Welch and Wang 1993), Abl interactor (Abi)
(Dai and Pendergast 1995), the ABL associated protein 1 (Aap1) (Zhu and Shore 1996),
PAG/Msp23 (Wen and Van Etten 1997), and F-actin (Woodring, Hunter et al. 2001),
however the mechanism(s) by which these proteins regulate c-ABL1 in a physiologically
relevant manner remain unclear. One process that has a relevant physiological basis is the
platelet derived growth factor (PDGF) stimulated, phospholipase C gamma (PLC- )mediated hydrolysis of phosphatidylinositol-4,5-biphosphate (PIP2) (Plattner, Irvin et al.
2003). Since the myristoyl moiety makes an inhibitory interaction with the C-lobe of the
kinase domain, PIP2 hydrolysis or dephosphorylation is a highly plausible mechanism for cABL1 activation.
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Figure 1.3 - Crystal structure of the c-ABL1 kinase core
The crystal structure begins at Ala-65. c-ABL1 regions are color-coded: cyan for the Ncap;
blue for the SH3 domain; yellow for the SH3 domain; purple for the SH3:SH2 linker; green
for the SH2 domain; light blue for the kinase domain; orange for myristoyl moiety. Some of
the tyrosine residues shown to be important for the regulation of kinase function are
displayed: red for Tyr-412 and Ser-69; yellow for Tyr-245; purple for Tyr-89; cyan for Tyr134; green for Ser-94; bleu for Tyr-283 (PDB: 2FO0).
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As previously described, the c-ABL1 SH3 plays a negative regulatory role on kinase
activity. When a portion of c-ABL1, including the SH3 domain, is removed ( XB mutant),
this gain of function mutation increases c-ABL1 kinase activity and is sufficient to transform
hematopoietic cells (Jackson and Baltimore 1989). Oligomerization can also activate cABL1, as chemically induced dimerization of c-ABL1 is sufficient to transform NIH 3T3 and
render a hematopoietic cell line cytokine-independent (Smith and Van Etten 2001). This by
no means serves as an exhaustive treatment of the various ways in c-ABL1 is activated, but
serves to outline the various mechanisms by which it can be accomplished.
BCR-ABL1
Although there is widespread agreement that BCR-ABL1 fusion gene formation is the
sine qua non of CML, it remains unknown what triggers this event. Exposure to ionizing
radiation is a confirmed risk factor for developing CML (Preston, Kusumi et al. 1994). In
addition, in vitro high-dose irradiation of myeloid cell lines induces the expression of BCRABL1 transcripts similar to CML (Deininger, Bose et al. 1998). However, it is unlikely that
ionizing radiation is the sole initiating event. Since BCR-ABL1 transcripts can be detected in
up to 30-75% of normal healthy individuals (Biernaux, Leos et al. 1995; Wong and Witte
2001), it has been suggested that fusion BCR-ABL1 transcripts may be continuously
generated in hematopoietic system and such detection is not specific for leukemia. It is
unclear why a vast majority of these fusion events lead to a benign outcome, and it may be
reflective of the exceedingly low probability of the fusion event occurring in an HSC. What
is clear is that this early event creates a dysregulated tyrosine kinase from its tightly regulated
parent, c-ABL1. Why this dysregulation occurs, and the downstream consequences will be
the subject of the next several sections.
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A closer look at BCR-ABL1 reveals that there are three breakpoint regions [minor
(m); major (M); micro (µ)] in the BCR gene that gives rise to three variants of BCR-ABL1
differing in the amount of BCR included in the fusion protein (Figure 1.4) (Groffen,
Stephenson et al. 1984). The breakpoint in the c-ABL1 gene usually occurs 5‟ to exon b1, in
the introns between b1 and a1, or 5‟ to the exon a2. Regardless of breakpoint, processing of
the primary BCR-ABL1 transcript almost always results in a BCR-ABL1 fusion point at the
beginning of exon a2. These three BCR-ABL1 proteins are named p190 (Fainstein, Marcelle
et al. 1987), in which the junction occurs between the e1 region of BCR and a2 region of
ABL1; p210 in which the junction occurs between b2/a2 or b3/a2 regions of BCR and ABL1,
respectively ((Groffen, Stephenson et al. 1984); and p230 in which the junction occurs
between e3/a2 regions of BCR and ABL1 (Saglio, Guerrasio et al. 1990), respectively
(Figure 1.4). p190 encompasses the oligomerization and SH2 domain of BCR; p210 has the
PH and Dbl domains in addition to the oligomerization and SH2 domains; and p230 includes
an addition of the calcium/phospholipid binding domain of BCR (Chan, Karhi et al. 1987;
Kurzrock, Shtalrid et al. 1987; Quackenbush, Reuther et al. 2000).
Consistent with the differences in the content of BCR, the three different forms of
BCR-ABL1 are correlated with different types of Ph+ leukemias (Melo 1996; Okuda, Golub et
al. 1996). p210 is seen in up to 95% of CML patients, and one-third of Ph+ ALL patients. In
contrast, p190 is associated with de novo B-ALL and is detectable in two-thirds of all Ph+
ALL patients (approximately 50% adult ALL cases and up to 80% pediatric ALL cases) and
in rare cases of CML and AML. p230 has a strong association with chronic
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Figure 1.4 - Schematic diagram showing the BCR and c-ABL1 genes and the formation
of BCR-ABL1 variants
(A) Breakpoints location in BCR and c-ABL1 genes; (B) Composition of the chimeric BCRABL1 mRNA transcripts; (C) Domain organization of p210 BCR-ABL1. Regulatory Tyr-412
is illustrated in red. NSL: Nuclear Localization Signal; DNA: DNA-binding domain; Actin:
Actin-binding domain [Modified from (Inokuchi, Dan et al. 2003)].
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neutrophilic leukemia (CNL, segmented neutrophils and bands > 80% of total WBC),
which displays a much more slower clinical progress compared to p210-induced CML.
Structurally, BCR-ABL1 contains multiple domains, as shown in Figure 1.3. The
BCR region contributes the CC oligomerization domain, S/T kinase domain, pleckstrin
homology (PH) domain, Dbl/cdc24 GEF homology domain, serine/threonine and tyrosine
phosphorylation sites, and binding sites for the ABL1 SH2 domain and Grb2 (Ghaffari,
Daley et al. 1999; Zhang, Wong et al. 2001). Due to the N-terminal BCR fusion event, BCRABL1 lacks the regulatory N-terminal “cap” of c-ABL1, but the SH3 and SH2 domains, the
tyrosine kinase domain, and the large C-terminal region are all preserved.
The fusion of BCR sequences upstream of c-ABL1 results in a constitutively active
tyrosine kinase and is essential for BCR-ABL oncogenicity (McWhirter and Wang 1991;
Pendergast, Muller et al. 1991). The CC oligomerization domain of BCR is required for
BCR-ABL1 kinase activation (McWhirter, Galasso et al. 1993). Zhao et al. showed that
structurally, the first 72 amino acids of BCR form N-shaped monomers that dimerize through
the formation of an antiparallel coil-coil, and that two dimers associate to form tetramers
(Zhao, Ghaffari et al. 2002). Although BCR-ABL1 exhibits constitutive tyrosine kinase
activity, the kinase domain may retain some of the intra-molecular constraints and inhibitory
interactions of c-ABL1 (Hantschel and Superti-Furga 2004). This observation is supported by
evidence from a non-biased mutagenesis screen performed to identify mutants of BCR-ABL1
that induce imatinib resistance (Azam, Latek et al. 2003). In addition to identifying residues
that directly contact imatinib, this assay also uncovered residues that map at the interface
between the kinase domain and the SH3-SH2 clamp previously shown to regulate c-ABL1
kinase activity (Mayer and Baltimore 1994; Barila and Superti-Furga 1998; Brasher,
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Roumiantsev et al. 2001; Pluk, Dorey et al. 2002; Hantschel, Nagar et al. 2003). If mutations
at residues predicted to disrupt c-ABL1 inhibition also induce imatinib resistance in BCRABL1, it follows that mechanisms that dictate c-ABL1 autoinhibition are likely intact
(Hantschel and Superti-Furga 2004).
Although SH3 negatively regulates c-ABL1 kinase activity, when SH3 was deleted
from BCR-ABL1, BCR-ABL1 retained the ability to induce rapid fatal MPN, suggesting that
negative regulation by SH3 domain is not critical (Gross, Zhang et al. 1999). The addition of
BCR has been demonstrated to directly contribute dysregulated ABL1 kinase activity. Two
structures of BCR are essential for constitutively increased ABL1 kinase activity. The Nterminal CC domain mediates tetramerization of BCR-ABL1, which facilitates BCR-ABL1
auto-phosphorylation and hetero-phosphorylation of downstream signaling such as SH2containing phosphotyrosine phosphatase SHP2 (Tauchi, Miyazawa et al. 1997). Deletion of
the CC domain abolished the transforming ability of BCR-ABL1 in fibroblasts,
hematopoietic cells lines and bone marrow cells (McWhirter, Galasso et al. 1993), suggesting
its essential role in BCR-ABL1 induced malignancy. However, the CC domain is necessary
but not sufficient for BCR-ABL1 leukemogenesis, since mice transduced with CC domainABL1 fused gene do not develop MPN (Zhang, Subrahmanyam et al. 2001).
Dysregulated ABL1 kinase activity in BCR-ABL1 confers the potential to interact
with other signaling molecules. An examination of the literature suggests that many of the
major signaling pathways are impacted by BCR-ABL1 signaling in one cell context or
another. However, several downstream pathways play critical roles in BCR-ABL1
leukemogenesis.
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SIGNALING PATHWAYS IN BCR-ABL1 LEUKEMOGENESIS
As mentioned in the section on cell biology, BCR-ABL1 promotes leukemic
transformation through several mechanisms that include: 1) induction of constitutive
mitogenic signaling, 2) induction of growth-factor independence, 3) impairment of cell
adhesion properties, 4) promotion of resistance to apoptosis, and 5) disruption of the DNArepair response mechanisms. BCR-ABL1 oncogenic potential relies on its constitutive
tyrosine kinase activity and its ability to activate many different signal transduction
pathways, which are discussed in the following sections.

RAS AND MAPK PATHWAY
RAS is a member of small GTP-binding protein, regulated by a GDP/GTP cycle.
RAS is active when bound to GTP, but inactive when bound to GDP. In opposition, the
GTPase activating protein (GAP) terminates the active state of RAS by converting GTP to
GDP. Reactivation of RAS requires the removal of GDP by a GEF called Son of Sevenless
(SOS). The MAPK pathway (RAS/RAF/MEK/ERK) is activated by many growth factors and
cytokines, and has important mitogenic and anti-apoptotic roles in hematopoietic cells via
downstream transcription factors including NF- B, CREB, ETS-1, AP-1 and c-MYC
(Chang, Steelman et al. 2003; Steelman, Pohnert et al. 2004; McCubrey, Steelman et al.
2007).
The primary signaling pathway downstream of RAS is activating mitogen-activated
protein kinase (MAPK) pathway, specifically MAPK/ERK through MAPKKK/RAF family
and MAPKK/MEK1/2 (Repasky, Chenette et al. 2004). The MAPKs are a family of S/T
kinases that are essential in linking signals from outside the cell to changes in the
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transcriptome. Other members of MAPK family that are also activated include Jun Nterminal Kinase (JNK), p90RSK, and p38 (Geest and Coffer 2009). The activation of these
MAPK members induces the transcription of factors such as Elk-1 (also known as ternary
complex factor (TCF), an ETS-related transcription factor) and AP1 (a heterodimer complex
of c-JUN and c-FOS), which stimulate the cell cycle (Raitano, Halpern et al. 1995; Burgess,
Williamson et al. 1998). The MAPKs also play critical roles in the regulation of
proliferation, survival, and regulation in normal hematopoiesis. As it pertains to CML,
MEK1/2 inhibitors appear to synergize with dasatinib in a variety of Ph+ cell lines,
suggesting an epistatic relationship between BCR-ABL1 and MAPK signaling (Nguyen,
Rahmani et al. 2007).
Auto- or trans-phosphorylation of Y177 on BCR-ABL1 provides a docking site for
the adapter protein GRB2, which in turn recruits SOS and/or GAB2, and together with SOS
presumably activates downstream RAS signaling (Maru and Witte 1991; Sawyers,
McLaughlin et al. 1995; Sattler, Mohi et al. 2002). In addition to Y177, Y793 on BCR and
R552 on the ABL1 SH2 domain were also reported to activate RAS (Cortez, Kadlec et al.
1995). Other adapter molecules such as SHC, CRKL, and SHP2 are also known substrates of
BCR-ABL1 and activate RAS (Tauchi, Boswell et al. 1994; Senechal, Halpern et al. 1996;
Tauchi, Miyazawa et al. 1997). DOKp62, a negative regulator of RAS and MAPK activity,
opposes leukemogenesis of BCR-ABL1. Once phosphorylated, DOKp62 inhibits RAS GAP
activity by binding to its SH2 domain and therefore negatively modulates RAS activity
(Carpino, Wisniewski et al. 1997; Di Cristofano, Niki et al. 2001). Taken together, these
observations indicate that BCR-ABL1 employs multiple domains/motifs and associates with
multiple adaptors to activate RAS and downstream effectors.
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Some of the first reports linking BCR-ABL1 to RAS showed that phosphorylation of
Tyr-177 in the BCR portion of BCR-ABL1 generate a binding site for GRB2 adapter protein.
This in turn recruits the SOS and initiates RAS activation (Pendergast, Gishizky et al. 1993;
Puil, Liu et al. 1994; Goga, McLaughlin et al. 1995; Cortez, Stoica et al. 1996). The
importance of Tyr-177 for BCR-ABL1 oncogenicity has been widely debated. A point
mutation of tyrosine to phenylalanine (Y177F) abrogates BCR-ABL1 and GRB2 association
in vivo, impairs RAS activation, and reduces focus formation by BCR-ABL1 in fibroblasts
(Pendergast, Quilliam et al. 1993). However, this BCR-ABL1 Y177F mutant efficiently
transforms primary hematopoietic cells, such as Ba/F3 (Puil, Liu et al. 1994), and activates
RAS in hematopoietic cells (Cortez, Kadlec et al. 1995), suggesting the existence of a GRB2
independent pathway(s) that still allows activation of RAS (Ghaffari, Daley et al. 1999).
Indeed, it was shown that BCR-ABL1 activates RAS through another adapter molecule SHC
(Cortez, Kadlec et al. 1995; Pelicci, Lanfrancone et al. 1995). Goga et al. demonstrated that
recruitment of SHC by BCR-ABL1 requires the SH2 domain of BCR-ABL1, while Cortez et
al. showed that this interaction also required BCR-ABL1 kinase activity (Cortez, Kadlec et
al. 1995; Goga, McLaughlin et al. 1995). Lastly, BCR-ABL1 can activate RAS by binding
and phosphorylating CrkL-C3G adapter complex (Oda, Heaney et al. 1994; Nosaka, Arai et
al. 1999). Interestingly, to illustrate the importance of this complex in BCR-ABL1-induced
activation of the RAS pathway, Oda et al. used a cell-permeable CrkL-SH3-domain blocking
peptide and showed that this peptide inhibits proliferation of blast cells from CML patients
(Oda, Heaney et al. 1994). These findings have generated disagreement over the
physiological importance of Grb2 binding at Y177 of BCR-ABL1.
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The Y177 motif is also critical for BCR-ABL1 leukemogenesis, since the BCR-ABL1
Y177 mutant was no longer capable of inducing fatal MPN in a mouse BMT model (Million
and Van Etten 2000; Zhang, Subrahmanyam et al. 2001; He, Wertheim et al. 2002). Once
phosphorylated, it recruits GRB2 protein and in turn links tyrosine kinases to RAS signaling.
The BCR-ABL1-GRB2 interaction is required for activation of the RAS signaling pathways
(Pendergast, Quilliam et al. 1993). In addition, our group and others shown that v-Abl, a
Gag-Abl fusion protein produced by the Abelson murine leukemia virus, lacks GRB2
binding and the mice exhibit greatly attenuated and non-fatal CML in v-Abl recipients
(Million and Van Etten 2000),(Gross and Ren 2000). Recently, it was also shown that
phospho-Y177 recruits GAB2 via a GRB2/GAB2 complex, which then associates with the
p85 regulatory subunit of type IA phosphatidylinositol-3 kinase (PI3K) and with the tyrosine
phosphatase SHP2 (Sattler, Mohi et al. 2002). Recruitment of GAB2 by Y177 is critical for
BCR-ABL1 oncogenesis since myeloid progenitor cells isolated from Gab2-deficient mice
were resistant to transformation in vitro. However there are significant gaps in our current
knowledge regarding the downstream effects of GRB2 binding.

JAK/STAT PATHWAY
Another signaling cascade that plays a large role in tumorigenesis is the Signal
Transducer and Activator of Transcription (STAT) pathway (Ihle 2001). STATs are
monomeric cytoplasmic transcription factors that require phosphorylation at a specific,
conserved Tyr residue for activation, which in turn induces oligomerization, nuclear
transport, and DNA binding. In this manner, they are able to convey external signals to the
nucleus and regulate the expression of their target genes (Ihle 2001). STATs are known to be
activated downstream of receptor tyrosine kinases (EGFR or PDGFR), or receptors that
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recruits various cytoplasmic tyrosine kinases (JAKs or SFKs) (Ihle 1996; Leaman, Leung et
al. 1996), and as such are poised to regulate cell growth, survival and differentiation.
Although there are seven STAT family members (STAT1, 2, 3, 4, 5A, 5B, 6), only
STAT1, STAT3 and STAT5 are known to be activated by BCR-ABL1 (Carlesso, Frank et al.
1996; Shuai, Halpern et al. 1996; Coppo, Dusanter-Fourt et al. 2003). The role of STAT1 in
BCR-ABL1-induced transformation is a challenge, since disruption of the STAT1 gene in
mice leads to immune dysfunction and interferon insensitivity (Durbin, Hackenmiller et al.
1996). Furthermore, BCR-ABL1-induced transformation of 32Dcl3 murine myeloid cells
induces a very robust activation of STAT5, leaving STAT1 weakly activated and STAT3
with no measurable activation (Nieborowska-Skorska, Wasik et al. 1999).
STAT3 was shown to be constitutively active in BCR-ABL1–expressing embryonic
stem (ES) cells and to promote self-renewal even in the absence of LIF (Coppo, DusanterFourt et al. 2003). This constitutive activation of STAT3 in ES cells is also MEK kinase 1
dependent (Nakamura, Yujiri et al. 2005). More importantly, its presence in primary
Ph+/CD34+ cells from CML patients, suggests that STAT3 might be involved in the
maintenance of an undifferentiated phenotype in CML stem cells (Coppo, Dusanter-Fourt et
al. 2003).
The importance of STAT5 activation in BCR-ABL1 leukemogenesis is supported by
multiple observations. Ectopic expression of a dominant-negative STAT5 mutant decreases
BCR-ABL1-dependent cell proliferation of Ba/F3 cells and blocks BCR-ABL1-dependent
transformation of primary mouse bone marrow cells (Nieborowska-Skorska, Wasik et al.
1999; Sillaber, Gesbert et al. 2000). In addition, STAT5 activation is consistently observed
in CML (Shuai, Halpern et al. 1996) and it was proposed to play a role in disease progression
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to blast crisis (Gutiérrez-Castellanos, Cruz et al. 2004). Activation of STAT5 by BCR-ABL1
was shown to require both SH3 and SH2 domains of BCR-ABL1 and to be JAK2independent (Ilaria and Van Etten 1996; Nieborowska-Skorska, Wasik et al. 1999).
JAK2 is a member of the Janus kinase (JAK) family of non-receptor tyrosine kinases,
which are important regulators of cytokine growth factor receptors (Ward, Touw et al. 2000).
Although JAK2 was not linked to the activation of STATs in response to BCR-ABL1,
increasing evidence points to a role of JAK2 in BCR-ABL1 leukemogenesis. In a series of
biochemical assays, it was shown that BCR-ABL1, via its C-terminus, binds JAK2 and
phosphorylates it at Tyr1007 in a kinase- and SH2-dependent manner (Xie, Wang et al.
2001). BCR-ABL1–induced activation of JAK2 also results in the phosphorylation of
GAB2, thus linking this process to PI3K and MAPK signaling (Samanta, Lin et al. 2006). In
addition, JAK2 activation in BCR-ABL1 positive cells was linked to c-Myc protein
induction, a transcription factor required for BCR-ABL1 transformation (Sawyers, Callahan
et al. 1992). Finally, the JAK2 inhibitor AG490 induced apoptosis in both 32D-p210 and
K562 cells, suggesting that JAK2 may play a crucial role in CML (Samanta, Lin et al. 2006).

PI3K/AKT SIGNALING
The PI3Ks are a family of proteins that catalyze the transfer of γ phosphate from ATP
to phosphoinositides that act as anchors for pleckstrin homology (PH) domain-containing
proteins such as Akt or phosphoinositide-dependent protein kinase-1 (PDK1). The class IA
of PI3Ks are homodimers composed of a p85 regulatory and a p110 catalytic subunit.
BCR-ABL1 activates PI3K through the recruitment of the scaffolding GRB2/GAB2
protein complex to phospho-Y177. GAB2 in turn interacts with the p85 regulatory subunit
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and induces PI3K activation (Varticovski, Daley et al. 1991; Skorski, Kanakaraj et al. 1995).
The BCR-ABL1-Y177F mutant exhibits decreased tyrosine phosphorylation of GAB2 and
decreased PI3K activation (Sattler, Mohi et al. 2002). In addition, myeloid progenitors
derived from Gab2–/– mice are resistant to transformation by BCR-ABL1, suggesting that
GAB2 is a critical mediator of BCR-ABL1-induced activation of PI3K (Sattler, Mohi et al.
2002). Additional scaffolding proteins implicated in the activation of PI3K are c-CBL, CrkL
and c-CRK. Sattler et al. showed that BCR-ABL1 induces the formation of a multimeric
complex of signaling molecules that leads to the recruitment of p85. CrkL or c-CRK recruits
BCR-ABL1 through their SH3 domains and to c-Cbl through their SH2 domains, while p85
binds directly to c-CBL through its SH3 and SH2 domains (Sattler, Salgia et al. 1996; Jain,
Langdon et al. 1997).
PI3K kinase triggers AKT activation, a nexus point for the regulation of various
transcription factors and pro-apoptotic molecules that have a critical role in BCR-ABL1
transformation (Skorski, Bellacosa et al. 1997; Vivanco and Sawyers 2002). For example,
AKT phosphorylates BAD and inhibits its pro-apoptotic activity by inducing its cytoplasmic
sequestration with 14-3-3ß (Brunet, Bonni et al. 1999; Salomoni, Condorelli et al. 2000)
(Salomoni et al., 2000; Brunet et al., 1999). In addition, AKT inhibits p53 tumor suppressor
function by phosphorylating MDM2, inducing its cytoplasmic export from the nucleus and
promoting p53 ubiquitination and degradation (Mayo and Donner 2001; Zhou, Liao et al.
2001). Furthermore, AKT phosphorylates inhibitor of NF- B kinase (I B-kinase-α), which
in turn induces phosphorylation and proteasomal degradation of I B (Ozes, Mayo et al.
1999; Silverman and Maniatis 2001). Degradation of I B releases NF- B, freeing it to
translocate into the nucleus, where it functions as a transcription factor for an entire spectrum

42

of target genes that facilitate tumor progression, inflammation, cell survival, angiogenesis,
proliferation, and metastasis [reviewed in Nishikori, 2005].
C-MYC PATHWAY

Overexpression or elevation of c-MYC is a widespread phenomenon in a large variety
of human tumors. Not surprisingly, c-MYC also plays an important role in the progression of
CML. The levels of c-MYC RNA are elevated in BCR-ABL1-transformed cells. Activation of
MYC by BCR-ABL1 requires its SH2 domain, and overexpression of dominant–negative
forms of MYC efficiently blocked BCR-ABL1 transformation (Sawyers, Callahan et al.
1992; Sawyers 1993). The upregulation of c-MYC is likely due to the modulation of E2F by
ABL proteins, but may also result from STAT5 (Nosaka, Arai et al. 1999). Recently, BCR
was shown to be a novel regulator of c-MYC (Mahon, Wang et al. 2003). c-MYC was
identified as a binding partner for BCR in both yeast and mammalian cells. BCR expression
inhibited activation of c-MYC-responsive genes, suggesting that one function of BCR is to
limit the c-MYC activity. Increased BCR expression also correlated with a reduction in cMYC protein levels, suggesting that BCR may act by regulating c-MYC stability.
P53 PATHWAY

It would be remiss to review oncogenic signaling pathways without touching upon
p53. Mice with p53 gene disruption developed normally but are highly susceptible to
spontaneous tumor formation (Donehower, Harvey et al. 1992). p53 is not required for
normal cell growth, but functions to prevent proliferation under circumstances of cellular
stress and DNA damage. Hence, the normally low levels of p53 is upregulated following
DNA damage, certain oncogenic events, hypoxia, and other cellular stresses (Ko and Prives
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1996). p53 mutation is found in a large variety of human tumors and likely plays a role in the
progression of CML. Its dysfunction could result from direct mutation in the p53 or from
aberrations in p53 regulation. Aberrations in p53 regulation include either excessive levels of
its negative regulators (e.g. MDM2, MDMX) or inadequate levels of its positive regulators
(e.g., ARF). Mutations of p53 are very rare in CML-CP but become more common (~30%)
in CML-BC (Ahuja, Bar-Eli et al. 1989; Mashal, Shtalrid et al. 1990). When CD34+ CML
cells were treated with p53 antisense oligonucleotides, the number of cells that entered the
cell cycle significantly increased (Lanza, Bi et al. 1995), suggesting that p53 is a negative
regulator of cell cycle proliferation and it functions through changes in cell cycle kinetics.
When BCR-ABL1-transgenic mice were crossed with p53+/– mice to generate BCR-ABL1transgenic; p53+/– mice, these mice died sooner than BCR-ABL1-transgenic; p53+/+ mice.
They also exhibited rapid proliferation of blast cells, which was preceded by clinical signs of
a MPN resembling human CML (Honda, Ushijima et al. 2000).

GAB FAMILY OF SCAFFOLDING PROTEINS
MEMBERS OF THE GAB FAMILY
The GAB (GRB2-associated binder) proteins, which include mammalian GAB1,
GAB2, GAB3, the C. elegans homolog Soc1 (Suppressor of Clear), and the Drosophila
homolog DOS (Daughter of Sevenless), constitute a family of scaffolding proteins closely
related to insulin receptor substrates (IRS-1, IRS-2, IRS-3, IRS-4), fibroblast growth factor
substrate (FRS2), linker of T cell (ALT and downstream of kinase (Dok) (White 1997; Zhang
and Samelson 2000; Gu and Neel 2003). In contrast to IRS proteins, which respond to a
limited set of receptors, GAB proteins act downstream of both tyrosine kinase receptors (i.e.
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epidermal growth factor receptor and CSF-1) and non-tyrosine kinase receptors (i.e.
receptors for interleukin-3 and 6). GAB1 was previously cloned as a binding partner of
Grb2 (Holgado-Madruga, Emlet et al. 1996). GAB2 was identified by a screen of binding
partners of the tyrosine phosphatase SHP2 (Gu, Pratt et al. 1998) and during a search for
homologs of GAB1 (Nishida, Yoshida et al. 1999; Zhao, Yu et al. 1999). A GAB1
homology screen in human murine cDNA libraries facilitated the cloning of Gab3 (Wolf,
Jenkins et al. 2002).
GAB proteins are evolutionarily conserved. Drosophila and C. elegans have only
one GAB-like protein (Raabe, Riesgo-Escovar et al. 1996). In Drosophila the receptor
tyrosine kinase Sevenless is essential for development of R7 photoreceptor cells in the
drosophila eye. DOS was identified in a screen for suppressors of hyperactivated Sevenless
(Herbst, Carroll et al. 1996) or independently cloned as a binding partner for Corkscrew, the
Drosophila ortholog of SHP2 (Raabe, Riesgo-Escovar et al. 1996). Binding of Corkscrew to
DOS depends on the Corkscrew SH2 domains and is an essential step for signaling by
Sevenless. The C. Elegans ortholog, SOC-1 was cloned in a screen for suppressors of a
hyperactive EGL-15 (FGF receptor ortholog) (Schutzman, Borland et al. 2001). SOC-1 acts
with PTP2 (C. elegans SHP2 homolog) to mediate the EGL-15 signaling cascade, which is
crucial for nematode development.
The molecular mass of unmodified GAB1 is 120 kDa, GAB2 is 97 kDa, and GAB3 is
90 kDa. The expression patterns of different GABs vary. GAB1 is expressed ubiquitously,
whereas GAB2 is highly expressed in hematopoietic cells, the heart, brain, lung and testis.
GAB3 is expressed in the thymus, spleen and many hematopoietic cell lines (Yamasaki,
Nishida et al. 2001).
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STRUCTURE OF GABS
All GAB family proteins share a common structure: a central proline-rich domain
(PRD) and multiple potential binding sites for the SH2 domains of PI3K-p85, SHP2, PLC or
CrkL. There exist noticeable difference as well. Significantly, GAB1 contains a unique
MET binding domain (MBD) that is absent in both GAB2 and GAB3.
The overall homology among GAB proteins is 40-50%, but within the PH domain,
GAB proteins reveal greater than 60% homology, making it the most conserved region
among the GAB proteins. The PH domain has been show to recognize phosphoinositides on
the membrane and to facilitate membrane targeting of proteins [reviewed in (DiNitto, Cronin
et al. 2003)]. In vivo the PH domain of GAB1 binds specifically to the PI3K product,
phosphatidylinositol 3,4,5-triphosphate (PIP3) (Isakoff, Cardozo et al. 1998). GAB1 is
essential for hepatocyte growth factor (HGF)-induced branching tubulogenesis in MDCK
epithelial cells. GAB1 lacking a PH domain loses its ability to promote tubulogenesis and
localizes to the cytoplasm instead of at cell-cell contacts as observed with wild type GAB1
(Maroun, Holgado-Madruga et al. 1999). These results demonstrate that the PH domain of
GAB1 is required for it subcellular localization and function. Substituting the PH domain of
GAB1 with the myristylation signal from c-SRC is sufficient for its membrane localization
and morphological response. Moreover, constitutive membrane targeting of GAB1 converts
a nonmorphogenic, noninvasive response to EGF to a morphogenic invasive program
through enhancement of RAC activity (Maroun, Naujokas et al. 2003).
In addition to regulation of morphologic responses, the PH domain of GAB1 may
play a role in tumor suppression. During neoplastic progression in carcinogen-treated Syrian
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hamster embryo cells, the expression of a truncated GAB1 lacking the N-terminal 103 amino
acids (corresponding to most of the PH domain) is increased along with enhanced EGFdependent colony formation in soft agar (Kameda, Risinger et al. 2001), indicating an
inhibitory role of the PH domain on the ability of GAB1 to promote EGF-evoked tumor
progression.
In a similar fashion to GAB1, GAB2 is also phosphorylated upon HGF stimulation
and is localized at cell membranes in MDCK cells. However, activated GAB2 fails to induce
morphologic changes in response to HGF (Lock, Maroun et al. 2002). Sequence analysis
identified 10 amino acids within the MBD of GAB1, absent in GAB2, as essential for the
association with HGF receptor (Met) and the ability of GAB1 to induce tubulogenesis (Lock,
Maroun et al. 2002). These data indicate that GAB1 and GAB2 have divergent functions in
the Met signaling pathway.
GAB2 plays a crucial role in the allergic response (Gu, Saito et al. 2001). The PH
domain is required for the recruitment of GAB2 to the phagocytic cup and for the Fc
receptor-mediated phagocytosis (Gu, Botelho et al. 2003). In a different context,
overexpression of GAB2 in Jurkat cells or T cell hybridomas leads to inhibition of NFAT
activation and IL-2 production, and deletion of the PH domain impairs membrane
localization of GAB2 and abrogates its inhibitory function (Yamasaki, Nishida et al. 2001).
However the PH domain of GAB2 is dispensable for EGF-induced DNA synthesis in rat
hepatocytes (Kong, Mounier et al. 2003), but EGF-dependent tyrosine phosphorylation of
endogenous GAB2 is essential for this response (Kong, Mounier et al. 2003). These results
confirm that the PH domain of GAB1 and GAB2 is required for membrane localization, but
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the function of the PH domain is dependent on both cell context and the involved signaling
pathway.
Proline rich domain (PRD)
The central part of GAB proteins contains multiple PXXP motifs, which are
responsible for recruiting proteins containing SH3 domains. The aforementioned adaptor
molecule GRB2 is constitutively associated with all GAB proteins (Holgado-Madruga, Emlet
et al. 1996; Gu, Pratt et al. 1998; Wolf, Jenkins et al. 2002). Subsequent characterization of
the PRDs in GAB1 and GAB2 has revealed a canonical GRB2 SH3 binding motif
(PXXPXR) as well as an atypical binding motif (PX3PX2KP) (Schaeper, Gehring et al.
2000).
GAB1 contains a unique region (amino acids 450-532) within the PRD, called the
Met-binding domain (MBD), which is responsible for interacting with active MET receptors,
and is absent from other GAB proteins. A 13 amino acid sequence with the MBD (487-499)
is responsible for direct association of GAB1 with Met (Lock, Royal et al. 2000). Since this
sequence is not found in other GAB proteins, most GAB-receptor interactions are mediated
indirectly through other signaling molecules such as GRB2. The SH2 domain of GRB2 then
directs the GRB2-GAB2 complex to phosphotyrosines on the intracellular domain of
receptors where GABs become phosphorylated. A GRB2 binding on GAB1 is also required
for optimal interaction with Met (Nguyen, Holgado-Madruga et al. 1997). The role of GRB2
sites is further confirmed by deleting the GRB2 binding sites on GAB1, leading to reduction
of its interaction with MET (Lock et al., 2002). When these residues were introduced into
GAB2, they restored c-Met binding in GAB2, but were unable to promote epithelial
morphogenesis (Lock, Maroun et al. 2002).
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In some signaling pathways, the GRB2-GAB2 protein complex is recruited to cell
surface receptors through other intermediates. In IL-3/GM-CSF/IL-5 signaling, the common
c chain lacks direct GAB2 binding sites, but contains a binding site (Y577) for the PTB
domain of SHC (Gu, Maeda et al. 2000). Mutation of Y577 leads to diminished IL3-induced
tyrosine phosphorylation of GAB2. SHC contains several binding motifs for the SH2 domain
of GRB2. Mutations of these binding sites on SHC eliminate the phosphorylation of GAB2,
indicating that in the IL-3 signaling pathway, GAB2 phosphorylation requires both SHC and
GRB2, and that GAB2 recruitment to the common c chain is mediated by the SHC-GRB2GAB2 complex (Gu, Maeda et al. 2000). Similarly, in FGF signaling, GAB1 interacts with
the FGFR through another adaptor FRS2. FRS2 binds to the juxtamembrane region of FGFRl
via its PTB domain (Xu, Lee et al. 1998). Upon FGF stimulation, FRS2 becomes tyrosine
phosphorylated. The SH2 domain of GRB2 binds to phosphorylated tyrosines on FRS2, and
brings along GABl which is constitutively associated with GRB2 (Ong, Hadari et al. 2001).

SH2 DOMAIN-CONTAINING BINDING PARTNERS OF GAB2
PI3K
All GABs contain the motif YXXM that recruits the SH2 domain of the p85
regulatory subunit of PI3K. There are three p85 binding motifs present in mammalian GABs,
but only one site in DOS and SOC-1 (Gu, Pratt et al. 1998; Herbst, Zhang et al. 1999;
Bausenwein, Schmidt et al. 2000; Wolf, Jenkins et al. 2002; Yu, Hawley et al. 2002).
However mutation of this site on DOS or SOC-1 does not lead to any significant defects in
PI3K pathway (Herbst, Zhang et al. 1999; Bausenwein, Schmidt et al. 2000). Based on a
yeast two-hybrid screen, GAB2 recruitment of p85/PI3K is mediated by Y452, Y476 and
Y584 (Crouin, Arnaud et al. 2001).
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SHP2
In addition to the PRD and PH domains, GAB proteins are rapidly phosphorylated on
tyrosine residues in response to growth factor stimulation, creating docking sites for SH2
domain-containing proteins. The GAB proteins contain at least one consensus binding site
for SHP2 (YXXIN/L) at the C-terminus, which is conserved from C. elegans to mammals
(Raabe, Riesgo-Escovar et al. 1996; Gu, Pratt et al. 1998; Schutzman, Borland et al. 2001;
Cunnick, Meng et al. 2002; Wolf, Jenkins et al. 2002). GAB proteins in mammals and
Drosophila, but not C. elegans, also contain a second binding site for SHP2. A yeast 2-hybrid
study shows that GAB2 interaction with SHP2 depends exclusively on Y614 (Crouin,
Arnaud et al. 2001).
Other partners
GABs also associate with PLC , SHIP (SH2 domain-containing inositol
phosphatase), and CRK (Garcia-Guzman, Dolfi et al. 1999; Bausenwein, Schmidt et al. 2000;
Bone and Welham 2000; Xie, Ambudkar et al. 2002). Multiple binding motifs, YXXP, in
GABl and GAB2, bind to the SH2 domains of Crk and PLC . These motifs are absent in
GAB3, again reinforcing the functional differences among GAB proteins. CRK family
adapters contain both SH2 and SH3 domains. They activate RAP and RAS to enhance ERK
activity (Wu, Lai et al. 2001). The CrkL interaction depends on the SH2 domain of CrkL
binding to Y266 and Y293 on GAB2 (Crouin, Arnaud et al. 2001). Independent of CRK
binding, a RHO GTPase activating protein, GC-GAP, interacts with GAB1 and GAB2 (Zhao,
Ma et al. 2003), making the intriguing contention that GAB1 and GAB2 may regulate RAC1
and CDC42 activity through GC-GAP.

50

SIGNAL TRANSDUCTION THROUGH GABS
GAB1 and GAB2 are also tyrosine phosphorylated by other kinases such as SRC
(Podar, Mostoslavsky et al. 2004), v-SEA (Ischenko, Petrenko et al. 2003), BCR-ABL1
(Sattler, Mohi et al. 2002), and TEL-ABL1 (Million et al., 2004). Once the GAB proteins are
localized to cell membrane and undergo tyrosine phosphorylation, they recruit several
partners as described previously. The best understood partners are the p85 subunit of PI3K
and the SHP2 phosphatase.
Regulation of MAPK pathway
Cells derived from Gab1 knockout mice fail to activate ERK in response to EGF,
platelet-derived growth factor (PDGF), HGF, and IL-6 (Itoh, Yoshida et al. 2000). The
GAB1-SHP2 interaction is required for full ERK activation in numerous signaling pathways.
SHP2 exhibits low basal activity because of allosteric inhibition of its phosphotyrosine
phosphatase (PTP) domain by its N-terminal SH2 domain. Once the SH2 domain of SHP2
binds to a phosphotyrosine (i.e., on a GAB molecule), the inhibition is removed, leading to
strong activation of its phosphatase activity.
A report on GAB1 mutants in EGF and lysophosphatidic acid (LPA) signaling
revealed that the SHP2 binding sites on GAB1 are essential for EGF-mediated ERK
activation, whereas the PH domain is required for LPA-induced ERK activation (Cunnick,
Dorsey et al. 2000). Overexpression of a GAB1 mutant lacking SHP2 binding sites impairs
activation of ERK in response to glial cell line derived neurotrophic factor (GDNF) (Maeda,
Murakami et al. 2004) and hepatocyte growth factor (HGF) (Schaeper, Gehring et al. 2000).
EGF-mediated ERK activation requires the physical interaction of SHP2 and Gabl because in
cells expressing a GAB1 mutant lacking SHP2-binding sites (GAB1FF), constitutively active
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SHP2 (SHP2 N) fails to rescue defective ERK activation. In contrast a chimera of GAB1FF
fused to SHP2 N constitutively activates ERK (Cunnick, Mei et al. 2001). Substratetrapping experiments using a catalytically inactive SHP2 mutant show that GAB1 is a SHP2
substrate (Cunnick, Mei et al. 2001). There are two potential mechanisms to explain how
SHP2 interacts with GAB1 to regulate ERK activation. GAB1 phosphorylation could be
regulated by SHP2 or SHP2 could utilize the GAB1 PH domain to target SHP2 to the cell
membrane. To address this question, the GAB1 PH domain was fused to SHP2 N and
studies indicate the PH domain alone is sufficient for active SHP2 to constitutively activate
MEK1 and ERK2 (Cunnick, Meng et al. 2002). Thus, SHP2 appears to utilize the GAB PH
domain to localize to the plasma membrane where it presumably dephosphorylates an
unknown substrate needed for RAS/ERK activation.
Recently, experimental evidence has elucidated a possible mechanism by which
SHP2 activates RAS. Y317 on GABl was identified to be a major docking site for RAS-GAP
and a putative SHP2 target (Montagner, Yart et al. 2005). RAS-GAP is a negative regulator
of RAS; by stimulating the GTPase activity of RAS, it converts RAS into its inactive form,
which in turn blocks ERK activation. RAS-GAP contains two SH2 domains, which is able to
recognize the Y317 phosphorylated YXXP motif found in GAB1. This leads to localization
of RAS-GAP to the cell membrane, where it is able to exert its inhibitory function on RAS
activation. SHP2 acts in opposition to RAS-GAP by dephosphorylating Y317. These studies
characterize GAB1 Y317 as a negative regulatory site for RAS. Therefore, SHP2 may
promote ERK activation by a mechanism involving both membrane targeting via GAB1 and
dephosphorylation of GAB1 Y317. However, in FGF signaling pathways, GAB1 is not
essential for ERK activation (Lamothe, Yamada et al. 2004).
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Overexpression of a GAB2 mutant lacking SHP2 binding sites also leads to defective
ERK activation in response to several stimuli (Liu, Jenkins et al. 2001). Mast cells and
macrophages from Gab2 knockout mice show reduced ERK activation in response to stem
cell factor (SCF) (Nishida, Yoshida et al. 1999). Paradoxically, overexpression of GAB2
enhances ERK activation and reduces ERK-mediated Elk-l transcription activity (Zhao, Yu et
al. 1999). It is unknown how GAB2 mediates this uncoupling of ERK from its targets.
Regulation of PI3K pathway
For receptors without p85 binding sites, GAB proteins provide a major pathway to
PI3K activation. In FGF signaling, GAB1 is essential for AKT activation (Lamothe, Yamada
et al. 2004). GAB1 overexpression promotes AKT activation in response to FGF,
consistently the mutant lacking p85 binding decreases AKT activation (Ong, Hadari et al.
2001). GAB2 is involved in PI3K activation in response to IL-3/GM-CSF/IL-5 and 19B (Gu,
Maeda et al. 2000; Gu, Saito et al. 2001). On the other hand, for receptors with p85 binding
sites, GABs can recruit PI3K to amplify the activity. GAB1-mediated PI3K activation
promotes NGF-mediated cell survival (Holgado-Madruga, Moscatello et al. 1997) and a
GAB1 mutant lacking p85 binding sites abolishes the anti-apoptotic capacity of NGF. GAB
proteins are also involved in PI3K activation for RET (Maeda, Murakami et al. 2004) and T
cell receptor (TCR) (Yamasaki, Nishida et al. 2001).
Other signaling pathways through GABs
Two other signaling pathways demand a brief treatment. First, PLC binding sites on
GAB1 are not required for HGF-induced scattering, but are required for HGF-induced
tubulogenesis (Gu, Maeda et al. 2000). Second, CRK-GAB1 interaction correlates with
HGF-stimulated JNK activation (Garcia-Guzman, Dolfi et al. 1999). MET-induced JNK
activation has been implicated in MET-mediated transformation. Overexpression of GAB2 in
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the rat basophilic leukemia 2H3 cell line inhibits antigen-induced p38 and JNK activation
(Xie, Ambudkar et al. 2002), indicating that GAB2 may be a negative regulator for Fc RImediated p38 and JNK phosphorylation. However, for RANKL signaling, GAB2 is essential
for JNK activation (Wada, Nakashima et al. 2005). These results indicate that GABs may
regulate the JNK pathway differentially in different scenarios.
Feedback regulation of GAB proteins
As GAB proteins positively regulate growth factor-induced PI3K and ERK pathways,
these downstream kinases in turn regulate GAB functions via feedback loops. In HGF
signaling, activated ERK phosphorylates GAB1 and increases the affinity of p85 for GAB1,
thereby promoting PI3K activation (Yu, Roshan et al. 2001). However, in EGF signaling,
inhibition of activated ERK with a specific MEK inhibitor, U0126, increases tyrosine
phosphorylation of GAB1 and association of PI3K with GAB1, indicating a negative role of
ERK on GAB1-mediated PI3K activation (Yu, Liu et al. 2002). Phosphopeptide mapping
and matrix assisted laser desorption ionization mass spectrometry (MALDI-MS) reveal that
insulin-activated ERK phosphorylates GAB1 at S454, S58l, S597, and T476, which are
adjacent to the SH2 binding motifs (Y447, Y472, Y6l9) of PI3K (Lehr, Kotzka et al. 2004).
EGF-mediated PI3K activation is also negatively regulated by SHP2, which
dephosphorylates the p85 binding sites on GAB1 (Zhang, Tsiaras et al. 2002).
GAB2 is also subject to similar feedback regulation. Two sites of serine
phosphorylation have been identified. First, AKT phosphorylates GAB2 on S159 and inhibits
heregulin-induced tyrosine phosphorylation of Gab2. An S159A GAB2 mutant exhibits
increased GAB2 tyrosine phosphorylation and AKT activation, suggesting a negative
feedback loop for GAB2-mediated AKT activation (Lynch and Daly 2002). Second, ERK
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phosphorylates GAB2 on S623, which is located between Y6l4 and Y643, the putative SHP2
binding sites. The phosphorylation of S623 reduces the SHP2-GAB2 interaction by
electrostatic repulsion, thus dampening the effect ERK activation. In this manner, ERK
negatively regulates its own activation (Arnaud, Crouin et al. 2004). Overall, each step of the
different signaling pathways has been precisely regulated to the balance of activation and
inactivation.

FUNCTIONS OF GAB PROTEINS
Recent reports on Gab knockout mice demonstrate important in vivo roles for GAB
proteins and argue against functional redundancy. Gab1 knockout causes embryonic lethality
of mice due to developmental defects in the heart, placenta and skin (Itoh, Yoshida et al.
2000). A different group reported that Gab1–/– mice exhibit muscle, liver and placental
defects that are largely attributed to defective MET signaling (Sachs, Brohmann et al. 2000).
Since GAB1 functions downstream of PDGF, HGF and other growth factors, the phenotype
of Gab1–/– mice may result from the combined defects in these signaling pathways. Analysis
of irradiated mice reconstituted with fetal liver cells from Gab1–/– mice demonstrates that
GAB1 is not required for hematopoiesis, but is a negative regulator of the thymusindependent antigen-2 response of marginal zone B cells (Itoh, Itoh et al. 2002). Consistent
with its positive regulatory effect on ERK signaling, the epidermis in Gab1–/– embryos
displays lower levels of active Ras and MAPK, and more differentiated cells (Cai, Nishida et
al. 2002). GAB1 has conflicting effects on survival: GAB1 is required for NGF-dependent
survival (Holgado-Madruga, Moscatello et al. 1997), but is also needed for UV-induced JNK
activation and apoptosis (Sun, Yuan et al. 2004). GAB1 has been found to have a role in
glucose homeostasis. Liver-specific Gab1 knockout (LGKO) mice show reduced ERK
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activity, which leads to reduced phosphorylation on S612 of IRS-I and increased IRS-I
tyrosine phosphorylation in response to insulin. In turns, AKT activation is enhanced. As a
consequence hepatic insulin sensitivity and glucose tolerance are improved. Thus, GAB1
enhances ERK activity to attenuate insulin signals.
Gab2 knockout mice are viable but show specific defects in mast cell differentiation
and have an abnormal allergic response (Gu, Saito et al. 2001; Nishida, Wang et al. 2002).
GAB2 is required for Fc R-mediated phagocytosis by mast cells (Gu, Botelho et al. 2003).
Gab2–/– mice show specific defects in RANKL-induced JNK, AKT and NF- B activation,
which leads to abnormal osteoclast differentiation, reduced bone resorption, and
osteopetrosis (Wada, Nakashima et al. 2005). The interaction between GAB2 and SHP2
seems to play a critical role for macrophage differentiation because a SHP2 binding site
mutant of GAB2 (Y604F and Y633F) is defective in CSF-1-mediated differentiation of FDCP1 cells (Liu, Jenkins et al. 2001). Although Gab2–/– mice exhibit normal baseline
hematopoiesis, the c-Kit+Lin–Sca-1+ (KLS) cell population has a profound defect in cytokine
response, presumably related to defects in PI3K and MAPK signaling (Zhang, Diaz-Flores et
al. 2007). The functional consequence of this defect in early stem/progenitor cells manifests
itself in competitive repopulation assays, as Gab2–/– cells made a severely decreased
contribution to peripheral blood leukocyte chimerism.
Although both GAB2 and GAB3 have been implicated in facilitating CSF-1 mediated
macrophage differentiation in the FDC-P1 cell line (Liu, Jenkins et al. 2001), Gab3 knockout
mice exhibit normal baseline hematopoiesis (Seiffert, Custodio et al. 2003). Since GAB2 is
highly expressed in the hematopoietic system, it may compensate for Gab3 deletion.
Therefore, mice with double knockout of Gab2 and Gab3 may help to address the
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redundancy. In addition the authors only examined Gab3–/– mice for hematopoietic defects.
Other physiologic defects may exist in Gab3–/– that have yet to be uncovered.
Role in oncogenesis
Due to its association with GRB2, GAB2 appears to play a crucial role in BCR-ABL1
induced transformation (Sattler, Mohi et al. 2002). Bone marrow myeloid progenitors
derived from Gab2–/– mice are resistant to BCR-ABL1 induced transformation in vitro
concomitant with reduced ERK and AKT activation. Lymphoid transformation by BCRABL1 is also impaired due to increased apoptosis. Moreover, increased apoptosis is detected
in Gab2–/– cells when they are treated with the MEK inhibitor UOl26 and the PI3K inhibitor
LY294002. This indicates that the survival signal provided by the PI3K/AKT and MEK/ERK
pathways requires GAB2 (Sattler, Mohi et al. 2002). Taken together, these results suggest
that recruitment of the GRB2/GAB2 complex at Y177 of BCR-ABL1 is a critical event in
BCR-ABL1-induced MPN.
Although mainly studied in immune cells, GAB2 was recently found over-expressed
in a subset of breast cancer cell lines (mainly ER+), where it was phosphorylated in response
to growth factor-RTK (including ERB-B family) stimulation, and induced by estrogens
(Daly, Gu et al. 2002). Engineered overexpression of GAB2 in MCF10A breast epithelial
cells was shown to enhance cell proliferation in three-dimensional culture (Bentires-Alj, Gil
et al. 2006; Brummer, Schramek et al. 2006), and a Gab2 deletion suppressed metastasis in
an ERB-B2-driven (MMTV-Neu) mouse model of breast cancer (Ke, Wu et al. 2007).

MOUSE MODELS
Although in vitro studies have generated a wealth of knowledge regarding BCRABL1 biology, they are often cell-context dependent and generate conflicting results. Since
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BCR-ABL1 is the known molecular cause of CML, faithful mouse models are necessary for
a comprehensive understanding of BCR-ABL1 induced leukemogenesis. Some of the key
features of the disease, including 1) monoclonal expansion of mature myeloid cells, 2) BCRABL1 translocation arises in an HSC, 3) progression from chronic phase to blast crisis, are
recapitulated by some models, but no single model is able mimic CML in mice.

TRANSGENIC MODEL
The fundamental goal of transgenic models is to generate mice expressing the three
major forms of BCR-ABL1 (p190, p210, or p230) under the control of a promoter. These
promoters include E (Hariharan, Harris et al. 1989), MPSV-LTR (Hariharan, Harris et al.
1989), the metalllothionein (MT) promoter (Heisterkamp, Jenster et al. 1990; Voncken,
Griffiths et al. 1992; Voncken, Kaartinen et al. 1995), BCR (Heisterkamp, Jenster et al. 1991;
Castellanos, Pintado et al. 1997), tec (Honda, Oda et al. 1998), and MSCV-LTR (Inokuchi,
Dan et al. 2003). Notably, the transgene will be present in each cell of the animal, and not
just the hematopoietic lineage. These mouse models have collectively built the case for a
critical role of BCR-ABL1 in disease initiation, while also facilitating the study of the
molecular pathogenesis of CML. Transgenics are easy to produce by breeding and may
express BCR-ABL1 at more physiological levels. However, there are drawbacks to
transgenics that make them unsuitable for certain applications. Although use of a BCR
promoter would be expected to best mimic human disease, this BCR-ABL1 transgenic is in
fact embryonic lethal (Heisterkamp, Jenster et al. 1991). Mice expressing BCR-ABL1 under
control of the MT promoter develop leukemia, but these were primarily lymphoid (B-ALL or
T-ALL) and not myeloid (Heisterkamp, Jenster et al. 1990; Voncken, Griffiths et al. 1992;
Voncken, Kaartinen et al. 1995). However, restricted expression of BCR-ABL1 under
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control of the tec gene did generate a progeny mouse exhibiting marked granulocyte
expansion, thrombocytosis, and was diagnosed as a clonal MPN after a long latency (Honda,
Oda et al. 1998). This long disease latency, while more faithful to the natural course of the
human disease, presents a significant challenge when using these models for developing
therapy. In addition, it is technically difficult to test different oncogene mutants and difficult
to assess oncogenicity in different hematopoietic compartments.

INDUCIBLE TET-OFF MODEL
A potential solution for some of the challenges presented by transgenics is to place
BCR-ABL1 expression under the control of an inducible promoter, such as the tet-off system
(Huettner, Zhang et al. 2000). While single transgenics confirm the importance of BCRABL1 in the initiation of leukemia, an inducible system could potentially address the
question of whether BCR-ABL1 is required for the maintenance of the disease. These mice
are double transgenics, with an MMTV-LTR promoter controlling the expression of tTA
(tetracycline transactivator)-BCR-ABL1. This allows for induction of BCR-ABL1
expression upon withdrawal of tetracycline form drinking water of the mice. As a
consequence, all mice develop B-ALL that is durable to multiple rounds of induction and
reversion of BCR-ABL1 expression, thus confirming the requirement of BCR-ABL1 in both
the induction and maintenance of leukemia (Huettner, Zhang et al. 2000). Use of the
MMTV-LTR promoter restricts expression of BCR-ABL1 to B220+ B-lymphoid cells, so
myeloid disease was not observed. The CD34 regulatory element has also been used to drive
transgene expression, with the hope of driving BCR-ABL1 expression in HSC, CMP, and
MEP (Huettner, Koschmieder et al. 2003). Although myeloid expansion was not observed,
the mice did develop a megakaryocytic type of MPN. The most recent modification of this
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approach is the utilization of stem cell leukemia (SCL) regulatory elements ((Koschmieder,
Gottgens et al. 2005), which is expressed in myeloid lineages including erythroid cells, mast
cells, megakaryocytes, and multipotent progenitor cells. These SCLtTA/BCR-ABL1 mice
developed neutrophilia, leukocytosis, splenomegaly, and extramedullary hematopoiesis,
resembling chronic phase of CML. Surprisingly, this disease was not transplantable in
NOD/SCID recipient mice, calling in to question the stem cell origin of this particular
disease. Life span of these mice, because of their mixed-strain background, showed
tremendous variability (4-17 weeks). From a clinical standpoint, this is the most faithful
transgenic model of CML, but the large variance in survival makes it less ideal for testing
drug therapy.

XENOTRANSPLANTATION
In an effort to generate a wholly human disease in mice, leukemic cells from CML
patients have been injected into lethally irradiated SCID mice (Sirard, Lapidot et al. 1996;
Wang, Lapidot et al. 1998). These mice are eventually repopulated with Ph+/CD34+
neoplastic cells, which provide a useful tool for studying the human disease in mice.
Interestingly, the leukemia that develops in these mice is not fatal even though the
transplanted cells are proliferating. There are a variety of explanations for this observation,
including residual immunity in the recipient mice, long latency of this particular disease, and
an inadequate number of injected cells. Recent development of a humanized NOD/SCID
(Shultz, Lyons et al. 2005) may facilitate further development of this mouse model of CML.

RETROVIRAL BONE MARROW TRANSDUCTION/TRANSPLANTATION
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The first efforts to establish a BCR-ABL1 retroviral mouse model began two decades
ago (Daley, Van Etten et al. 1990). Early efforts were characterized by inefficient disease
induction, as evidenced by the low incidence (~25%) of CML-like MPN (Elefanty, Hariharan
et al. 1990; Kelliher, McLaughlin et al. 1990), presumably due to either low viral titers or
inefficient viral transduction. Subsequently, several approaches have been taken to improve
the retroviral transduction system and develop an efficient retroviral BMT model system
(Pear, Miller et al. 1998; Zhang and Ren 1998; Li, Ilaria et al. 1999). These improvements
include modification of the retroviral vector backbone, use of a transient retroviral packaging
system, and improving the bone marrow transduction conditions (Pear, Miller et al. 1998;
Zhang and Ren 1998; Li, Ilaria et al. 1999). Briefly, BCR-ABL1 is retrovirally introduced
into 5-flurouracil (5-FU) treated BM cells donor Balb/c mice, and subsequently injected into
a syngeneic donor mice (Figure 1.5). After 4-6 weeks, 100% of the mice develop a rapidly
fatal MPN, resulting in massive expansion of mature myeloid cells, mainly neutrophils. The
disease originates from HSCs (Hu, Swerdlow et al. 2006; Neering, Bushnell et al. 2007), is
transplantable (confirming self-renewal), and can progress to acute leukemia resembling
blast crisis (Daley, Van Etten et al. 1991; Pear, Miller et al. 1998).
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Figure 1.5 - Retroviral BM transduction/transplantation model of BCR-ABL1-induced
CML-like MPN
The BCR-ABL1 oncogene is cloned in the MSCV retroviral vector, which co-expresses green
fluorescent protein (GFP) from an internal ribosome entry site (IRES). For induction of
CML-like disease, donors are primed with 5-FU, BM is harvested and transduced ex vivo in
the presence of myeloid cytokines, followed by transplantation into irradiated syngeneic
recipient mice. All recipients develop fatal MPN within 5 weeks, characterized by
leukocytosis with maturing neutrophils (blood smear) and hepatosplenomegaly.
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This MPN shares many features with human CML-CP such as marked leukocytosis
primarily comprised of mature, differentiated neutrophils, splenomegaly and extensive
extramedullary hematopoiesis in the liver and spleen. The target cells are primitive
multipotent HSCs and BCR-ABL1 expression is detectable in myeloid cells (Li, Ilaria et al.
1999). However, this MPN is much more aggressive than human CML and because of its
polyclonality (repopulation with multiple BCR-ABL1-transduced stem cells), fails to
replicate the chronic phase of the disease. In addition, mice finally die of lung infiltration of
myeloid leukemia cells and lung hemorrhage, which is a rare complication in human CML
patients. When the clonality of the disease is reduced, the disease more chronic (Jiang,
Stuible et al. 2003) Although this model lacks the clonal evolution to blast crisis, secondary
and tertiary transplantations will generate lymphoid disease represented by a single clone that
was present, albeit at very low levels, in the primary transplant (Li, Ilaria et al. 1999).
This BM transduction/transplantation model can also be modified to model Ph+ BALL. The target cells for Abelson virus-induced pre-B leukemia, which is phenotypically
similar to Ph+ B-ALL, is thought to be a B-cell progenitor. To induce B-ALL, BM from non5-FU treated donor mice are cultured without cytokines and transduced with a BCR-ABL1
expressing retrovirus-lymphoid progenitor (Li, Ilaria et al. 1999; Roumiantsev, de Aos et al.
2001). The resulting leukemic cells express the B-cell markers CD19, B220, BP1, Cd24, and
CD43, and show evidence of immunoglobulin rearrangement consistent with pro- or pre-B
cells. The mice eventually develop a fatal lymphoid leukemia characterized by moderate
lymphadenopathy, moderate splenomegaly, bone marrow infiltration, and a hemorrhagic
pleural effusion that is the major cause of death. This disease is also transplantable and
generates cells that can be grown in culture for further in vitro analysis.
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Overall, this model system facilitates a direct and quantitative comparison of the
leukemogenic properties of a variety of ABL1-containing oncogenes in a controlled
environment. Although this model is labor-intensive and the retroviral LTR may express
BCR-ABL1 at higher levels than usually observed in human CML-CP cells, it has a host of
advantages. The retroviral backbone facilitates rapid testing of BCR-ABL1 variants and
mutants. The presence of an IRES site in the vector also allows the introduction of two genes
in tandem. Using donor BM derived from mice bearing defined genetic mutations, the
pathophysiological effects of downstream targets of BCR-ABL1 can be tested. Finally, the
relatively short disease latency and consistent induction of both CML-like MPN and Ph+ BALL makes this mouse model a powerful tool for testing therapeutic interventions.

CML THERAPY
The effectiveness of CML therapies is measured by the degree of hematological,
cytogenetic or molecular responses. CHR, or complete hematological response, denotes the
return to a normal white blood count. CCyR, or complete cytogenetic remission, denotes the
absence of Ph chromosome within ≥20 metaphases on karyotype analysis. Lastly, CMR, or
complete molecular response, denotes the elimination of BCR-ABL1 mRNA as measured by
real-time quantitative RT- PCR [reviewed in (Savona and Talpaz 2008)].
The first treatments shown to be effective at controlling WBC and symptoms in CML
patients were busulfan or hydroxyurea, which nonspecifically block the proliferation of both
normal and Ph+ leukemic cells. These treatments obtained hematological responses only in
the chronic phase of CML [reviewed in (Sawyers 1999)]. Such myelosuppressive therapy
did not affect the inevitable progression of CML to blast crisis, and hence should be
considered palliative treatment.
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The only proven curative treatment for CML remains allogeneic transplantation of
normal bone marrow cells following a conditioning phase for the destruction of normal and
leukemic cells by chemotherapy or irradiation (Druker, O'Brien et al. 2002). However, only
20% of patients are candidates for allogeneic bone marrow transplantation due to the lack of
available compatible donors or age limitations. Lastly, the 5-year disease-free survival rate
varies from 30% to 80% (Druker, O'Brien et al. 2002; Salesse and Verfaillie 2002).
Introduced about 25 years ago, interferon-α (INF-α) was for a long time the standard
CML therapy in patients with no matched bone marrow donor. INF-α leads to both
hematological and cytogenetic responses in chronic phase patients (Talpaz, Kantarjian et al.
1986). It has been suggested that INF-α induces its antileukemic effects by blocking the
JAK1-STAT1 pathway and activation of INF-α responsive genes (Darnell, Kerr et al. 1994).
Despite the prolonged survival, patients eventually develop resistance to INF- and
ultimately succumb to the disease.
TARGETED BCR-ABL1 TYROSINE KINASE INHIBITORS
Validation of BCR-ABL1 as a therapeutic target in CML derives from the massive
number of studies showing that BCR-ABL1 is required for the onset and maintenance of the
disease. Imatinib (Signal Transduction Inhibitor – STI571) is a derivative of 2phenylaminopyrimidine, and was originally discovered in a screen for inhibitors of the
platelet-derived growth factor receptor tyrosine kinase (PDGF-R). Further testing showed
that imatinib specifically inhibits the proliferation of BCR-ABL1 positive cells in vitro and
the growth of BCR-ABL1 positive tumors in vivo (Druker, Tamura et al. 1996). In contrast,
imatinib does not inhibit immortalized or transformed cell lines that do not express BCRABL1. Similar selective depletion of BCR-ABL1-positive cells has been observed in long-
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term bone marrow cultures (Kasper, Fruehauf et al. 1999). More detailed testing revealed that
imatinib inhibits c-ABL1, v- Abl, BCR-ABL1, PDGF-R α and ß, c-KIT, ARG, and c-FMS
(Buchdunger, Cioffi et al. 2000; Druker and Lydon 2000; Heinrich, Griffith et al. 2000;
Okuda, Weisberg et al. 2001; Dewar, Doherty et al. 2005). This promiscuity may be
important for the therapeutic effects of BCR-ABL1 in CML. Wong et al. engineered an
inhibitor analog-sensitive mutant of BCR-ABL1 that allowed selective inhibition of this
kinase without the concomitant inhibition of the other target kinases, suggesting that
simultaneous inhibition of BCR-ABL1 and c-KIT was required for the potent cytotoxic
effects of imatinib on CML cells (Wong, McLaughlin et al. 2004).
In an initial, phase I clinical study in patients who were refractory to IFN- , imatinib
proved remarkably successful with 53 out of 54 patients displaying CHR after only 4 weeks
of treatment (Druker, Sawyers et al. 2001). 96% percent of these patients maintained CHR
for over a year (Druker, Talpaz et al. 2001). In addition, 55% of the patients in accelerated
phase or blast crisis achieved hematological responses (21/38) (Druker, Talpaz et al. 2001).
In a phase II clinical study, 55% of the patients showed CCyR and 91% of the patients in
chronic phase obtained CHR. From these, 89% showed no disease progression (Druker,
Talpaz et al. 2001). However, the rate of CHR in patients in accelerated phase of blast crisis
was 69% and 29%, respectively (Druker, Talpaz et al. 2001; Hu, Chen et al. 2009). In a
randomized phase III clinical study conducted in newly diagnosed CML chronic phase
patients, imatinib was compared with the current standard therapy of IFN- and low dose
cytarabine, and only 3.3% showed disease progression after 18 months (O'Brien, Guilhot et
al. 2003).
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To elucidate the mechanism of imatinib binding and specificity towards Abl,
numerous studies described the crystal structure of c-ABL1 core or c-ABL1 kinase domain in
complex with imatinib (Schindler, Bornmann et al. 2000; Nagar, Bornmann et al. 2002).
Schindler et al. showed that imatinib binds to an inactive conformation of the kinase domain
in which the activation loop is not phosphorylated and points inward (Schindler, Bornmann
et al. 2000). A close evaluation of these crystal structures shows that the drug is sandwiched
between the N- and C-terminal lobes of the kinase domain. More specifically, the compound
tightly fits between the activation loop and helix αC, locking the kinase in an inactive
conformation. The binding of compound is stabilized through 6 hydrogen bonds with Met318, Thr-315, Glu-286, His-361, Ile- 360, and Asp-381, and through numerous van der
Waals interactions (Nagar, Bornmann et al. 2002).
A comparison of active and inactive conformations of different classes of kinases
suggested that whereas the conformations of protein kinases in active state are very similar
amongst different kinase families, there are important differences in their downregulated
conformations (Nagar, Bornmann et al. 2002). Therefore, it has been proposed that the high
selectivity towards ABL1 displayed by imatinib stems from its ability to exploit a fairly
unique conformation of the inactive kinase.

MECHANISMS OF RESISTANCE TO IMATINIB
Despite the high rates of hematological and cytogenetic responses to imatinib,
emergence of resistance upon exposure to the drug is a major problem for the treatment of
CML (O'Brien, Guilhot et al. 2003). There are two main types of resistance to imatinib:
BCR-ABL1-dependent and –independent mechanisms.
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BCR-ABL1-dependent mechanisms of resistance
One BCR-ABL1-dependent mechanism of resistance is due to gene amplification.
For example, using dual-color fluorescence in situ hybridization (FISH), Gorre et al. reported
the presence of multiple copies of BCR-ABL1 gene in metaphase spreads from 11 patients.
This amplification occurred within a unique inverted duplicate Ph chromosome.
Interestingly, one patient displayed this unique Ph chromosome before imatinib exposure
(Gorre, Mohammed et al. 2001).
A second and very well characterized BCR-ABL1-dependent mechanism of
resistance is due to the presence of BCR-ABL1 point mutations that renders it refractory to
imatinib. Gorre et al. reported for the first time a substitution of Thr-315 with Ile (T315I) in 6
patients that relapsed on imatinib treatment (Gorre, Mohammed et al. 2001). This
substitution not only precludes formation of a critical hydrogen bond with imatinib, but also,
since Ile has an extra hydrocarbon group in the side chain, introduces a steric clash with
imatinib (Gorre, Mohammed et al. 2001). This steric clash effectively prevents imatinib
binding.
Since this first report, more than 50 additional mutations inducing imatinib resistance
has been described (Hochhaus, Kreil et al. 2001; Shah, Nicoll et al. 2002; von Bubnoff,
Schneller et al. 2002). These mutations tend to cluster in certain areas of the kinase domain
such as the imatinib-binding interface (Thr-315), within the phosphate-binding loop (for
example Glu-255, Tyr-253), activation loop (for example His-396), or at the SH2-kinase
interface (Met-351) [reviewed in (Deininger 2004)]. However, many of these mutants are
relatively rare in clinical specimens. The most common mutations, accounting for 60-70 % of
all mutations, occur at residues Gly-250, Tyr-253, Glu-255, Thr-315, Met-351, and Phe 359
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(Weisberg, Catley et al. 2007). Interestingly, some of these mutations were shown to exist
prior to the onset of treatment with imatinib (Roche-Lestienne, Soenen-Comu et al. 2002;
Shah, Nicoll et al. 2002). Furthermore, two of the most clinically frequent imatinib-resistant
mutants (Y253F, E255K) have a greater transforming potential than the wild type BCRABL1 in cell-based assays and are associated with a poor prognosis (Soverini, Martinelli et
al. 2005; Griswold, MacPartlin et al. 2006; Skaggs, Gorre et al. 2006). Lastly, mutation at the
c-ABL1 residue corresponding to T315 in BCR-ABL1 was recently reported to induce kinase
activation and transformation activity (Azam, Seeliger et al. 2008). This mutation was also
associated with a much poorer prognosis (Nicolini, Corm et al. 2006), and is appropriate
dubbed the “mutation from hell.”
In an elegant study, Azam et al. used random mutagenesis on BCR-ABL1 and in vitro
selection for imatinib resistance to identify additional imatinib-resistant BCR-ABL1 mutants
(Azam, Latek et al. 2003). It is interesting that many of these mutations occur at sites that do
not directly contact the drug. For example, some of these mutations mapped to the
SH2:kinase linker, or others at the SH3-SH2 domain linker, and many of them in positions
required to maintain inactive states of the enzyme (Hochhaus, Kreil et al. 2001; Hochhaus,
Kreil et al. 2002; Azam, Latek et al. 2003). Although many of these mutants were not
clinically relevant and conferred only low resistance to imatinib, they are important for
understanding Abl kinase regulation and mechanisms of resistance.
BCR-ABL1-independent mechanisms
BCR-ABL1-independent resistance has been attributed to many different mechanisms
including enhanced drug efflux from target cells through P-glycoprotein-mediated active
transport, or reduced intracellular drug delivery due to the presence of α1 acid glycoprotein
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in the membrane (Gambacorti-Passerini, Barni et al. 2000; Mahon, Wang et al. 2003). Other
mechanisms such as activation of secondary tyrosine kinases or the refractory nature of
leukemic stem cells and residual disease will be discussed below.
In a series of articles, Donato et al. suggested a mechanism of resistance to imatinib
involving SFKs. First, the authors showed that K562 CML cells cultured in increasing
concentrations of imatinib displayed upregulated LYN activity (Donato, Wu et al. 2003).
Inhibition of Lyn kinase reduced proliferation and survival of these cells, while it did not
have any effect in imatinib-sensitive K562 cells. In addition, analysis of clinical samples
from patients in the advanced stages of CML that relapsed upon imatinib treatment showed
an association between imatinib-resistance and upregulation of either HCK or LYN in the
absence of BCR-ABL1 mutations (Donato, Wu et al. 2003; Wu, Meng et al. 2008).
Reducing LYN by siRNA in mononuclear cells isolated from a patient with increased LYN
levels induced a reduction in cell survival (Wu, Meng et al. 2008).
Although the vast majority of patients in chronic phase achieve CCyR when treated
with imatinib, relapses are commonly observed after imatinib cessation (Breccia, Diverio et
al. 2006) due to the persistence of a limited, “residual” population of CML stem and
progenitor cells that are intrinsically resistant to imatinib. Determination of the mutation
status of BCR-ABL1 in these cases showed that usually the relapse is not accompanied by a
mutated BCR-ABL1 phenotype. This refractory nature to imatinib was causatively associated
with the stem-like characteristics of leukemia initiating cells and their relative quiescence.
Refractory CML cells were shown to upregulate genes for proteins responsible for drug
efflux, elimination and detoxification (White, Saunders et al. 2006). Numerous studies have
addressed the cause of imatinib resistance in this population. In a recent report, Diaz-Blanco
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assessed differential gene expression in total CD34+ from CML patients in chronic phase
compared to normal CD34+ cells, using microarrays covering over 8700 genes (Diaz-Blanco,
Bruns et al. 2007). Apart from some known transcriptional changes previously shown to take
place upon BCR-ABL1 expression in this cellular compartment (activation of MAPK and
PI3K pathways), this analysis revealed some novel transcriptional changes. For example, the
data showed higher expression levels of proliferation-associated genes such as CDKs and
various cyclins, as well as downregulation of proapoptotic factors such as interferon
regulatory factor 8 (Diaz-Blanco, Bruns et al. 2007). Interestingly, the SFKs LYN and YES
were found in significantly higher levels (1.56 and 1.38 times, respectively), suggesting a
potential role for SFKs in CD34+ CML cells (Diaz-Blanco, Bruns et al. 2007).
Strategies to overcome resistance to current therapies
The discovery of imatinib resistance has prompted a quest for the development of
alternative therapies to override this resistance. Within these new therapies, BCR-ABL1
kinase activity remains a valid target since many cases of resistance occur due to the
accumulation of a leukemic clone with BCR-ABL1 point mutations. However, in the case of
residual disease or other types of resistance, it is important to direct these new therapies
towards novel targets in alternative pathways.
Improved BCR-ABL1 inhibitors recently developed include: 1) selective ABL1
inhibitors such as nilotinib (Novartis) that is about 30 times more potent than imatinib and
inhibits 32 of 33 BCR-ABL1 imatinib-resistant mutants, with the exception of the T315I
mutant (O'Hare, Walters et al. 2005; Weisberg, Manley et al. 2006); 2) non-ATP competitive
inhibitors such as GNF-2 which binds to the myristoyl binding site and inhibits the kinase
activity allosterically (Adrian et al., 2006)(Adrián, Ding et al. 2006); and 3) Aurora kinase
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inhibitors such as MK-0457 (Merck) which inhibits Aurora kinase, FLT3, ABL1, and JAK2.
Importantly, MK-0457 also inhibits T315I mutant of BCR-ABL1 (Giles, Cortes et al. 2007).
Although some of these inhibitors have improved activity towards some BCR-ABL1
imatinib-resistant mutants, in many cases this improved activity is accompanied with a wider
spectrum of activity that historically has been associated with increased side effects or
intolerance.
Given the importance of SFKs in BCR-ABL1 signaling and resistance to imatinib,
dual Abl and SFK inhibitors such as dasatinib (Bristol-Myers Squibb) are very promising
compounds. The dual character of dasatinib lies in its flexibility in binding to different
conformations of BCR-ABL1, some of which are similar to the SFK active conformations
(Lombardo, Lee et al. 2004). It has been shown that dasatinib inhibits 21 out of 22 imatinibresistant BCR-ABL1 mutants, with the sole exception once again being the T315I mutant
(Shah, Tran et al. 2004; Burgess, Skaggs et al. 2005).
Another unique mechanism of inducing BCR-ABL1 inhibition was recently described
by Bartholomeusz et al. and consists of induction of a BCR-ABL1-destruction pathway by
WP1130. WP1130 is a second-generation tyrphostin derivative (degrasyn) discovered during
screens for AG490-like molecules that suppress IL-6 and IL-3 activation of Stats
(Bartholomeusz, Talpaz et al. 2007). Although WP1130 was shown to induce rapid
downregulation of JAK kinases, the mechanism of BCR-ABL1 destruction is currently
unknown.
Due to the general resistance and refractory nature of CML stem cells, targeting the
“residual disease” has proved very challenging. However, recently two approaches show
significant promise. First, BMS-214662, a farnesyl transferase inhibitor developed by

72

Bristol-Myers Squibb shows apoptotic activity not only against imatinib-resistant or blast
crisis CML cells, but also against CML stem and progenitor cells (Copland, Pellicano et al.
2008). Second, based on proven cell-surface presentation of BCR-ABL1 epitopes
encompassing the fusion region, immunotherapy of residual disease is also promising
(Kessler, Bres-Vloemans et al. 2006). Multiple immunotherapy clinical trials are currently
ongoing.
Finally, one strategy that attempts to marry basic biological knowledge with clinical
practice is to target CML by combination therapy. By analogy to HIV infection, where drug
resistance and disease relapse are prevented by pharmacological targeting of multiple viral
pathways, there is a major effort to identify critical signaling pathways in Ph+ leukemia
whose blockade could prevent or overcome TKI resistance and perhaps lead to permanent
cure in these diseases (Van Etten 2004). In this effort, mouse models of Ph+ leukemia can be
invaluable tools, in part because they allow genetic manipulation of the leukemic cells in a
fashion that is difficult or impossible to achieve using human cell lines or primary patient
leukemia cells.

SUMMARY AND SPECIFIC AIMS
Dysregulated TKs are the hallmark of nearly all cases of MPNs. The most widely
studied of these TKs is BCR-ABL1, a known direct molecular cause of both CML and Ph+
B-ALL. BCR-ABL1 is the fusion product of two normal genes, c-BCR and c-Abl, and its
aberrant formation in a primitive HSC triggers massive clonal expansion of mature myeloid
cells. The cardinal role of BCR-ABL1 in the pathogenesis of CML came from the
development of a bone marrow transduction/transplantation mouse model, in which
retrovirally-directed expression of only BCR-ABL1 led to a myeloproliferative neoplasm that
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share many of the features of the human disease. This observation and other studies led to
the development of imatinib mesylate, a small molecule inhibitor of the ABL1 TK that has a
long track record of inducing hematologic and cytogenetic remission in CML-CP patients.
Despite the unquestioned success of imatinib and other second generation TKIs in the
treatment of CML, they present emerging clinical challenges. A significant proportion of
CML-CP patients, as well as most patients with CML-AP/BC or Ph+ B-ALL, experience
relapse of disease due to acquired drug resistance.
One strategy to address the challenge of imatinib resistance is to seek a better
understanding of the molecular pathogenesis of CML. A more detailed picture of the critical
signaling pathways downstream of BCR-ABL1 is necessary to develop targeted therapeutics
that may be able to overcome and prevent drug resistance. One could envision applying
these findings towards the development of combination-targeted therapy (Daley 2003).
There are a multitude of experiments clearly identify signaling effectors involved BCRABL1 mediated transformation in cultured cells. However, it is our contention that faithful
animal models are required to sift out the relevant signaling pathways in CML pathogenesis.
Previous work in our laboratory has led to the identification of Tyr177 phosphorylation, and
recruitment of the GRB2 adaptor protein, as absolutely critical steps in the development of
CML (Million and Van Etten 2000). Further in vitro work has implicated the importance of
a GRB2/GAB2 interaction in BCR-ABL1 mediated transformation (Sattler, Mohi et al.
2002). Chapter two will describe work that further extends these findings. In particular,
genetic experiments in the context of the mouse model of leukemogenesis were used to
assess the importance of GAB2 in both CML and Ph+ B-ALL.

74

The most common mechanism for imatinib resistance involves point mutations in the
kinase domain of BCR-ABL1 that alter or disrupt inhibitor binding. The kinase domain
mutations that confer drug resistance have been previously described (Hughes and Branford
2006). The development of second generation TKIs have focused largely on rational design
of drugs that bind within the kinase domain. As a result, these second-line therapies have
had some success in treating imatinib resistant CML, but several mutations, in particular the
BCR-ABL1 T315I mutation, confer resistance to all approved drugs (reviewed by (O'Hare,
Eide et al. 2007)). The location of Thr315 in the gatekeeper region of the kinase domain
presents a challenge in developing ATP competitive inhibitors. Reports of Aurora kinase
inhibitors showing efficacy against the T315I mutation have been tempered, during clinical
development, by unexpected toxicity (Moore, Blagg et al. 2010). Chapter three describes
current work taking a different approach to the rational design of TKIs. In particular, we will
describe the pre-clinical development of a family of TKIs called switch pocket inhibitors.
The small molecule inhibitors are non-ATP competitive inhibitors that function by stabilizing
the inactive form of the BCR-ABL1 tyrosine kinase.
1.

Is the recruitment of the adaptor protein GAB2 an essential mediator of BCR-

ABL1 induced myeloid leukemogenesis? Preliminary studies demonstrate that BCR-ABL1
cannot induce CML-like leukemia in bone marrow derived from Gab2-deficient mice. I will
determine whether this is due to a signaling defect in BCR-ABL1-expressing hematopoietic
stem cells, and if so, use effector mutants of Gab2 to complement this defect.
2.

To assess the efficacy of BCR-ABL1 kinase switch pocket inhibitors in the

treatment of imatinib-resistant CML. We have obtained a series of novel BCR-ABL1
tyrosine kinase inhibitor from Deciphera Pharmaceuticals that displays in vitro activity
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against BCR-ABL1-T315I, an imatinib–resistant mutant that is also resistant to secondgeneration BCR-ABL1 inhibitors. We will assess the efficacy of these compounds in various
in vivo models leukemia to determine optimal drug dose, pharmacokinetics,
pharmacodynamics, and survival.
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Chapter 2
Distinct signaling pathways mediated by
the scaffolding/adapter protein Gab2 are
essential for myeloid or lymphoid
transformation and leukemogenesis by
BCR-ABL1
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SUMMARY
The BCR-ABL1 oncogene encodes an activated fusion tyrosine kinase that causes chronic
myelogenous leukemia (CML) and B-lymphoid acute lymphoblastic leukemia (B-ALL) in
humans. An autophosphorylation site at Tyr 177 of BCR-ABL1 recruits GRB2 via its SH2
domain, and is required for efficient induction of CML-like myeloproliferative neoplasia by
BCR-ABL1 in a mouse BM retroviral transduction/ transplantation model. We showed
previously that the scaffolding/adapter protein GAB2 is recruited to Y177 of BCR-ABL1 via
a GRB2/GAB2 complex. Here, we identify an essential requirement for GAB2 in myeloid
and lymphoid leukemogenesis by BCR-ABL1. Whereas recipients of BCR-ABL1transduced Gab2+/+ BM developed fatal CML-like myeloproliferative neoplasia (MPN)
within 4 weeks of transplantation, recipients of BCR-ABL1-transduced Gab2–/– BM failed to
develop MPN but succumbed after a long latent period to T-cell acute lymphoblastic
leukemia, phenocopying the disease induced by the BCR-ABL1 Y177F mutant. Coexpression of GAB2 with BCR-ABL1 in Gab2–/– BM restored efficient induction of CMLlike leukemia, but mutants of GAB2 that lack either the pleckstrin homology domain or Tyr
binding sites for the SH2 domains of the downstream GAB2 effector molecules SHP2 or p85
PI3K failed to rescue myeloid leukemogenesis by BCR-ABL1. GAB2 deficiency also
significantly prolonged the latency of B-ALL induced by BCR-ABL1 in mice. In contrast to
CML, efficient induction of B-ALL in Gab2–/– BM was rescued by either WT GAB2 or the
GAB2 mutant defective in p85 binding. These results suggest that the critical transformation
signals from Tyr177 of BCR-ABL1 are transmitted through GAB2, and demonstrate that
BCR-ABL1 absolutely requires signaling via GAB2 to both SHP2 and PI3K to cause CML,

78

whereas a GAB2–SHP2 signaling pathway contributes to the pathogenesis of BCR-ABL1+
B-ALL.

SIGNIFICANCE
Tyrosine kinase inhibitors (TKIs) directed against the product of the Philadelphia (Ph)
chromosome, BCR-ABL1, have revolutionized the treatment of patients with chronic
myeloid leukemia (CML). However, acquired resistance to TKIs is a significant clinical
problem in CML, and TKI therapy is much less effective against BCR-ABL1+ B-cell acute
lymphoblastic leukemia (B-ALL). Using a genetic strategy in mouse models of CML and BALL, we show here that the scaffolding/adapter protein GAB2 is required for the
pathogenesis of myeloid and lymphoid leukemias induced by BCR-ABL1, through distinct
downstream signaling pathways. Given that GAB2 is not required for normal hematopoiesis,
GAB2 and its effectors PI3K and SHP2 represent promising targets for therapy in Ph+
leukemia.
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INTRODUCTION
The product of the Philadelphia (Ph) chromosome translocation, BCR-ABL1, is a
constitutively active protein-tyrosine kinase that is the direct molecular cause of CML and
Ph+ B-ALL. ABL1 tyrosine kinase inhibitors (TKIs) such as imatinib mesylate induce
hematologic and cytogenetic remissions in the majority of CML patients, but disease relapse
occurs quickly in most patients after imatinib is withdrawn (Mahon, Rea et al. 2010), and a
significant proportion of patients develop resistance to TKI therapy. Furthermore, patients
with advanced stages of CML or B-ALL are less responsive to TKI therapy (Druker,
Sawyers et al. 2001; Sawyers, Hochhaus et al. 2002). Hence, there is a need to identify and
validate additional pharmacological targets in Ph+ leukemia whose inhibition might prevent
or overcome TKI resistance and eradicate disease, leading to permanent cure.
BCR-ABL1 activates multiple signaling networks in leukemic cells, including the
RAS/MAPK, STAT, JNK/SAPK, phosphatidylinositol 3-kinase (PI3K), NF- B and c-MYC
pathways (Quintas-Cardama and Cortes 2009), but a major challenge has been determining
which of these pathways are essential to leukemogenesis. Mouse models of BCR-ABL1induced leukemia have proven useful in this effort, as both CML and Ph+ B-ALL can be
reproduced faithfully in mice by expressing BCR-ABL1 in bone marrow (BM) progenitors
through retroviral transduction and transplantation. Recipients of BCR-ABL1-transduced BM
develop a fatal CML-like myeloproliferative neoplasm (MPN) that originates from
hematopoietic stem cells (Huntly, Shigematsu et al. 2004; Hu, Swerdlow et al. 2006), can
progress to blast crisis (Daley, Van Etten et al. 1991), and is responsive to kinase inhibitor
therapy (Hu, Liu et al. 2004), providing a physiologically relevant model of CML in primary
hematopoietic cells. To model B-ALL in mice, BM is transduced in the absence of myeloid
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cytokines, resulting in development of an aggressive B-lymphoblastic leukemia/lymphoma in
transplant recipients (Li, Ilaria et al. 1999; Roumiantsev, de Aos et al. 2001). This disease
originates from early lymphoid progenitors (Hu, Swerdlow et al. 2006) and is characterized
by a block in B-cell differentiation at the pre-B stage (Li, Ilaria et al. 1999).
The contribution of the BCR region of BCR-ABL1 to leukemogenesis, specifically
the autophosphorylation site at tyrosine 177 (Y177), has been the subject of intensive study.
In leukemic cells from CML patients, BCR-ABL1 is stoichiometrically phosphorylated at
Y177, forming a binding site for the SH2 domain of the adapter protein GRB2 that is critical
for its recruitment to BCR-ABL1 (Pendergast, Quilliam et al. 1993; Puil, Liu et al. 1994). We
and others have shown previously that the BCR-ABL1-Y177F mutant is greatly attenuated in
the ability to induce CML-like MPN in a murine bone marrow transplant (BMT) model of
CML, where recipient mice eventually succumbed to lymphoid leukemia/lymphoma after a
prolonged latent period (Million and Van Etten 2000; Zhang, Subrahmanyam et al. 2001; He,
Wertheim et al. 2002). These findings demonstrate that Y177 and the signaling pathway(s)
downstream are critical for myeloid and perhaps for lymphoid leukemogenesis by BCRABL1. There is direct evidence that GRB2 is the critical SH2-containing protein that binds
phospho-Y177, as a GRB2-blocking peptide decreases BCR-ABL1 transformation in vitro
(Kardinal, Konkol et al. 2001). Although BCR-ABL1 Y177 could signal through the
canonical GRB2-Sos/RAS pathway, it might also send another signal(s) required for myeloid
leukemogenesis.
In this regard, we have previously described a critical role for a GRB2/GAB2
complex in BCR-ABL1-induced transformation in vitro (Sattler, Mohi et al. 2002). The GAB
family (GAB1, GAB2, GAB3) consists of pleckstrin homology (PH)-domain containing
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scaffolding/adaptor proteins involved in coordinating the activation of multiple signaling
pathways (Gu and Neel 2003; Wohrle, Daly et al. 2009). GAB2 becomes highly
phosphorylated on several tyrosine residues in response to multiple cell stimuli (Gu, Griffin
et al. 1997; Gu, Pratt et al. 1998; Gu, Saito et al. 2001; Lynch and Daly 2002; Nishida, Wang
et al. 2002). Moreover, GAB2 is constitutively tyrosyl-phosphorylated in BCR-ABL1transformed cells (Gu, Griffin et al. 1997; Gu, Pratt et al. 1998), forming binding sites for
other SH2-containing signal relay proteins, including the p85 regulatory subunit of type IA
PI3K and the tyrosine phosphatase SHP2 (Holgado-Madruga, Emlet et al. 1996; Gu, Pratt et
al. 1998; Wolf, Jenkins et al. 2002). Gab2–/– mice are viable and fertile, but have defects in
their allergic response (Gu, Saito et al. 2001) and display altered mast cell development
(Nishida, Wang et al. 2002). Although GAB2-deficient mice exhibit normal baseline
hematopoeisis, long-term multilineage repopulation by hematopoietic stem cells is impaired,
concomitant with signaling defects in the PI3K and MAPK signaling cascades (Zhang, DiazFlores et al. 2007). Roles for Gab2 in the molecular pathogenesis of acute myeloid leukemia
(Zatkova et al., 2006), breast cancer (Bentires-Alj, Gil et al. 2006; Brummer, Schramek et al.
2006), and melanoma (Horst, Gruvberger-Saal et al. 2009) have also been recognized.
Here, we utilized a genetic strategy in mice to define the role of GAB2 in
leukemogenesis by BCR-ABL1. Our results indicate an essential role for GAB2 in the
pathogenesis of MPN and B-cell acute lymphoblastic leukemia induced by BCR-ABL1, and
demonstrate that distinct GAB2-mediated signaling pathways are required for myeloid and
lymphoid leukemogenesis.
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EXPERIMENTAL PROCEDURES
Mice
Gab2–/–mice were produced by homologous recombination in embryonic stem cells as
described previously (Gu, Saito et al. 2001), and backcrossed for >5 generations onto the
Balb/c and C57Bl/6J backgrounds, respectively.

Retroviral constructs and stocks
The p210MIGR1 retroviral vector (Pear, Miller et al. 1998) coexpressing the p210 isoform of
BCR-ABL1 and GFP via an internal ribosome entry site (IRES) from encephalomyocarditis
virus, and the MINVneo retroviral vector containing a mutant version of the IRES that
decreases efficiency of expression from the 3‟ position approximately 5-fold, have been
described previously (Hawley, Lieu et al. 1994); these vectors differ only in their IRES and
3‟ gene sequences. A cDNA encoding the full-length mouse GAB2 was modified by adding
two copies of the hemagglutinin (HA) epitope to the COOH-terminus. The epitope-tagged
Gab2WT cDNA was then introduced into the p210MIGR1 and p210MINV vectors in place
of GFP or neomycin resistance gene, respectively, yielding the p210-IRESwt-Gab2WT and
p210-IRESmut-Gab2WT vectors (Figure 2.2A). Site-specific mutagenesis by PCR (QuickChange, Stratagene) was used to create the Gab2 p85 (Y441/465/574F), Gab2 Shp2
(Y604/633F), Gab2 PH (deletion of Gab2 amino acids 2-100), and Gab2 Grb2 (delP348K354; P498/503A) constructs, which were then cloned into p210MIGR1in place of GFP.
Replication-defective ecotropic retroviral stocks were generated by transient transfection of
293 cells using the kat packaging system, and stocks were matched for titer by transduction
of NIH3T3 cells. Transduction frequency was assessed by flow cytometric detection of GFP
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(Gavrilescu and Van Etten 2008) or, in the case of bicistronic viruses co-expressing BCRABL1 and GAB2, by intracellular staining for the HA epitope-tagged GAB2 proteins (see
below), as well as by Southern blot analysis of proviral DNA content in genomic DNA
(Gavrilescu and Van Etten 2008). Titers determined by both methods were concordant.

Bone marrow transduction, transformation, and transplantation
For myeloid transformation and leukemogenesis, BM was collected from Gab2+/+ and Gab2–
/–

mice and transduced twice with retrovirus in the presence of IL-3, IL-6, and SCF as

described (Gavrilescu and Van Etten 2008). For assessment of myeloid colony formation,
5x104 transduced cells were plated in triplicate in cytokine-free methylcellulose (M3234,
Stem Cell Technologies), and colonies were counted on d14. For assessment of myeloid
leukemogenesis, 5x105 transduced BM cells were injected intravenously into lethally
irradiated recipients (900 cGy for Balb/c, 1050 cGy for B6) as described previously (Li,
Ilaria et al. 1999). For B-lymphoid transformation and leukemogenesis, BM from Gab2+/+
and Gab2–/– donors (Balb/c background) was transduced once with BCR-ABL1 retrovirus
without cytokines. Assessment of BCR-ABL1 B-lymphoid transformation by pre-B cell
colony formation in agarose (Warren, Griffin et al. 2003) and stromal dependent growth
(Smith, Yacobi et al. 2003) was performed as described. For lymphoid leukemogenesis
assays, 1x106 transduced cells were injected into sublethally irradiated Balb/c recipients (450
cGy) as described (Roumiantsev, de Aos et al. 2001). The clinical features and
histopathology of BCR-ABL1-induced CML-like disease, B- and T-cell acute lymphoblastic
leukemia/lymphoma, and histiocytic sarcoma were described previously (Roumiantsev, de
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Aos et al. 2001). All mouse experiments were approved by the Institutional Animal Use and
Care Committee of Tufts Medical Center.

Immunoblot analysis
Lysates were prepared from primary tumor cell suspensions from BM and spleen by direct
boiling, fractionated by SDS-PAGE, and immunoblotted as described previously
(Roumiantsev, de Aos et al. 2001). Antibodies against phospho (Y245) and total ABL1,
phospho and total STAT5, GAB2 pY441, total GAB2, pCrkL (Tyr207), phospho- (Thr308)
and total AKT, phospho-(Thr202/Tyr204) and total p44/42 ERK, and eIF4e were obtained
from Cell Signaling Technology. Antibodies against CrkL were obtained from Santa Cruz
Biotechnology, while antibodies against GAB2 pY633 were from Abcam.

Southern blot analysis
Southern blot analysis of proviral integration and leukemia-initiating cell engraftment was
performed as described previously (Roumiantsev, de Aos et al. 2001), except that genomic
DNA was digested with Bam HI, and blots were hybridized with a radioactive probe from the
5‟ end of the BCR gene (nucleotides 1-228), generated by PCR.
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RESULTS
BCR-ABL1 cannot induce CML-like MPN in the absence of GAB2
When expressed in mouse myeloid progenitors via retroviral transduction, BCRABL1 can induce myeloid colonies in the absence of exogenous cytokines (Gishizky and
Witte 1992). Our previous studies showed that progenitors from Gab2–/– bone marrow donors
(mixed 129Sv;C57Bl/6J background) are resistant to transformation by BCR-ABL1 in this
assay, and form few or no cytokine-independent myeloid colonies in vitro (Sattler, Mohi et
al. 2002). To assess the role of GAB2 in the CML-like myeloproliferative neoplasm (MPN)
induced by BCR-ABL1 in the BMT model, we bred the Gab2–/– mutation onto the C57Bl/6J
and Balb/c backgrounds for >5 generations. For each strain, donor BM from congenic Gab2–
/–

mice or Gab2+/+ littermates was harvested, transduced with p210MIGFP retrovirus (Pear,

Miller et al. 1998) that co-expresses the p210 (b3a2) isoform of BCR-ABL1 and green
fluorescent protein (GFP), and transplanted into lethally irradiated Gab2+/+ recipients.
Because hematopoietic stem/progenitor cells from Gab2–/– mice have deficient responses to
cytokines (Zhang, Diaz-Flores et al. 2007) and to cytotoxic drugs (G.M. and B.G.N.,
unpublished observations), donor mice were not treated with 5-fluorouracil (Li, Ilaria et al.
1999) prior to BM harvest.
In C57Bl/6J mice, recipients of BCR-ABL1-transduced BM from Gab2+/+ donors
efficiently developed fatal CML-like leukemia within five weeks of transplantation (Figure
2.1A), characterized by leukocytosis, splenomegaly, and infiltration of the spleen, liver, and
lung parenchyma with maturing GFP+ myeloid cells ((Li, Ilaria et al. 1999) and Figure 2.S1).
By contrast, recipients of BCR-ABL1-transduced BM from Gab2–/– littermate donors did not
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Figure 2.1 - GAB2 is required for induction of CML-like MPN by BCR-ABL1
(A) Kaplan-Meier curve for recipients of BM from Gab2–/– donors in the C57Bl/6
background (F5 generation backcross, red line, n=12) or Gab2+/+ littermates (blue line,
n=11), each transduced with p210MIGFP retrovirus. The symbols indicate individual mice
(squares for recipients of Gab2+/+ BM, circles for recipients of Gab2–/– BM), with the disease
phenotype of each designated by the shading (black, CML-like MPN; white, B-cell acute
lymphoblastic leukemia (B-ALL); gray, T-cell acute lymphoblastic leuemia/lymphoma (TALL)). Recipients that developed mixed CML-like MPN and B-ALL are indicated by the
dual shaded symbols. The recipient in the Gab2–/– cohort who died early (at day 30) perished
accidentally from a cage flood. The survival of the Gab2–/– recipients was significantly
prolonged relative to the Gab2+/+ cohort (P<0.0001, Wilcoxon test). (B) Kaplan-Meier curve
for recipients of BM from Gab2–/– donors in the Balb/c background (>F9 generation
backcross) transduced with p210MIGFP (red line, n=7) or p210Y177FMIGFP (blue dotted
line, n=7) retrovirus, and from wild-type Balb/c donors (blue solid line, n=5) transduced with
p210MIGFP retrovirus. Nomenclature is as in panel (A). For p210MIGFP-transduced BM,
the difference in survival between the Gab2–/– and Gab2+/+ recipient cohorts was significant
(P=0.0003, Wilcoxon test), while the survival difference between recipients of p210MIGFPtransduced Gab2–/– BM and p210Y177FMIGFP-transduced Gab2+/+ BM was not significant
(P=0.058). (C) Scatter plot of peripheral blood (PB) leukocyte counts in the three cohorts
from the transplant in panel (B) versus time after transplantation. Demise of a recipient of
p210MIGFP-transduced Gab2+/+ BM is indicated by a cross. Note the attenuated and nonfatal leukocytosis induced in recipients of p210Y177FMIGFP-transduced Gab2+/+ BM. (D)
Flow cytometric plot of expression of GFP (x-axis) and the myeloid marker Mac-1 (y-axis) in
PB cells from two representative recipients of p210MIGFP-transduced BM from Gab2–/–
donors (left panels) and from a recipient of p210MIGFP-transduced Gab2+/+ BM with CMLlike MPN (right panel), obtained one month post-transplantation. See also Figure 2.S1.
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develop clinical MPN, but instead, beginning about 3 months after transplantation,
succumbed to precursor T-cell lymphoblastic acute leukemia/lymphoma (T-ALL),
characterized by thymic enlargement and mesenteric lymphadenopathy, caused by infiltration
of GFP+CD90+ lymphoblasts (Figure 2.S1).
In a parallel experiment, we transplanted recipients with p210MIGFP-transduced BM
from Gab2–/– and Gab2+/+ littermate donors on a congenic Balb/c background, and also
transplanted a cohort of recipients with Gab2+/+ BM transduced with retrovirus expressing
the BCR-ABL1 Y177F mutant. Balb/c recipients of BCR-ABL1-transduced Gab2+/+ donor
BM efficiently developed CML-like MPN, either alone or concomitant with B-cell acute
lymphoblastic leukemia (B-ALL, Figure 2.1B). Mice that developed mixed CML-like MPN
and B-ALL exhibited the cardinal clinicopathological features of both leukemias; such mice
are frequently observed in recipients of BCR-ABL1-transduced BM from non-5-FU-treated
donors (Li, Ilaria et al. 1999; Roumiantsev, de Aos et al. 2001). As reported previously
(Million and Van Etten 2000; Zhang, Subrahmanyam et al. 2001; He, Wertheim et al. 2002),
the BCR-ABL1 Y177F mutant that lacks the Grb2 binding site induced attenuated, non-fatal
MPN in the majority of recipients, characterized by intermediate leukocytosis with GFP+
myeloid cells (Figure 2.1C). Similar to the results obtained using B6 mice, recipients of
Balb/c BCR-ABL1-transduced Gab2–/– donor BM did not develop overt MPN, but tended to
succumb to T-ALL following a prolonged latent period (Figure 2.1B). While the peripheral
blood leukocyte counts in recipients of BCR-ABL1-transduced Gab2–/– donor BM were
predominantly within the normal range (Figure 2.1C), most had circulating GFP+ cells at 6-8
weeks post-transplantation (Figure 2.1D), indicating that at least some retrovirallytransduced donor cells had engrafted. These results demonstrate that Gab2-deficient
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hematopoietic stem cells are completely resistant to induction of CML-like MPN by BCRABL1. The fact that donor Gab2 deficiency phenocopies the GRB2 binding site mutant in
BCR-ABL1 indicates that the two mutations have an epistatic relationship, and that critical
leukemogenic signals from Tyr177 of BCR-ABL1 are transmitted through GAB2.

Complementation of the Gab2–/– mutation by retroviral GAB2 expression
The failure to induce MPN in recipients of BCR-ABL1-transduced BM from Gab2–/– donors
could indicate that signals emanating from GAB2 are required in BCR-ABL1-expressing
hematopoietic stem/progenitor cells for BCR-ABL1 to induce the massive expansion of
myeloid progenitors that is characteristic of CML. However, although Gab2–/– mice have
normal blood counts, BM cellularity, and frequency of phenotypic (c-Kit+Lin–Sca1+)
hematopoietic stem cells (HSC; (Gu, Saito et al. 2001)), Gab2–/– HSC have impaired
responses to cytokines in vitro and modest repopulation defects in vivo ((Zhang, Diaz-Flores
et al. 2007); H. Gu, G.M and B.G.N., unpublished observations). This, in turn, raised the
possibility that the leukemogenesis defect we observed was due to decreased retroviral
transduction or repopulation with Gab2-deficient HSC, which are the target cells for
induction of CML-like MPN in this model (Hu, Swerdlow et al. 2006; Neering, Bushnell et
al. 2007).
To distinguish between these possibilities, we asked whether retroviral co-expression
of GAB2 and BCR-ABL1 could complement the genomic Gab2 mutation and restore
leukemogenesis in Gab2–/– cells. We designed a series of retroviral vectors wherein BCRABL1 and Gab2 are co-expressed via an internal ribosome entry site (IRES), compared with
control vectors co-expressing BCR-ABL1 and either GFP or the neomycin resistance gene
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Figure 2.2 - Complementation of Gab2 deficiency through retroviral GAB2 expression
(A) Schematic representation of retroviral constructs co-expressing BCR-ABL1 and Gab2 or
a reporter gene via IRES sequences. A cDNA encoding mouse GAB2 (blue box) was cloned
into a position either 5‟ or 3‟ of a mutant form of the encephalomyocarditis virus IRES
(IRESmut, orange box) in the retroviral vector MINV (Hawley, Lieu et al. 1994)) or 3‟ of the
wild-type IRES (IRESwt, yellow box; (Mountford and Smith 1995)) in the vector MSCVIRES-GFP (MIGR1, (Pear, Miller et al. 1998)). The BCR-ABL1 cDNA was placed in the
other position. As a control vector, either GFP (in the case of IRESwt) or a neomycin
resistance gene (in the case of IRESmut) was cloned in place of Gab2. (B) Co-expression of
GAB2 with BCR-ABL1 restores efficient myeloid cell transformation in vitro. BM from the
indicated Balb/c donor mice (blue, Gab2+/+; red, Gab2–/–) was transduced with the indicated
retrovirus stock from panel A and plated in methylcellulose in the absence of cytokines. The
number of cytokine-independent myeloid colonies from Gab2–/– BM was increased
significantly by transduction with viruses #2 or #4, relative to viruses #3 or #5 (P<0.0001 and
P=0.0005, respectively, t-tests), while there was no significant difference in the efficiency of
transformation of Gab2+/+ BM with viruses #2-5. Virus #2 (p210-IRESwt-Gab2) induced
significantly more colonies from Gab2–/– BM than virus #4 (p210-IRESmut-Gab2; P=0.0082,
t-test), while the difference in transformation of Gab2+/+ and Gab2–/– BM by virus #2 was not
significant (P=0.167, t-test). Note that in these experiments, the number of cytokineindependent colonies induced in Gab2-deficient BM was somewhat higher than previously
reported (Sattler, Mohi et al. 2002), possibly due to lower retroviral titers or the different
genetic background (129;B6) employed in the earlier experiments. (C) Rescue of CML-like
leukemia by co-expression of GAB2 and BCR-ABL1 in BM. Kaplan-Meier curves for
recipients of BM from Gab2+/+ (blue lines) or Gab2–/– (red lines) donors, transduced with
p210-IRESwt-Gab2 or p210-IRESwt-GFP retroviruses (viruses #2 and #3 from panel A,
respectively; left panel) or with the p210-IRESmut-Gab2 or p210-IRESmut-GFP retroviruses
(viruses #4 and #5 from panel A, respectively; right panel). Symbol nomenclature is as in
Figure 2.1A. Histiocytic sarcoma (HS) is a BCR-ABL1-induced disease of
monocyte/macrophage proliferation that is observed in recipients of BCR-ABL1-transduced
BM from WT donors that have not been treated with 5-FU (Li, Ilaria et al. 1999). (D)
Immunoblot analysis of protein extracts from primary myeloid leukemia cells from the
transplants in panel C, probed with an antibody against GAB2. See also Figure 2.S2.
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(Figure 2.2A). We screened these vectors for their ability to restore efficient induction of
cytokine-independent myeloid colonies from transduced Gab2–/– BM (Figure 2.2B). We first
tested an MINV-based vector (Hawley, Lieu et al. 1994) with Gab2 placed 5‟ of a mutant
form of the encephalomyocarditis virus IRES (IRESmut) and BCR-ABL1 in the 3‟ position.
This configuration permits 5- to 10-fold higher levels of expression of the 5‟ gene than the 3‟
gene, and consequently results in high levels of GAB2 (data not shown). Not only did this
virus fail to restore BCR-ABL1-evoked transformation of Gab2–/– BM, it significantly
suppressed BCR-ABL1 transformation in Gab2+/+ BM (Figure 2.2B), suggesting that high
levels of GAB2 expression are deleterious. By contrast, when the Gab2 gene was placed 3‟
of the mutant or wild-type IRES in an MINV- or MSCV-based vector, respectively, we
observed rescue of myeloid transformation in vitro (Figure 2.2B), although the p210-IRESwtGab2 vector, which expresses BCR-ABL1 and GAB2 at roughly equivalent levels, was more
efficient. Finally, we compared the vectors for their ability to rescue CML-like MPN in vivo
(Figure 2.2C). Again, both Gab2 vectors restored CML-like leukemia to recipients of
transduced Gab2–/– donor BM, with the p210-IRESwt-Gab2 vector (#2 in Figure 2.2A)
inducing CML-like MPN in half of recipients. The remaining mice succumbed to histiocytic
sarcoma, a distinct BCR-ABL1-induced myeloid neoplasm (Li, Ilaria et al. 1999).
Immunoblots of primary myeloid leukemia cell extracts from these mice demonstrated that
the p210-IRESwt-Gab2 vector resulted in GAB2 levels that were about 3-fold higher than the
level of endogenous GAB2 in normal BM (Figure 2.2D). Southern blot analysis of leukemic
cell genomic DNA revealed that the MPN in recipients of BCR-ABL1- and BCR-ABL1
Y177F-transduced Gab2+/+ BM, as well as in recipients of p210-Gab2WT-transduced Gab2–/–
BM, derived from one to two distinct proviral clones (Figure 2.S2, lanes 1-12),
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demonstrating repopulation of these cohorts with similar numbers of leukemia-initiating
cells. These results show that target cells for BCR-ABL1-induced MPN are present in Gab2–
/–

BM at levels comparable to WT BM, and establish that GAB2 (and presumably its

signaling functions) are required in HSC for BCR-ABL1 to induce CML.

The GAB2 Pleckstrin Homology domain and binding sites for PI3K and SHP2 are
required for induction of CML-like MPN by BCR-ABL1
The ability to “rescue” the CML phenotype in Gab2-deficient BM provided an opportunity to
determine which structural features of GAB2 are required for leukemogenesis. We cloned
cDNAs encoding GAB2 with a deletion of the Pleckstrin homology domain ( PH),
mutations in the bipartite proline-rich binding sites for the GRB2 SH3 domains ( Grb2,
(Lock, Royal et al. 2000)), or Tyr-to-Phe substitutions in the SH2 binding sites (Pratt, Igras et
al. 2000) for the p85 subunit ( p85) of phosphatidylinositol 3-kinase (PI3K) or SHP2
( Shp2) into the 3‟ position of the p210-IRESwt-Gab2 retrovirus (vector #2 in Figure 2.2A).
All Gab2 constructs were tagged with an influenza hemagglutinin (HA) epitope at the
COOH-terminus (Figure 2.3A), and retroviral stocks of equivalent titer were prepared as
described in Experimental Procedures. In the myeloid colony assay, transduction of primary
BM with the Gab2WT virus efficiently restored cytokine-independent colony growth, while
none of the Gab2 mutant viruses was able to transform Gab2–/– BM in vitro (Figure 2.3B).
As expected (Figure 2.2.2), we observed restoration of CML-like MPN in recipients
of Gab2–/– BM (Balb/c background) transduced with virus co-expressing BCR-ABL1 and
GAB2WT, with most recipients developing mixed MPN and B-ALL (Figure 2.3C). By
contrast, no clinical MPN was observed in recipients of Gab2–/– BM transduced with any of
the four Gab2 mutant viruses. Instead, these recipients tended to succumb to acute lymphoid
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Figure 2.3 - GAB2 structural domains required for induction of CML-like MPN by
BCR-ABL1
(A) Schematic representation of the GAB2 mutants employed in this experiment. PH:
pleckstrin homology domain. HA: hemagglutinin epitope tag. Binding sites for the GRB2
SH3 domains and SH2 domains of p85 PI3K and SHP2 are indicated. (B) GAB2 mutants fail
to rescue myeloid cell transformation in vitro. BM from the indicated donor mice (blue,
Gab2+/+; red, Gab2–/–) was transduced with retrovirus co-expressing BCR-ABL1 and the
different GAB2 isoforms depicted in (A), and plated in methylcellulose in the absence of
exogenous cytokines. The difference in colony numbers between Gab2–/– BM transduced
with p210-IRESwt-Gab2WT virus compared with all Gab2 mutant viruses was significant
(P≤0.004, t-tests). (C) Kaplan-Meier curve of recipients of BM from Gab2+/+ littermates
(blue solid line, n=5) transduced with p210MIGFP retrovirus, and of Gab2–/– donors (red
lines) transduced with p210-IRESwt-Gab2WT retrovirus (dotted line, n=9) or the indicated
Gab2 mutant retrovirus (dashed lines, n=8 for each cohort). There was no difference in
survival between recipients of p210MIGFP-transduced Gab2+/+ BM and p210-IRESwtGab2WT-transduced Gab2–/– BM, while the survival of all of the recipients of Gab2 mutanttransduced BM was prolonged significantly (P<0.0001, Mantel-Cox test). (D) Survival curve
as in (C), except that the transduced BM was lineage-depleted prior to transplantation, as
described in Experimental Procedures. (E) Scatter plot of peripheral blood (PB) leukocyte
counts in the four cohorts from the transplant in panel (D) versus time after transplantation.
(F) Flow cytometric detection of the retrovirally expressed HA-tagged GAB2 proteins in
peripheral blood leukocytes from the indicated recipients of transduced Gab2–/– BM. Note
the discrete populations of Mac-1+HA+ myeloid cells. Leukocytes from untransduced Gab2–/–
donors had no detectable FITC fluorescence (data not shown). Detection of the HA epitope
tag on the GAB2 PH protein by intracellular antibody staining was consistently less efficient
than for the other GAB2 proteins, despite equivalent protein expression (for example, Figure
2.5C).
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leukemia/lymphoma, principally of T-cell lineage, beginning around 3 months after
transplantation. To reduce the incidence of recipients with mixed disease, we repeated these
experiments but performed lineage depletion of the donor bone marrow prior to
transplantation (Jiang, Stuible et al. 2003), which removes the early lymphoid progenitors
that are the target cells for BCR-ABL1-induced B-ALL (Hu, Swerdlow et al. 2006). As
expected, we observed more efficient rescue of CML-like MPN, characterized by marked
elevation in circulating myeloid cells, upon co-expression of GAB2 and BCR-ABL1 in
Gab2-deficient BM; about half the recipients succumbed to CML-like disease without
evidence of B-ALL (Figures 3D and 3E). As before, co-expression of BCR-ABL1 and GAB2
lacking its p85 or SHP2 binding sites failed to result in MPN, as reflected by modestly
elevated peripheral blood leukocyte counts that were consistently around 10-15 x 103/ l
(Figure 2.3E). Southern blot analysis of peripheral blood (PB) leukocyte DNA showed that,
similar to recipients of p210-Gab2WT-transduced Gab2–/– BM, evaluable recipients of p210Gab2 p85- or p210-Gab2 Shp2-transduced Gab2–/– BM were repopulated with proviruscontaining cells (Figure 2.S2). Furthermore, flow cytometry and intracellular staining for the
HA epitope tag revealed similar levels of expression of retrovirus-derived GAB2 proteins in
circulating myeloid cells from all cohorts (Figure 2.3F). Taken together, these results are
consistent with comparable levels of engraftment by Gab2-deficient BM co-expressing BCRABL1 and the different GAB2 mutants, and demonstrate that the PH domain and binding
sites for PI3K and SHP2 are all necessary for GAB2 to mediate signals from BCR-ABL1
required for the overproduction of myeloid progenitors that is characteristic of CML.
To analyze the cell signaling pathways downstream of GAB2 in the CML-like MPN
induced by BCR-ABL1, we immunoblotted extracts from primary BCR-ABL1-expressing
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myeloid cells from recipients in the different groups from Figures 2.3C and 2.3D. For cohorts
that did not develop overt MPN, we chose recipients that had well-defined populations of
myeloid cells expressing the mutant GAB2 proteins, as judged by intracellular flow
cytometry (Figure 2.3F). As described previously (Roumiantsev, de Aos et al. 2001), in
recipients of WT (i.e., Gab2+/+) BM, BCR-ABL1-induced MPN was accompanied by
tyrosyl-phosphorylated BCR-ABL1 and GAB2, concomitant with phosphorylation of
STAT5, CrkL, AKT, and ERK (Figure 2.4, lanes 4-5). Similarly, phospho-BCR-ABL1,
phospho-STAT5, and phospho-CrkL were detected in primary Gab2–/– myeloid cells
transduced with p210-Gab2WT virus or either of the mutant Gab2 viruses (Figure 2.4, lane
6), demonstrating that STAT5 and CrkL activation are independent of GAB2. Using
antibodies specific for the GAB2 phosphotyrosine binding sites for p85 (pY441) and SHP2
(pY633), we observed that GAB2 was expressed and phosphorylated at both sites in Gab2–/–
myeloid cells reconstituted with GAB2WT (Figure 2.4, lanes 7-9). The GAB2 p85 and
GAB2 SHP2 proteins were also phosphorylated at the expected sites in vivo. In Gab2–/–
myeloid cells co-expressing BCR-ABL1 and GFP, there was a modest decrease in activation
of Akt and a marked decrease in ERK activation relative to Gab2+/+ cells (Figure 2.4, lane 6),
consistent with previous in vitro results (Sattler, Mohi et al. 2002). Interestingly, coexpression of GAB2WT with BCR-ABL1 in Gab2–/– cells was associated with only a modest
increase in ERK activation and no overall increase in AKT activation (Figure 2.4, lanes 7-9).
In Gab2–/– cells co-expressing BCR-ABL1 and GAB2 p85, there was robust activation of
ERK, while there was no change in AKT activation in Gab2–/– cells co-expressing BCRABL1 and either GAB2 mutant (Figure 2.4B, lanes 10-12). Together, these results suggest
that the BCR-ABL1-GRB2-GAB2 complex
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Figure 2.4 - Analysis of signaling events in primary BCR-ABL1-expressing myeloid
cells
Immunoblot analysis of primary myeloid cell extracts from selected transplant recipients in
Figures 3C and 3D. Recipients of BM from Gab2+/+ (lanes 4-5) or Gab2–/– (lanes 6-12)
donors transduced with BCR-ABL1 retrovirus co-expressing GFP (lanes 4-6), GAB2WT
(lanes 7-9), or the GAB2 mutants lacking binding sites for p85 (lane 10-11) or SHP2 (lanes
12) were analyzed by immunoblotting with the indicated antibodies. Lane 1 is an extract
from PDGF-stimulated 3T3 cells; lanes 2 and 3 are extracts from untransduced BM from WT
or Gab2–/– (KO) donors, respectively. Levels of eIF4E are shown at the bottom as a control
for loading.
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signals through multiple pathways to cause the expansion of myeloid cells characteristic of
CML. ERK activation correlates with SHP2 binding by GAB2, while activation of AKT does
not correlate with p85 binding by GAB2 or with leukemogenesis.

Differential requirements for GAB2 binding proteins in BCR-ABL1-induced Blymphoid transformation in vitro
Some recipients of BCR-ABL1 Y177F-transduced BM develop B-ALL (Million and Van
Etten 2000), suggesting that GAB2 might play different roles in the pathogenesis of myeloid
versus lymphoid leukemia. Therefore, we analyzed the impact of GAB2 deficiency on the
ability of BCR-ABL1 to transform immature lymphoid progenitors in vitro using two
quantitative assays: colony formation in agarose (Rosenberg and Baltimore 1976), and
stroma-dependent growth (McLaughlin, Chianese et al. 1989). In the agarose colony assay,
Gab2-deficient BM was profoundly refractory to BCR-ABL1 transformation, giving rise to
10% of the colonies as WT BM transduced with the same virus (Figure 2.5A).
Transformation of Gab2-deficient BM was completely restored by transduction with the
p210-Gab2WT retrovirus, but not by Gab2 mutant for either its p85 or SHP2 binding sites. In
the second assay, BCR-ABL1 stimulates the outgrowth of immature B-lymphoid cells that
are stroma-dependent and not highly leukemogenic in mice (McLaughlin, Chianese et al.
1989). Previously, we modified this assay to include serial dilution and plating of the
transduced bone marrow, which allows for more quantitative assessment of transformation
(Smith, Yacobi et al. 2003). We showed earlier that the efficiency of outgrowth of BCRABL1-transduced Gab2–/– BM was significantly lower than that of Gab2+/+ BM (Sattler,
Mohi et al. 2002). Here, we confirmed this defect, as cultures initiated with less than 3x104
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Figure 2.5 - In vitro lymphoid transformation by BCR-ABL1 is dependent on GAB2
(A) Agarose colony transformation assay. BM from the indicated Balb/c donor (blue:
Gab2+/+; red: Gab2–/–) mice was transduced with retrovirus co-expressing p210 BCR-ABL1
and either GFP or the indicated GAB2 isoform and plated directly in agarose as described in
Experimental Procedures. Transformed pre-B lymphoid colonies were counted at day 10.
The differences in colony number between p210-GFP-transduced Gab2+/+ and Gab2–/– BM,
and between p210-GFP-transduced and p210-Gab2WT-transduced Gab2–/– BM, were
significant (P<0.0001 and P=0.001, respectively, unpaired t-tests), while there was no
difference between p210-GFP-transduced Gab2+/+ and p210-Gab2WT-transduced Gab2–/–
BM (P=0.224). The difference in colony number between Gab2–/– BM transduced with p210Gab2WT retrovirus and either p210-Gab2 p85 or p210-Gab2 Shp2 retrovirus was
significant (P=0.0004 and P=0.0002, respectively, unpaired t-tests), while the difference
between Gab2–/– BM transduced with p210-Gab2 p85 and p210-Gab2 Shp2 retrovirus was
of borderline significance (P=0.0647, unpaired t-test). (B) Whitlock-Witte transformation
assay. Freshly harvested Balb/c BM from Gab2+/+ (top row) and Gab2–/– (bottom row)
donors was transduced with retrovirus co-expressing p210 BCR-ABL1 and either GFP or the
indicated GAB2 isoform and plated in triplicate at the indicated cell numbers per well.
Nontransduced cells were added to provide 106 total cells for stromal support. Wells were
scored as positive when cell number reached 106 viable non-adherent cells per well, as
described in Experimental Procedures. (C) Extracts from immortalized BCR-ABL1transformed B-lymphoid cell lines (from Figure 2.5B) from Gab2+/+ (WT) or Gab2–/– (KO)
donors were analyzed for expression and phosphorylation of GAB2 proteins as described in
Experimental Procedures.
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BCR-ABL1-transduced Gab2–/– BM cells failed to reach confluence, while as few as 1x103
transduced Gab2+/+ BM cells sufficed (Figure 2.5B). Co-expression of BCR-ABL1 with
GAB2WT restored efficient outgrowth of Gab2–/– BM, while co-expression of the
GAB2 SHP2 mutant did not. Interestingly, the GAB2 mutant lacking p85 binding also
rescued B-lymphoid transformation in vitro, albeit to a lesser extent than GAB2WT (Figure
2.5B). Immunoblot analysis of extracts from the transformed cells demonstrated that the
various retrovirally-encoded GAB2 proteins were expressed and phosphorylated at the
appropriate sites (Figure 2.5C).

BCR-ABL1 induces B-ALL through a GAB2-SHP2 signaling pathway
We subsequently tested the role of GAB2 in B-lymphoid leukemogenesis by transducing BM
from Balb/c Gab2+/+ and Gab2–/– donors without cytokine stimulation and transplanting the
cells into lethally irradiated recipients. In this model, recipients of BCR-ABL1-transduced
WT BM develop an aggressive pre-B cell leukemia/lymphoma characterized by involvement
of BM, spleen, lymph nodes, and a malignant pleural effusion with B220+ lymphoblasts
((Roumiantsev, de Aos et al. 2001) and data not shown). In contrast to the effect of GAB2
deficiency on myeloid leukemogenesis wherein no recipient of BCR-ABL1-transduced
Gab2–/– BM developed CML-like MPN (Figure 2.1), about half of the recipients of Gab2–/–
BM developed B-ALL, but only after a significantly prolonged latent period (Figure 2.6).
Co-expression of WT GAB2 or the GAB2 p85 mutant with BCR-ABL1 restored induction
of B-ALL in all recipients of Gab2–/– BM, although the survival of the GAB2 p85 cohort
was significantly longer. By contrast, the GAB2 SHP2 mutant failed to rescue lymphoid
leukemogenesis. Taken together with the findings from the in vitro growth assay (Figure
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Figure 2.6 - BCR-ABL1 induces B-ALL predominantly through the GAB2-SHP2
pathway
Kaplan-Meier curve of recipients of BM from Gab2+/+ littermates transduced with
p210MIGFP retrovirus (blue solid line, n=8), and of Gab2–/– donors (red lines) transduced
with p210-IRESwt-Gab2WT retrovirus (dotted line, n=8) or the indicated Gab2 mutant
retrovirus (dashed lines, n=8 for each cohort). All deaths were due to B-ALL. There was no
significant difference in survival between recipients of p210MIGFP-transduced Gab2+/+ BM
and p210-IRESwt-Gab2WT-transduced Gab2–/– BM (P=0.493), or between recipients of
p210MIGFP-transduced Gab2–/– BM and p210-IRESwt-Gab2 Shp2-transduced Gab2–/– BM
(P=0.734). By contrast, the survival of recipients of p210MIGFP-transduced Gab2+/+ BM and
p210MIGFP-transduced Gab2–/– BM, and of recipients p210-IRESwt-Gab2WT-transduced
and p210-IRESwt-Gab2 p85-transduced Gab2–/– BM, was significantly different (P<0.0001
and P=0.001, respectively, Mantel-Cox tests).
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2.5B), these results show that whereas GAB2 is not absolutely required for B-lymphoid
transformation and leukemogenesis by BCR-ABL1, the GAB2-SHP2 signaling pathway
contributes significantly to the pathogenesis of BCR-ABL1-induced B-ALL.
To analyze the cell signaling pathways downstream of GAB2 in B-lymphoid cells
transformed by BCR-ABL1, we immunoblotted extracts from primary BCR-ABL1expressing lymphoid tumor cells from recipients in the different cohorts in Figure 2.6. As in
myeloid cells (Figure 2.4), WT and mutant GAB2 proteins were expressed and
phosphorylated appropriately, and activation of STAT5 and CrkL in B-lymphoid cells was
independent of GAB2 (Figure 2.7). We observed robust phosphorylation of AKT that was
dependent on GAB2 and its p85 binding site, although activation of this pathway was not
required for lymphoid leukemogenesis (Figure 2.6). Phosphorylation of ERK was dependent
on both the p85 and SHP2 binding sites in GAB2. Together with Figure 2.4, these results
emphasize that BCR-ABL1-GAB2 signaling pathways in malignant myeloid and lymphoid
cells are distinct. However, the results argue that activation of AKT and ERK through the
GAB2 effectors PI3K and SHP2 does not occur through simple linear pathways in BCRABL1-expressing cells, and neither AKT nor ERK phosphorylation strictly correlates with
leukemogenesis.

105

Figure 2.7 - Analysis of signaling events in primary BCR-ABL1-expressing lymphoid
tumor cells
Extracts from primary leukemia/lymphoma samples (lymph node or pleural effusion cells)
were analyzed for phosphorylation of signaling proteins as described in Experimental
Procedures. Lane 1 is a control extract from PDGF-stimulated 3T3 cells. The generally lower
levels of expression of the mutant GAB2 proteins correlated with less involvement of the
various tissues with malignant cells at the time of death, as assessed by flow cytometry for
GFP (data not shown).
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Figure 2.S1 (related to Figure 2.1) - Histopathological characterization of CML-like
MPN and precursor T-lymphoid leukemia/lymphoma induced by BCR-ABL1 in mice
(A) Peripheral blood smear from a mouse with CML-like MPN induced by BCR-ABL1 in
Gab2+/+ BM (Wright Giemsa stain, magnification 1000x). Note the leukocytosis with
maturing myeloid cell of the neutrophil lineage. (B-D) Histopathology (hematoxylin and
eosin stains) of CML-like MPN, depicting spleen (B), liver (C) and lungs (D). Note the
infiltration of organs with maturing myeloid and erythroid cells, and parenchymal
hemorrhages in the lungs (magnification: B and C, 200x; D, 50x). (E) Histopathology of
precursor T-cell acute leukemia/lymphoma induced by BCR-ABL1 in Gab2–/– BM, involving
a mesenteric lymph node (hematoxylin and eosin stain, magnification 200x). Note the
monomorphic replacement of the node with medium-sized lymphoblasts with prominent
nucleoli and scant cytoplasm. The malignant cells express GFP, CD4, CD8, and CD90 by
flow cytometric analysis (data not shown).
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Figure 2.S2 (related to Figure 2.2) - Equivalent retroviral transduction and engraftment
of BM from Gab2+/+ and Gab2–/– donors
Southern blot analysis of genomic DNA isolated from leukemic tissues of individual mice
from the transplant experiment in Figure 2.3C, analyzed with a radioactive probe from the 5‟
region of the BCR gene. Control DNA from a cell line carrying a single BCR-ABL1 provirus
is on the left (Con), while molecular size markers (M) are at the right. The BCR probe detects
a common 7.5 kb band from the endogenous mouse Bcr gene (arrowhead); additional bands
represent discrete proviral integration events. Note that the clonality is similar between
recipients of BM from Gab2+/+ (lanes 1-10) and Gab2–/– (lanes 11-18) donors, and between
the p210MIGFP (lanes 1-6), p210Y177F-GFP (lanes 7-10), and p210-Gab2 (lanes 11-18)
retroviral vectors. The samples from the recipients of p210-Gab2 p85- or p210-Gab2 Shp2transduced Gab2–/– BM (lanes 17 and 18) were from mice with modest leukocytosis at d1828 post-transplantation.
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DISCUSSION
There is a major effort to identify critical signaling pathways in Ph+ leukemia whose
blockade can prevent or overcome TKI resistance and perhaps lead to permanent cure of
these diseases (Van Etten 2004). In this effort, mouse models of Ph+ leukemia can be
invaluable tools, in part because they allow genetic manipulation of the leukemic cells in a
fashion that is difficult or impossible to achieve using human cell lines or primary leukemia
cells from patients. Here, we have employed Gab2-deficient mice in these mouse models of
CML and B-ALL to demonstrate that GAB2, acting through distinct downstream signaling
pathways, is required for myeloid and lymphoid leukemogenesis by BCR-ABL1.
In the CML model, treatment of BM donor mice with 5-fluorouracil is commonly
employed to improve the efficiency of transduction of hematopoietic stem cells. However,
because hematopoietic stem/progenitor cells from Gab2–/– mice have deficient responses to
cytokines (Zhang, Diaz-Flores et al. 2007) and cytotoxic drugs (G.M. and B.G.N.,
unpublished observations), 5-FU could not be used in our experiments, which explains the
low (mono-oligoclonal) engraftment of recipients with BCR-ABL1-transduced stem cells
(Figure 2.S2) and the development of mixed CML-like and B-lymphoid leukemias in
recipients of p210-GFP-transduced Gab2+/+ BM and p210-Gab2WT-transduced Gab2–/– BM
(e.g., Figure 2.3C).
We observed that BM from Gab2–/– donors was completely resistant to induction of
CML-like leukemia by BCR-ABL1, suggesting that GAB2 signaling is absolutely required
for the massive expansion of myeloid cells and progenitors that is characteristic of this
myeloproliferative neoplasm. However, GAB2 deficiency might affect another property of
stem cells that could cause failure of leukemogenesis in this model, including stem cell
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abundance, ability to be efficiently transduced by retrovirus, or efficiency of engraftment and
repopulation. Several lines of evidence argue against this possibility. We observed equivalent
engraftment of provirus-positive cells (Figure 2.S2) and circulating GFP+ myeloid cells
(Figure 2.1D) were present in recipients of transduced Gab2–/– BM (Figure 2.S2), indicating
that they had been repopulated with retrovirally transduced cells. More convincingly, the
genomic Gab2 null mutation could be complemented by co-expression of GAB2 together
with BCR-ABL1 in transduced stem cells, which resulted in efficient restoration of leukemia
(Figures 3C and 3D).
The GRB2 binding site at Tyr177 of BCR-ABL1 is required for efficient induction of
CML-like MPN in mice, and parallel analyses of BCR-ABL1-expressing primary human
CD34+ cells also implicated pY177 as a critical motif (Chu, Li et al. 2007). Our previous
studies demonstrated that GAB2 phosphorylation was diminished in leukemic cells
expressing the BCR-ABL Y177F mutant, and that in vitro transformation of Gab2-deficient
myeloid and lymphoid progenitors by BCR-ABL1 was also decreased. The results presented
herein demonstrate that GAB2 is required for both myeloid and lymphoid leukemogenesis by
BCR-ABL1, and argue that the critical signals flow through a pY177-GRB2-GAB2 complex.
Although our data clearly show that GRB2/GAB2 complexes are essential, we do not
exclude a role for SOS, another GRB2 effector that links to activation of the RAS pathway,
in the pathogenesis of CML. A direct role for GAB2 in human CML is also suggested by the
demonstration that siRNA knockdown of GAB2 selectively impaired colony formation by
CML progenitors in vitro (Scherr, Chaturvedi et al. 2006). Whereas hematopoiesis is
essentially normal in Gab2-deficient mice, these results suggest that inhibiting the function
of GAB2 might be an effective treatment for Ph+ leukemia with little adverse effects on
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normal blood cells. Other studies suggest that GAB2 may also be a therapeutic target in
AML and some solid tumors (see Introduction).
In CML patients, TKIs such as imatinib are relatively ineffective at eliminating
quiescent CML stem cells (Graham, Jorgensen et al. 2002), which may explain the rapid
recurrence of leukemia observed in most patients when TKI therapy is withdrawn (Mahon,
Rea et al. 2010). Although we did not analyze them directly in this study, several
observations suggest that GAB2 might also be required for maintenance of BCR-ABL1+
leukemic stem cells. While we were able to detect provirus-containing Gab2-deficient
myeloid cells in the peripheral blood at periods 4-12 weeks following transplantation, these
cells generally disappeared from the circulation at longer time points, and we were unable to
serially transplant BCR-ABL1-expressing Gab2-deficient BM from primary recipients into
irradiated secondary recipients (data not shown). Although further studies are needed, these
observations suggest that targeting GAB2 or GAB2-dependent pathways might be an
effective strategy for eradication of CML, in addition to reversing the myeloproliferative
phenotype of the disease.
Previous studies of BCR-ABL1 leukemogenesis have suggested that different
signaling pathways are involved in the pathogenesis of CML and B-ALL. For example, the
Src homology 2 (SH2) domain of BCR-ABL1 contributes to induction of CML, but not BALL (Roumiantsev, de Aos et al. 2001), whereas SRC family kinases are critical to the
pathogenesis of BCR-ABL1-induced B-ALL, but not CML (Hu, Liu et al. 2004). The ability
to “rescue” BCR-ABL1 leukemogenesis in Gab2-deficient BM by co-expression of GAB2
allowed us to test which functional domains of GAB2 are required for leukemogenesis. In the
CML model, we found that rescue of leukemogenesis by GAB2 required the GRB2 binding
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sites, PH domain, and SH2 domain binding sites for both the p85 subunit of type IA PI3K
and the protein-tyrosine phosphatase SHP2. By contrast, the defect in B-lymphoid
transformation and leukemogenesis was substantially rescued by the GAB2 p85 mutant, but
not by the GAB2 SHP2 mutant. Together, these results emphasize that the signaling
pathways critical to the pathogenesis of BCR-ABL1+ myeloid and lymphoid leukemias are
distinct, which has important therapeutic implications. In particular, SHP2, which is required
for the pathogenesis of both leukemia types, is validated as an important new target for
therapy of Ph+ leukemia by our present results and by complementary studies demonstrating
that conditional deletion of Shp2 renders HSC refractory to BCR-ABL1-induced MPN (S.
Gu and B.G.N., unpublished data). Although it has been challenging to develop small
molecule inhibitors of protein-tyrosine phosphatases like Shp2, recent progress suggests that
such drugs may be on the horizon (Zhang, He et al. 2010).
Analysis of GAB2-dependent signaling in BCR-ABL1-expressing primary myeloid
and lymphoid cells by immunoblotting revealed a complex picture. In agreement with our
previous observations (Sattler, Mohi et al. 2002), AKT and ERK activation were decreased in
Gab2-deficient myeloid and lymphoid cells expressing BCR-ABL1. However, expression of
GAB2WT did not increase AKT or ERK phosphorylation to the levels observed in Gab2+/+
cells. In myeloid cells expressing GAB2 p85, ERK was activated to higher levels than in
Gab2+/+ cells, suggestive of a compensatory perturbation of GAB2 signaling in the absence
of p85 binding, but we did not observe a corresponding increase in AKT activation in cells
expressing GAB2 SHP2. In CML, the failure of the GAB2 p85 to rescue leukemogenesis
clearly implicates type IA PI3K as a potential therapeutic target, but whether AKT, as a
downstream serine-threonine kinase activated in part through PI3K signaling, is also a valid
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therapeutic target in CML is unclear. In this regard, we have recently found that CML-like
MPN can be efficiently induced in BM from mice with deficiency in any one of the three
AKT isoforms (W.W.C. and R.A.V., unpublished observations). In B-ALL, our studies do
support a connection between GAB2 binding of p85 and Akt activation, but our data also
indicate that this pathway is less significant in lymphoid leukemogenesis by BCR-ABL1.
In conclusion, in this report we have demonstrated a critical role for GAB2 in the
pathogenesis of CML and Ph+ B-cell acute lymphoblastic leukemia, and shown that
leukemogenic signals from Tyr177 of BCR-ABL1 flow through distinct pathways in these
different leukemias. Our results validate GAB2 and downstream signaling molecules,
particularly SHP2, as novel targets for therapy whose inhibition may complement tyrosine
kinase inhibitors in the effort to prevent relapse of leukemia and permanently cure patients.
Future applications of these mouse models should lead to an increased understanding of the
pathogenesis of BCR-ABL1-associated leukemia and to novel approaches to treatment.
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Chapter 3
Conformational control inhibition of the
BCR-ABL1 tyrosine kinase, including the
gatekeeper T315I mutant, by the switchcontrol inhibitor DCC-2036
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SUMMARY
Acquired resistance to ABL1 tyrosine kinase inhibitors (TKIs) through ABL1 kinase domain
mutations, particularly the gatekeeper mutant T315I, is a significant problem for chronic
myeloid leukemia (CML) patients. Using structure-based drug design, we developed novel
compounds that bind to residues (Arg386/Glu282) that ABL1 uses to switch between
inactive and active conformations. The lead “switch-control” inhibitor, DCC-2036, potently
inhibits ABL1 in both inactive and active conformations in a non-ATP-competitive fashion
and retains efficacy against virtually all reported CML resistance mutants, including T315I.
DCC-2036 inhibits BCR-ABL1T315I-expressing cell lines, prolongs survival in mouse models
of T315I-mutant CML and Ph+ B-lymphoblastic leukemia, and inhibits primary patient
leukemia cells expressing T315I in vitro and in vivo, supporting its clinical development in
TKI-resistant Ph+ leukemia.
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SIGNIFICANCE
Kinase inhibitors have ushered in an era of targeted therapeutics in oncology. In chronic
myeloid leukemia (CML), BCR-ABL1 tyrosine kinase inhibitors (TKIs) such as imatinib are
now standard treatment, but acquired resistance due to kinase domain mutations is a
significant problem, particularly the T315I “gatekeeper” mutation that causes resistance to all
approved TKIs. DCC-2036 is a novel, orally active TKI developed to exploit evolutionarily
conserved amino acids that regulate switching of ABL1 from inactive to active
conformations. DCC-2036 has efficacy against BCR-ABL1T315I in preclinical models and in
primary patient cells, and represents a new treatment option for patients who fail
conventional TKIs. Rational design of “switch-control” inhibitors is a promising strategy for
targeting the kinome in cancer and other diseases.
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INTRODUCTION
Chronic myeloid leukemia (CML) and a subset of B-cell acute lymphoblastic leukemia (BALL) are characterized by the Philadelphia (Ph) chromosome (Rowley 1973) and its product,
the deregulated fusion tyrosine kinase BCR-ABL1, which is capable of recapitulating CMLlike myeloproliferative disease when expressed in hematopoietic stem cells in mice (Daley,
Van Etten et al. 1990). Motivated by these and other observations, imatinib, a small
molecule tyrosine kinase inhibitor (TKI) of ABL1, was discovered and subsequently
developed for the treatment of CML (Capdeville, Buchdunger et al. 2002; Deininger and
Druker 2003). X-ray crystallographic studies have shown that imatinib binds to the kinase
domain of ABL1 in an inactive conformation, referred to as the “DFG-out” or Type II
conformation (Schindler, Bornmann et al. 2000; Nagar, Hantschel et al. 2003). In this
structure, the activation loop tyrosine 393 of ABL1 is unphosphorylated and acts as pseudosubstrate, impairing access to the substrate pocket, while the ATP pocket is blocked by
phenylalanine 382 from the conserved DFG motif. It has been proposed that the inactive
conformation to which imatinib binds resembles the native state of inactive ABL1 and
perhaps other tyrosine kinases. Such inactive kinase conformations provide unique binding
pockets, distinct from the corresponding active (Type I) conformations, and targeting of these
unique inactive conformations provides a general strategy for designing selective kinase
inhibitors (Huse and Kuriyan 2002). Whereas Type I kinase inhibitors target the classic ATP
binding pocket that shares a high degree of homology among kinases, Type II inhibitors,
such as imatinib and sorafenib, exploit additional binding sites adjacent to the ATP pocket
(Liu and Gray 2006) and bind preferentially to the inactive conformation of the enzyme. The
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search for robust approaches for the development of Type II inhibitors remains an intense
area of research.
In newly diagnosed CML patients in chronic phase, imatinib therapy induces
hematologic and cytogenetic remissions in the majority of patients that have largely proven
durable over an 8-year follow-up period (Druker, Guilhot et al. 2006; Hochhaus, O'Brien et
al. 2009). Despite this clinical success, a significant proportion of patients experience
progression of their disease on imatinib, frequently as a consequence of mutations in the
BCR-ABL1 kinase domain that render the enzyme resistant to the drug (Gorre, Mohammed
et al. 2001). To date, more than 50 different point mutations in the ABL1 kinase domain
have been detected in imatinib-resistant patients (Shah, Nicoll et al. 2002). Some of these
mutations confer imatinib resistance by impairing the “induced fit” binding of imatinib to the
kinase domain (Roumiantsev, Shah et al. 2002). The second generation BCR-ABL1 TKIs
dasatinib (Shah, Tran et al. 2004), nilotinib (Kantarjian, Giles et al. 2006), and bosutinib
(Puttini, Coluccia et al. 2006) inhibit many of these BCR-ABL1 mutants and provide clinical
responses in imatinib-resistant CML. However, mutation of the gatekeeper residue,
threonine 315, to isoleucine (T315I) causes virtually absolute resistance to all four TKIs, in
part through steric interference with drug binding (Gorre, Mohammed et al. 2001).
Kinase domain mutations may also confer imatinib resistance by driving ABL1
towards the active conformation to which imatinib cannot bind (Azam, Latek et al. 2003).
We refer to this form of resistance as conformational escape.

Interestingly, the T315I

mutation has been shown to activate c-ABL1 (Azam, Seeliger et al. 2008) by conformational
escape through stabilization of a “hydrophobic spine” that is a structural feature shared by
many activated kinases (Kornev, Haste et al. 2006). Conformational escape may also
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underlie the resistance of secondary mutants of the cKIT kinase to imatinib and sunitinib in
patients with gastrointestinal stromal tumors (Gajiwala et al, 2009).
In CML, T315I accounts for 15% of the mutations recovered from patients with
imatinib resistance, but may represent the predominant mechanism of acquired resistance to
multiple TKIs (Shah, Skaggs et al. 2007; Soverini, Gnani et al. 2009). Mutation of
gatekeeper residues in epidermal growth factor receptor and c-KIT also leads to resistance to
TKIs, including gefitinib (Kobayashi, Boggon et al. 2005) and erlotinib (Pao, Miller et al.
2005) in lung cancer, and imatinib in gastrointestinal stromal tumors (Tamborini, Bonadiman
et al. 2004; Wardelmann, Thomas et al. 2005). Hence, the development of TKIs that retain
potency for gatekeeper mutants is of major clinical importance. While there are ongoing
efforts to develop agents to treat CML with the T315I BCR-ABL1 mutation (QuintasCardama 2008), no drugs have yet won approval for this indication. The aurora kinase
inhibitors MK-0457 and PHA-739358 inhibit T315I mutant BCR-ABL1 in vitro (Giles,
Cortes et al. 2007; Gontarewicz, Balabanov et al. 2008), but any hematologic responses
observed in clinical trials of these agents may be due predominantly to inhibition of Aurora
kinase rather than BCR-ABL1 (Donato, Fang et al. 2010). AP-24534, a novel TKI that
inhibits T315I BCR-ABL1, has been described very recently (O'Hare, Shakespeare et al.
2009), and is currently in clinical trials for the treatment of refractory CML.
We have approached the general problem of inhibitor resistance, and specifically the
issue of conformational escape resistance, by using the concept of „switch control pocket‟
inhibition to guide drug design (Flynn and Petillo 2004). When a tyrosine kinase adopts the
active Type I conformation, the transition is promoted by specific “switch control” amino
acids that interact with and stabilize the phosphorylated activation loop tyrosine. These
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switch control residues adopt alternative orientations in the inactive, unphosphorylated Type
II state. A switch control inhibitor is designed to interact with these residues in the inactive
conformation, providing a thermodynamic bias for stabilizing the inhibitor-bound Type II
conformation, even in the face of phosphorylation or mutations which otherwise predispose
conformational escape of the kinase to the Type I active conformation. We refer to this type
of durable Type II inhibition as conformational control inhibition. Here, we report on
structure-based design activities that have culminated in the discovery and development of
DCC-2036, a novel conformational control inhibitor of ABL1. This agent potently inhibits
ABL1 in both the inactive (unphosphorylated) and active (phosphorylated) forms via a nonATP-competitive mechanism, and retains efficacy against virtually all reported TKI
resistance mutants in CML, including T315I. Furthermore, DCC-2036 blocks proliferation
and induces apoptosis of BCR-ABL1-expressing cell lines in vitro, demonstrates efficacy in
several mouse models of CML and Ph+ B-cell acute lymphoblastic leukemia, and inhibits
BCR-ABL1T315I in primary leukemia cells both in vitro and in patients.
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EXPERIMENTAL PROCEDURES
Tyrosine kinase expression, purification, crystallography, and kinase assays
His-tagged ABL1 kinase domain proteins were overexpressed in Sf9 cells via a baculovirus
vector, and unphosphorylated and phosphorylated proteins purified by sequential Hi-Trap Ni
and POROS HQ chromatography. Crystals of ABL1-inhibitor complexes were grown by
vapor diffusion. Purified ABL1 kinases were assayed by quantitation of ADP production by
coupling with the pyruvate kinase/lactate dehydrogenase system (Schlinder et al, 2000).
Detailed protein methods are provided in Supplemental Information.

Cell Proliferation Assays
Ba/F3 cells expressing native or p210 BCR-ABL1T315I were grown as previously described
(Ilaria and Van Etten 1995), with parental Ba/F3 cells supplemented with 5 ng/mL
recombinant mouse IL-3 (Invitrogen, Carlsbad, CA). Cell proliferation was measured using
a resazurin-based assay (O'Brien, Wilson et al. 2000). Ba/F3 cells (3,000 cells/well) were
plated in triplicate in 96-well plates containing test compounds. After 67h, 40 µL of 440 µM
resazurin (Sigma, St. Louis, MO) in PBS was added to each well, and plates were incubated
an additional 5h, followed by measurement of OD612 on a BMG Fluostar Optima plate
reader. Results represent an average of at least three independent experiments.

Immunoblotting Assays
2 x 106 Ba/F3 cells expressing native or BCR-ABL1T315I were incubated for 6 h in media
containing test compounds, then lysed in RIPA buffer containing protease inhibitors (Pierce,
Rockford, IL). In the case of Ba/F3 cells isolated from xenografted mice or primary human
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leukemia samples, mononuclear cells were isolated by centrifugation through Ficoll-Hypaque
and cell pellets solubilized by direct boiling in NuPAGE LDS sample buffer (InVitrogen).
Protein was quantitated by the Pierce 660 nm Protein Assay Reagent, equal protein amounts
loaded onto NuPAGE 5-15% gradient polyacrylamide gels and transferred to nitrocellulose
membranes (InVitrogen LC2001) by electroblotting. Blots were probed using phosphospecific antibodies and bands were detected using ECL Plus (GE Healthcare, Piscataway, NJ)
and a Molecular Devices Storm 840 phosphorimager in fluorescence detection mode. Band
intensities were quantified using ImageQuant software and normalized for loading
differences based on eIF4E content. Blots were stripped and reprobed with the
corresponding total antibodies. Antibodies against pABL1, pCrkL, ABL1, STAT5, and
eIF4E were obtained from Cell Signaling Technology, pSTAT5 (pTyr694) from BD
Biosciences, and CrkL from Santa Cruz Biotechnology.

Xenograft and retroviral BM transduction/transplantation mouse models of BCRABL1-induced leukemia
Retroviral stocks were generated and tittered as previously described (Li, Ilaria et al. 1999).
Ba/F3 cells (1x106) transformed to interleukin-3 independence by transduction with either
BCR-ABL1native or BCR-ABL1T315I retrovirus were injected intravenously into syngeneic
Balb/c recipients, as described (Ilaria and Van Etten 1995). Beginning day 3 post-injection,
mice were treated with imatinib (100 mg/kg in water twice daily via oral gavage) or with
DCC-2036 (100 mg/kg in 0.5% CMC/1% Tween-80, once daily via oral gavage) or with
vehicle (0.5% CMC/1% Tween-80) alone. For induction of CML-like leukemia, bone
marrow (BM) from male Balb/c donor mice was harvested 4d after intravenous
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administration of 150 mg/kg 5-fluorouracil (5-FU), transduced with BCR-ABL1T315I
retrovirus, and 5x105 cells injected intravenously into sublethally irradiated (400 cGy) Balb/c
recipients. Beginning at d5 post-transplant, cohorts were treated once daily by oral gavage
with vehicle alone, or DCC-2036 at 100 mg/kg. For induction of B-cell acute lymphoblastic
leukemia, BM from donors not pretreated with 5-FU was transduced once with BCRABL1T315I retrovirus and 1x106 cells injected into sublethally irradiated Balb/c recipients.
Beginning at d8 post-transplant, cohorts were treated twice daily by oral gavage with vehicle
alone, with DCC-2036 at 60 mg/kg, with imatinib at 100 mg/kg (in water), or with dasatinib
at 10 mg/kg (in 80 mM citric acid pH 3.1). All mouse experiments were approved by the
Institutional Animal Use and Care Committee of Tufts Medical Center.

Pharmacodynamic analysis of BCR-ABL1T315I inhibition in mice by DCC-2036
Balb/c mice were inoculated with 1x106 Ba/F3 cells co-expressing BCR-ABL1T315I and GFP
as described above. On day 9 post-injection, leukemia-bearing mice were given a single dose
of 100 mg/kg DCC-2036 by oral gavage. At the indicated times post-dose, pairs of mice
were sacrificed, BM and spleen harvested, and single cell suspensions prepared. As a positive
control, cultured Ba/F3 cells expressing BCR-ABL1T315I were used, while the negative
control was parental Ba/F3 cells starved of serum and IL-3 for 4h. For flow cytometric
analysis of pSTAT5 inhibition, cells were fixed with 2% paraformaldehyde, permeabilized
with ice-cold 95% methanol with vortexing, and stored at -20 C overnight. For analysis,
samples were rehydrated with 3 volumes phosphate-buffered saline/0.5% BSA on ice for 1
hour, then incubated in FACS buffer containing Alexa 647-conjugated anti-phospho-STAT5
antibody (Cell Signaling Technology) in the dark for 30 min. Samples were washed once
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and analyzed on a Cyan flow cytometer, gating on the GFP+ population. Inhibition of pBCRABL1T315I was assessed by immunoblot analysis, as described above.

Inhibition of primary CML myeloid colony formation in vitro
Primary BM cells from a patient with newly diagnosed CML and from a normal individual,
and PB mononuclear cells from a patient with CML-AP and imatinib intolerance, were plated
(5x104 cells/plate) in triplicate in methylcellulose cultures (H5434, Stem Cell Technologies),
either without or with kinase inhibitors at the indicated concentrations. Neither patient had
detectable ABL1 kinase domain mutations. Colonies (CFU-GM) of >50 cell size were
scored at d14.

Inhibition of BCR-ABL1 kinase activity in leukemic blasts in vitro
Peripheral blood blasts from a patient with relapsed and refractory Ph+ B-ALL and detectable
T315I mutation (40% of total) were incubated overnight (initial cell viability >90%) in
IMDM supplemented with 100 M 2-mecaptoethanol and 0.5% BSA, and either without
drug or with imatinib (1 M) or DCC-2036 (50, 200, and 1000 nM). After incubation, cells
were lysed and protein extracts subjected to immunoblot analysis as described above.

Pharmacodynamic analysis of pSTAT5 inhibition in CML cells in vivo
After obtaining informed consent, peripheral blood leukocytes from a patient with CML and
the BCR-ABL1T315I mutation were collected at the indicated time before and after the oral
dose of DCC-2036 on day 1 or day 8 of therapy on a phase 1 dose-escalation clinical trial at a
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dose level of 300 mg (tosylate salt) once daily. Extracts from peripheral blood mononuclear
cells were analyzed by immunoblotting as described above.

Gene cloning, protein expression and production for u-ABL1native, ABL1T315I, pABL1native and ABL1H396P
A cDNA for human ABL1 (kinase domain residues 229-499 from the P00519 numbering
system) was cloned into a pBacGus-1 expression vector (Novagen, Gibbstown, NJ)
containing an N terminal Glu His TEV affinity tag sequence and transfected into Spodoptera
frugiperda (Sf9) cells with BV3000 viral DNA according to the BacVectorTM system
protocol (Novagen). Typically, cell paste from 2-3 liters baculovirus cell culture was
resuspended in 20mM Tris pH 8.0 containing EDTA-free COMPLETE protease inhibitor
tablets (Roche, Indianapolis, IN) and lysed hypotonically for 1 hour at 40C. The lysate was
clarified by ultracentrifugation and loaded onto a 10ml Hi-Trap Ni chelating column (GE
Healthcare, Piscataway, NJ) equilibrated with 20mM Tris pH 8.0, 250mM NaCl and EDTAfree COMPLETE protease inhibitor tablets. ABL kinase was eluted with a 0-300mM
imidazole gradient over 90 minutes at a flow rate of 2ml/min and ABL1-containing fractions
were pooled and incubated overnight at 16oC with AcTEV protease (Invitrogen, Carlsbad,
CA) to cleave the affinity tag. The TEV-digested Ni pool was diluted 3X with 20mM Tris
pH 8.0 and reloaded onto the 10ml Hi-Trap Ni chelating column. ABL1 kinase was
recovered in the Ni flowthrough and further purified by POROS HQ chromatography,
following elution with a 0-1 M NaCl gradient over 60 minutes. The described protocol was
used for the purification of unphosphorylated, phosphorylated, and mutant ABL1
preparations. Unphosphorylated ABL (residues 229-499) was prepared by culturing SF9
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cells in the presence of 10 M imatinib or DP-582 (1-(3-tert-butyl-1-(3-cyanophenyl)-1Hpyrazol-5-yl)-3-(2,3-dichlorophenyl)urea), which largely inhibited cellular phosphorylation
as judged by PY-20 western analysis and subsequent crystallographic examination. This
protein is referred to as u-ABL1native. ABL1 preparations produced from baculovirus cultures
grown in the absence of inhibitor were largely phosphorylated as judged by PY-20 and
PY393 western analysis. This protein is referred to as p-ABL1native. u-ABL1native and pABL1native proteins demonstrated approximately the same specific activities in a standard
spectrophotometric coupled kinase assay. T315I gatekeeper mutant ABL1, containing
residues 229-499 of ABL1 wherein threonine 315 was mutated to isoleucine using the
QUICK CHANGE-II kit (Stratagene), was expressed in the presence of 10 µM DP-582. This
protein is referred to as ABL1T315I. Activation loop mutant H396P ABL1, containing
residues 229-499 of ABL1 wherein histidine 396 was mutagenized to proline, was also
expressed in the presence of 10 µM DP-582 or DCC-2036. This protein is referred to as
ABL1H396P.

Gene cloning, expression, and production of other kinases
Generation of recombinant baculovirus containing the full-length human SRC kinase
(residues 1-536) using the Novagen BacVectorTM system was performed as described for
ABL1 kinase. Recombinant baculovirus containing a KDR kinase domain construct
(residues D807-K939 and A991-D1171 of the human KDR kinase domain with a portion of
the kinase insert domain (KID) deleted) was expressed in SF9 cells. Proteins were expressed
containing an N-terminal TEV-cleavable His tag and purified by Ni affinity chromatography.
LYN, FGR, HCK, FLT3 and TIE2 kinases were purchased from Invitrogen.
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ABL crystallography
ABL1 kinase-inhibitor complexes were prepared by pre-incubating enzyme samples
overnight with a 5-fold molar excess of inhibitor and concentrating to ~10 mg/ml for
crystallography. Crystals of ABL1native-inhibitor or ABL1T315I-inhibitor complexes were
grown by vapor diffusion against crystallization conditions of 100 mM Tris pH 6.9-7.5
containing 28%-35% PEG3000, or 100 mM Bis-Tris pH 6.9-7.5 containing 25%-32%
PEG2000MME or 27%-32% PEG3350, respectively. Tabulated data on crystal structures
reported herein are given in Table 3.S5.

Assay of ABL1 kinase isoforms and determination of inhibitor potency
Activity of u-ABL1native was determined by following the production of ADP from the kinase
reaction through coupling with the pyruvate kinase/lactate dehydrogenase system (Schindler
et al., 2000). In this assay, the oxidation of NADH (measured as a decreased A340nm) was
continuously monitored spectrophotometrically. The final reaction mixture (100 µl, in a 384well Corning plate #3675) was prepared as follows: An ABL1 kinase/coupled assay
components mixture was prepared containing u-ABL1 kinase (1 nM), ABLtide
(EAIYAAPFAKKK, 0.2 mM), MgCl2 (9 mM), pyruvate kinase (~ 4 units), lactate
dehydrogenase (~ 0.7 units), phosphoenol pyruvate (1 mM), and NADH (0.28 mM) in 90
mM Tris containing 0.1 % octyl-glucoside and 1 % DMSO, pH 7.5. Separately, an inhibitor
mixture was prepared containing test compounds serially diluted 3-fold in DMSO followed
by dilution into buffer composed of 180 mM Tris, pH 7.5, containing MgCl2 (18 mM) and
0.2 % octyl-glucoside. Fifty µl of the inhibitor mixture was mixed with 50 µl of the above
ABL1 kinase/coupled assay components mixture, which was then incubated at 30 oC for 2 h

128

before 2 µl of 25 mM ATP (500 µM, final) was added to start the reaction. The reaction was
recorded every 2 min for 2.5 hours at 30 ºC on a Polarstar Optima (BMG Labtech, Cary, NC)
or Synergy2 (BioTek, Winooski, VT) plate reader. Reaction rate (slope) was calculated
using the 1 to 2 h time frame with reader‟s software. Percent inhibition was obtained by
comparison of reaction rate with that of a DMSO control (i.e. with no test compound). IC50
values were calculated from a series of percent inhibition values determined at a range of
inhibitor concentrations using GraphPad Prism, (GraphPad Software, La Jolla, CA). The
kinase assay for ABL1T315I, p-ABL1native or ABL1H396P was assayed the same as above except
that 2.2 nM ABL1T315I, 1 nM p-ABL1native or 1.3 nM ABL1H396P was used. The above assay
format was also used for kinases other than ABL1 with the exception of TIE2, for which a
fluorescence polarization/Transcreener format (BellBrook Labs, Madison, WI) was used.
The assay conditions were the same as described above except that PolyE4Y (final 1 mg/ml)
was used as the substrate and one hour preincubation was used.

Determination of dissociation rate constants
Dissociation rate constants were determined for inhibitors according to published methods
(Morrison et al., 1988). Inhibitors were incubated with u-ABL1native, p-ABL1native, or pABL1T315I in 1:1 stoichiometry for 1-2 hours and then diluted 200- to 300-fold such that the
final concentration of kinase upon dilution was 1-2 nM. Recovery of activity was monitored
continuously and off-rates determined from the reaction rate curves.

Kinase panel screening
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Activity of DCC-2036 against the panel of kinases in Table 3.S4 was carried out at Reaction
Biology (Malvern, PA) according to published methods (Horiuchi, Wang et al. 2006).

RESULTS
Structure-based design of ABL1 kinase inhibitors that engage the Type II conformation
Glu282/Arg386 salt bridge
Although there is currently no reported structure of apo-ABL1 in its active, phospho-tyrosine
393 (pY393) Type I conformation, the structure of pY393-ABL1 in complex with dasatinib
(Tokarski, Newitt et al. 2006) has been reported and shows that pY393 makes binding
interactions with both the catalytic loop arginine 362 (R362) and an activation loop arginine
386 (R386) (Figure 3.S1A). The same R362 and R386 residues make electrostatic
interactions with Y393 in the active conformation co-crystal structure of H396P ABL1 with
VX-680 ((Young, Shah et al. 2006); Figure 3.S1B), while in the structure of activated LCK
(Yamaguchi and Hendrickson 1996), the homologous R363 and R387 residues also interact
with the activation loop pY394. Thus in both ABL1 and LCK kinases, R386 or its homolog
R387 functions as a crucial conformational switch residue to stabilize the activation loop
phospho-tyrosine in the active Type I state. When ABL1 is dephosphorylated and assumes
the Type II inactive conformation, as inferred from the co-crystal structure with imatinib
(Nagar, Hantschel et al. 2003), the interaction between Y393 and R386 is disrupted: Y393
moves to occupy the substrate pocket, while R386 moves to a unique inhibitor-accessible
region under the C-helix in close proximity to E282 (Figure 3.S1C). The E282/R386 amino
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acid pair therefore provides a design element for inhibitor binding to the inactive Type II
conformation that is not available in the Type I conformation.
To this end, several prototype diarylurea inhibitors were designed, synthesized, and
evaluated. From this effort, compounds 1 and 2 were identified (Figures 1A and 1B).
Compound 1 contains a tetrahydro-isoquinoline (THIQ) ring system wherein a basic ring
basic nitrogen was designed for binding the acidic ABL1 E282 residue and a pendant
carboxylic acid moiety (R = CO2H) was included for interacting with the basic ABL1 R386
residue. Compound 1 also contains a urea moiety to bind the conserved K271-E286 salt
bridge of ABL1, a t-butyl moiety to bind into the hydrophobic spine at the third pocket
position (Kornev et al, 2006), and a 2,3-dichlorophenyl ring to stabilize the DFGphenylalanine F382 in the Type II-out conformation. Compound 1 exhibited an IC50 of 57
nM for ABL1native and an IC50 of 773 nM for ABL1T315I. Compound 2 replaced the
tetrahydro-isoquinoline ring with a quinoline ring. Electrostatic potential calculations
revealed that the C2 carbon of the quinoline ring exhibits the highest partial positive charge
(Figure 3.S2), focusing and orienting the positive charge toward E282. Compound 2
exhibited an IC50 of 140 nM for ABL1native and an IC50 of 711 nM for ABL1T315I.
To confirm the mode of binding of compound 1, an X-ray crystal structure was
obtained in complex with the ABL1native kinase domain (Figure 3.S3). This structure
revealed that the THIQ ring system of 1 does indeed bind to the E282/R386 switch control
residues, with the THIQ ring basic nitrogen and carboxylic acid moiety making electrostatic
interactions with the acidic side chain of E282 and the guanidinyl side chain of R386,
respectively. Other features of inhibitor binding include hydrogen bond formation between
the urea moiety and the K271-E286 salt bridge, binding of the t-butyl moiety into the third
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pocket of the hydrophobic spine, and orientation of the 2,3-dichlorophenyl ring to stabilize
F382 in an edge-face -interaction. It is noteworthy that this binding mode affords a 57 nM
inhibitor of ABL1 kinase without relying on binding into the ATP pocket hinge region, a
typical requirement of classical Type II and ATP-competitive Type I inhibitors. Analogs of
compounds 1 or 2 that lacked a THIQ or quinoline ring system exhibited only modest ABL1

Figure 3.1 - Structures of switch-control inhibitors of ABL1 kinase
(A) Compound 1 contains a tetrahydro-isoquinoline (THIQ) ring nitrogen that interacts with
switch control amino acid E282; a pendant carboxylic acid moiety that interacts with switch
control amino acid R386; a t-butyl moiety to bind into the hydrophobic spine position #3
pocket; and a 2,3-dichlorophenyl ring to bind into the extended hydrophobic pocket of
ABL1. (B) Compound 2 replaces the THIQ ring with a quinoline ring. (C) Compound 3
contains a pyridine ring nitrogen and a pendant carboxamide-NH moiety to form hydrogen
bonds with M318 at the ATP hinge. (D) Compound 4 incorporates the THIQ ring of
compound 1 and the carboxamide containing pyridine ring of compound 3. (E) DCC-2036
incorporates the quinoline ring of compound 2 and the carboxamide containing pyridine ring
of compound 3. The IC50 of each compound for inhibition of the kinase domains of purified
ABL1native and ABL1T315I (see Experimental Procedures) are indicated.
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inhibition (IC50 >1 M, data not shown), emphasizing the significance of the E282/R386
switch control residues as a novel inhibitor-anchoring site.

Design of dual-anchoring inhibitors of ABL1 that bind both the Glu282/Arg386 switch
pair and the ATP pocket hinge Met318
To improve potency, we next designed inhibitors that provided dual docking sites to both the
switch control pocket E282/R386 pair and also to the ATP hinge, reasoning that such a dualanchoring inhibitor might provide the increased binding energy required to stabilize
oncogenic and resistant forms of ABL1 in the Type II conformation. To probe docking of
inhibitor only to the ATP hinge region, we prepared compound 3 (Figure 3.1C), which
contains a carboxamide-substituted pyridine ring to form hydrogen bonds with the backbone
of the ATP hinge residue M318. However, compound 3 does not extend in the direction of
the activation loop to engage the switch control E282/R386 residues. Compound 3 exhibited
an IC50 of 88 nM vs. ABL1native, similar in potency to compounds 1 and 2, indicating that
either inhibitor-anchoring mode affords similar potency.
We then combined both E282/R386 switch control-binding and M318-ATP hingebinding moieties by synthesizing compound 4 (Figure 3.1D), and DCC-2036 (Figure 3.1E).
Compound 4 and DCC-2036 exhibited IC50 values of 9 nM and 0.8 nM vs. ABL1native,
respectively. Significantly, these dual-anchoring inhibitors also showed potent inhibition of
the gatekeeper mutant ABL1T315I, with IC50s of 17 nM and 4 nM, respectively. Thus,
incorporation of the additional switch control pocket-binding quinoline ring in DCC-2036
leads to a 100-fold improvement in potency vs. ABL1native and a 20-fold improvement in
potency vs. gatekeeper mutant ABL1T315I, compared to the prototypic Type II compound 3.
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Structure of DCC-2036 bound to ABL1native and gatekeeper mutant ABL1T315I
Co-crystal structures of DCC-2036 with ABL1native (Figure 3.S4) and with ABL1T315I
(Figures 2A and 2B) were solved. In both structures, DCC-2036 binds to the DFG-out Type
II conformation. Similar to compound 1, the quinoline ring of DCC-2036 forms an
electrostatic interaction with E282, which is held in place to retain an electrostatic interaction
with R386. The urea nitrogens form two hydrogen bonds with the conserved K271-E286 salt
bridge and an additional hydrogen bond between the urea carbonyl and the backbone amino
group of D381, the t-butyl moiety binds into the hydrophobic spine pocket, thereby forcing
the DFG F382 (yellow) out into the mouth of the ATP pocket, and the carboxamidesubstituted pyridine ring forms two hydrogen bonds with the ATP hinge residue M318. The
fluorine substituent on the central phenyl ring is positioned ortho- to the urea moiety,
providing stereoelectronic bias for inducing planarity of the fluoro-phenyl ring and the urea
function. Such stereoelectronic restriction optimally orients the phenyl ring to avoid steric
clash with the mutant isoleucine gatekeeper residue (I315) and also to orient the phenyl ring
for -interaction with F382.
Recently, an activating hydrophobic spine of ABL1T315I has been reported (Azam,
Seeliger et al. 2008), wherein a vertical cluster of hydrophobic amino acids stabilize the Type
I active state. This hydrophobic cluster includes L301, M290, F382, H331, and the
additional mutant I315 as a fifth reinforcing hydrophobic residue further stabilizing the Type
I active state ((Modugno, Casale et al. 2007), Figure 3.S5). In the co-crystal structure of
DCC-2036 with ABL1T315I, this activating spine has been disrupted by outward movement of
F382 (Figure 3.2C), which is stabilized by the central phenyl ring of DCC-2036. The
inhibitor also
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Figure 3.2 - Co-crystal structure of DCC-2036
bound to ABL1T315I kinase
(A) Ribbon diagram of the Type II conformation of
ABL1T315I in complex with DCC-2036. Note the
trajectory of the quinoline C2 carbon oriented
towards E282. The activation-loop internal switch
(green) is in the „off state‟, with F382 occluding the
ATP pocket and Y393 occluding the substratebinding pocket, making a hydrogen bond with D363.
(B) Rotation of the orientation of panel (A),
highlighting the interaction of DCC-2036 with the
ATP hinge residue M318. Key hydrogen bonds and
electrostatic interactions are highlighted as dashed
lines. (C) View of the DCC-2036/ABL1T315I
complex. The activating hydrophobic spine is
disrupted by displacement of F382. DCC-2036
makes stabilizing interactions with spine residues
M290, H361, and the displaced residue F382. DCC2036 (t-Bu moiety) occupies the third position in this
„inhibitory‟ hydrophobic spine. Key interactions of
the inhibitor quinoline ring with the E282/R386
switch pair are also shown.
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M290 and H361, while the t-butyl residue of DCC-2036 occupies the third position of the
hydrophobic spine as a surrogate of F382, effectively establishing an inhibitory hydrophobic
spine in the interior of the kinase, which includes L301, M290, the inhibitor (DCC-2036 tbutyl moiety), and H361 (Figure 3.2C).

DCC-2036 inhibits unphosphorylated ABL1native, phospho-ABL1native, ABL1H396P, and
ABL1T315I in a non-ATP-competitive manner
We compared the inhibitory activity of DCC-2036 to that of imatinib, dasatinib, and nilotinib
(Table 3.1) against purified, unphosphorylated ABL1native (u-ABL1), phosphorylated
ABL1native (p-ABL1), unphosphorylated gatekeeper mutant ABL1T315I, and the activation
loop mutant ABL1H396P, which, like ABL1T315I, is predisposed to exist predominately in an
activated conformation due to the restricted backbone torsional angles imposed by the mutant
Pro396 (Young, Shah et al. 2006). In addition to its potent inhibition of u-ABL1 (IC50 0.82
nM) and ABL1T315I (IC50 4.1 nM), DCC-2036 also strongly inhibited p-ABL1 (IC50 2 nM)
and ABL1H396P (IC50 1.4 nM). By comparison, imatinib has moderate inhibitory activity only
for u-ABL1 (75 nM) while losing significant potency for those forms that are predisposed to
exist predominately in the „switch on‟ activated conformation (p-ABL1, ABL1H396P, and
ABL1T315I). As previously reported (Shah, Tran et al. 2004; Weisberg, Manley et al. 2006),
dasatinib and nilotinib retain potency for p-ABL1 and ABL1H396P, but are essentially inactive
against mutant ABL1T315I (IC50 >10,000 and 3,800 nM, respectively). For ATP competitive
inhibitors such as imatinib, an increase of ATP concentration can result in significant loss of
inhibitor potency. However, DCC-2036 lost little activity against AblT315I even in the
presence of high (5 mM) ATP concentrations (Table 3.S1). DCC-2036 exhibited very
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Table 3.1 - Inhibition (IC50, nM) of ABL1 kinases by DCC-2036 and other TKIs
u-ABL1

p-ABL1

ABL1H396P

ABL1T315I

0.75 + 0.11

2+1

1.4 + 0.1

4+1

Imatinib

75 + 3

7,700 + 1,000

3,000 + 1,000

>10,000

Dasatinib

1.1 + 0.1

0.7 + 0.4

0.5 + 0.1

>10,000

Nilotinib

0.87 + 0.09

2.2 + 1.2

1.1 + 0.3

3,800 + 1,200

DCC-2036

IC50 values were determined as described in Experimental Procedures

Table 3.2 - Kinase inhibition profile of DCC-2036
Kinase

IC50, nM

ABL1

0.75 + 0.11

SRC

34 + 6

LYN

29 + 1

FGR

38 + 1

HCK

40 + 1

KDR

4 + 0.3

FLT3

2 + 0.3

TIE2

6 + 0.3

c-KIT

481 + 57

PDGFR

70 + 10

PDGFR

113 + 10

Aurora A

>5,000

CDK2/Cyclin D

>5,000

IC50 values were determined as described in Experimental
Procedures vs. purified kinase domains
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prolonged off rates (koff) from its complex with all three ABL1 forms (Table 3.S2). The koff
values of 0.00129-0.00177 min-1 correspond to t1/2 values between 392-538 minutes,
demonstrating that DCC-2036, once bound, exhibits prolonged residency times in complex
with ABL1. In addition to ABL1, DCC-2036 also inhibited the SRC family kinases SRC,
LYN, FGR, and HCK, and the receptor TKs KDR, FLT3, and TIE2 (Table 3.2), but did not
inhibit a significant number of kinases outside of this ensemble. Notably, DCC-2036 spared
c-KIT (IC50 481 nM).

DCC-2036 inhibits cellular proliferation of Ba/F3 cells expressing native or mutant
BCR-ABL1
We next tested the ability of DCC-2036 to inhibit proliferation of Ba/F3 cells transformed to
interleukin-3-independence by BCR-ABL1native (Daley and Baltimore 1988) or several TKIresistant BCR-ABL1 mutants (Table 3.3). Similar to imatinib, dasatinib, and nilotinib, DCC2036 effectively inhibited the proliferation of Ba/F3 cells expressing native BCR-ABL1native
(IC50 5.4 nM), but DCC-2036 also retained its potency against Ba/F3 cells expressing
gatekeeper mutant BCR-ABL1T315I (IC50 13 nM), where the three FDA-approved TKIs were
ineffective. DCC-2036 also inhibited proliferation of the Ph+ cell line K562 (IC50 5.5 nM),
and induced apoptosis in both BCR-ABL1-expressing Ba/F3 and K562 cells at nanomolar
concentrations (data not shown). Importantly, the growth of parental Ba/F3 cells (in the
presence of IL-3) was not appreciably inhibited by DCC-2036 until concentrations exceeded
3 M, demonstrating that the drug is not generally cytotoxic. By contrast, the dual Aurora
A/ABL1 kinase inhibitor MK-0457 did not discriminate between parental and BCR-ABL1transformed Ba/F3 cells, indicative of global cytostatic activity (Table 3.3). In addition to

139

the T315I mutant, DCC-2036 also inhibited proliferation of several common TKI-resistant
mutants of BCR-ABL1, including Y235F, E255K, M351T, and F317L, at IC50 values ranging
from 14-127 nM.

Table 3.3 - Comparison of inhibition of cellular proliferation by ABL1 TKIs (IC50, nM)
Ba/F3 – BCR-ABL1
Ba/F3
Parent*

Native

T315I

Y253F

3,500

5.4

13

>10,000

48

Dasatinib

3,800

Nilotinib

DCC-2036
Imatinib

MK-0457

E255K

M351T

T315A

F317L

K562

39

127

14

19

36

5.5

>10,000

2,300

6,400

417

536

417

108

0.4

5,200

2

8

1.1

65

2.3

0.4

9,500

2.1

2,800

63

80

4.2

17

10

2.7

102

104

74

80

84

65

88

84

N/A

IC50 values were determined as described in Experimental Procedures
*Determined in the presence of 10 ng/mL IL-3

DCC-2036 inhibits mutant BCR-ABL1T315I signaling and prolongs survival in a mouse
Ba/F3 cell xenograft model
We examined the ability of DCC-2036 to inhibit the phosphorylation of BCR-ABL1 and its
downstream targets STAT5 and CrkL in transformed Ba/F3 cells (Figure 3.3A). At
concentrations that correlated with its cytotoxic effects, DCC-2036 effectively inhibited
autophosphorylation of BCR-ABL1native (IC50 29 nM) and BCR-ABL1T315I (IC50 18 nM), as
well as the phosphorylation of STAT5 in both cell lines (IC50 28 nM and 13 nM,
respectively). Phosphorylation of the BCR-ABL1 substrate CrkL was also inhibited,
although to a lesser extent, in both cell lines (BCR-ABL1native IC50 495 nM; BCR-ABL1T315I
IC50 2,600 nM). Importantly, imatinib, dasatinib, and nilotinib all failed to inhibit
phosphorylation of BCR-ABL1, STAT5, and CrkL in Ba/F3 cells expressing BCRABL1T315I (IC50 values > 5 M; data not shown).
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Figure 3.3 - DCC-2036 inhibits BCR-ABL1 signaling in Ba/F3 cells in vitro and in a
mouse xenograft model
(A) Inhibition of BCR-ABL1 signaling in Ba/F3 cells expressing BCR-ABL1native (top
panel) or BCR-ABL1T315I (bottom panel) by different concentrations of DCC-2036,
assessed by immunoblotting with phospho-specific antibodies to ABL1, STAT5, and CrkL,
as described in Experimental Procedures. (B) Complete and sustained inhibition of pSTAT5
in mice bearing Ba/F3-BCR-ABL1T315I leukemia cells following a single oral dose of
DCC-2036 at 100 mg/kg. At the indicated time after the dose, mice were sacrificed and the
level of phosphorylation of STAT5 assessed in leukemic (GFP+) cells by intracellular
staining with anti-pSTAT5 antibody and flow cytometric analysis. The grey histogram
represents the level of STAT5 activation prior to the dose, while the pink curve is from
parental Ba/F3 cells starved of IL-3 and serum, representing the baseline STAT5 activation.
(C) Immunoblot analysis of phospho-BCR-ABL1T315I and phospho-STAT5 levels in spleen
tissue extracts from the experiment in (B). Note that due to contributions from non-leukemic
cells, the extent of pSTAT5 inhibition is not as great as in panel (B). (D) Survival curve of
cohorts of mice injected on day 0 with 106 Ba/F3 cells expressing either BCR-ABL1native
or BCR-ABL1T315I, and treated beginning on day 3 with either imatinib at 100 mg/kg twice
daily or DCC-2036 at 100 mg/kg once daily by oral gavage. The survival of the T315I DCC2036-treated cohort was significantly longer than either the T315I imatinib-treated or
vehicle-treated cohorts (P<0.0001, Wilcoxon test). (E) Box-style plot of spleen weights (mg)
from Ba/F3-BCR-ABL1T315I leukemia-bearing mice treated with vehicle or DCC-2036,
assessed at the time of morbidity or death. The difference in spleen weight of the DCC2036-treated and the vehicle-treated cohorts was of borderline significance (P=0.06, unpaired
t-test).
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BCR-ABL1-transformed Ba/F3 cells can efficiently engraft syngeneic Balb/c mice following
intravenous injection (Ilaria and Van Etten 1995), proliferating in blood, marrow
and spleen and eventually causing morbidity and death of the recipients. A single oral dose
of DCC-2036 at 100 mg/kg effectively inhibited BCR-ABL1 signaling for up to 8 hours in
Ba/F3- BCR-ABL1T315I leukemia cells isolated from BM and spleen of tumor-bearing mice,
as assessed by intracellular flow cytometric staining for phospho-STAT5 (Figure 3.3B) and
immunoblotting of tissue extracts for phospho-BCR-ABL1 and phospho-STAT5 (Figure
3.3C). Treatment of mice bearing Ba/F3- BCR-ABL1T315I leukemia cells with DCC-2036 at
100 mg/kg once daily by oral gavage significantly prolonged their survival, while imatinib at
100 mg/kg twice daily was ineffective against this leukemia (Figure 3.3D). In this aggressive
xenograft model, DCC-2036 was as effective for treatment of BCR-ABLT315I leukemia as
imatinib at 100 mg/kg twice daily was for treatment of BCR-ABL1native leukemia, and
reduced the leukemia cell burden in the spleens of treated mice (Figure 3.3E).

DCC-2036 demonstrates efficacy in retroviral transduction/transplantation mouse
models of BCR-ABL1T315I CML and Ph+ B-ALL
To extend these results to primary myeloid and lymphoid leukemias induced by BCR-ABL1,
we employed a well-characterized retroviral BM transduction/transplantation model system
(Van Etten 2002). When BM from 5-fluorouracil (5-FU)-treated donors is transduced with
BCR-ABL1 retrovirus and transplanted intravenously into irradiated mice, recipients develop
an aggressive and fatal CML-like myeloproliferative neoplasm (MPN), characterized by
massive expansion of and extensive organ infiltration by of maturing myeloid cells (Li, Ilaria
et al. 1999). The CML-like MPN arises from hematopoietic stem cells (Hu, Swerdlow et al.
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2006), and is transplantable (Li, Ilaria et al. 1999) and responsive to TKI therapy (Hu, Liu et
al. 2004). When donors are not treated with 5-FU, recipients of BCR-ABL1-transduced BM
instead develop aggressive precursor B-cell acute lymphoblastic leukemia/lymphoma (BALL), arising from early lymphoid progenitors (Hu, Swerdlow et al. 2006) and characterized
by involvement of the BM, spleen, lymphatics, and pleural cavity (Roumiantsev, de Aos et
al. 2001).
In the CML model, treatment of recipients of BCR-ABL1T315I-transduced BM with
DCC-2036 at 100 mg/kg once daily significantly prolonged their survival from a median of
20 days to 32 days (Figure 3.4A), and was associated with an improvement in the circulating
leukocyte counts in treated mice (Figure 3.4B). In BCR-ABL1-induced B-ALL, genetic
studies in mice have implicated SRC family kinases in the disease pathogenesis (Hu, Liu et
al. 2004), suggesting that the inhibitory activity of DCC-2036 towards LYN, FGR, and HCK
(Table 3.2) might be of therapeutic benefit in this disease. Indeed, a previous report
suggested that dasatinib, which also inhibits SRC kinases, has therapeutic activity against BALL induced by T315I BCR-ABL1 in mice (Hu, Swerdlow et al. 2006). Accordingly, we
also compared the activity of DCC-2036 against imatinib and dasatinib in mice with B-ALL
induced by BCR-ABL1T315I. DCC-2036 had efficacy that was superior to both imatinib and
dasatinib (Figure 3.4C), significantly prolonging the survival of treated mice (median
survival 47 days), although all mice in this cohort eventually succumbed to B-ALL.
Interestingly, we noted that the histopathology of the B-lymphoid leukemia/lymphoma
appeared to be altered in DCC-2036-treated mice. Rather than developing the malignant
hemorrhagic pleural effusion that was the predominant cause of death in the other three
cohorts, the majority (10/14) of DCC-2036-treated recipients had absent or minimal (<0.1
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Figure 3.4 - DCC-2036 has efficacy in mouse models of CML and Ph+ B-ALL
(A) Survival curve for recipients of 5-FU-treated BM transduced with BCR-ABL1T315I
retrovirus, treated by oral gavage beginning at day 5 post-transplant with vehicle (red line,
n=10) or DCC-2036 at 100 mg/kg once daily (green line, n=14). All recipient mice
succumbed to CML-like MPN. The difference in survival between the two cohorts is
significant (P=0.007, Wilcoxon test). (B) Scatter plot of peripheral blood leukocyte counts
vs. time from the cohorts in panel (A). Red squares represent individual vehicle-treated
mice, while green circles represent individual DCC-2036-treated mice. (C) Survival curve
for Balb/c recipients of non-5-FU-treated BM transduced with BCR-ABL1T315I retrovirus,
treated by oral gavage beginning at day 10 post-transplant with vehicle (red line, n=6),
imatinib at 100 mg/kg once daily (black line, n=7), dasatinib at 10 mg/kg twice daily (blue
line, n=10), or DCC-2036 at 60 mg/kg twice daily (green line, n=14). The survival of the
DCC-2036-treated cohort was significantly prolonged (Wilcoxon tests) compared to cohorts
treated with vehicle (P=0.0184), imatinib (P=0.0474), and dasatinib (P<0.0001).
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mL) pleural effusions, but instead developed hind limb paralysis due to lymphomatous
involvement of vertebral spinal cord (data not shown). This suggests that effective treatment
of disease outside the equivalent to clinically relevant concentrations of imatinib (Figure
3.5A). Importantly, DCC-2036 had no apparent toxicity to normal hematopoietic colonyforming cells at concentrations below 500 nM (Figure 3.5A and data not shown). In vitro,
DCC-2036 also inhibited phosphorylation of BCR-ABL1, STAT5, and CrkL in leukemic
blasts from a patient with relapsed/refractory Ph+ B-ALL with the T315I mutation (Figure
3.5B).
Based on these preclinical results, DCC-2036 has been advanced to a phase 1 clinical
trial in patients with Ph+ leukemia that has relapsed or been refractory to at least two of the
FDA-approved TKIs (ClinicalTrials.gov identifier NCT00827138). In a patient with CML
chronic phase and the T315I mutation who received DCC-2036 (tosylate salt) at a 300 mg
dose level, we observed significant ( 65%) suppression of STAT5 phosphorylation in
peripheral blood leukemia cells that was maximum about 2 h following the initial day one
dose, with more sustained inhibition observed following a week of continuous daily dosing
(Figure 3.5C). Together, these results demonstrate that DCC-2036 is capable of suppressing
BCR-ABL1 activity in primary leukemic cells, both in vitro and in vivo, from patients with
Ph+ leukemia who are refractory to multiple TKIs, including those with the T315I mutation.
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Figure 3.5 - DCC-2036 inhibits BCR-ABL1 in patient leukemic cells in vitro and in
vivo
(A) Inhibition of BM-derived myeloid colonies from a newly diagnosed CML chronic phase
patient (left panel), a patient with relapsed CML in accelerated phase who was intolerant of
imatinib (middle panel), and a normal individual (right panel). BM mononuclear cells were
plated in triplicate in methylcellulose containing IL-3, SCF, and GM-CSF as described in
Experimental Procedures, either without drug (Untreated) or in the presence of the indicated
concentrations of DCC-2036 or imatinib. Results are presented as percent of Untreated
colony number. In the left and middle panels, the differences between any of the drugtreated cultures and Untreated were significant (P<0.001, t-test), while none of the
differences in the right panel were statistically significant. (B) Inhibition of BCR-ABL1
kinase activity and signaling by DCC-2036 in leukemic blasts from a patient with Ph+ BALL and the T315I mutation. Freshly isolated PB blasts were incubated overnight either
without drug (Untreated) or in the presence of the indicated concentrations of DCC-2036 or
imatinib, as described in Experimental Procedures. Protein extracts were then subjected to
SDS-PAGE and immunoblotting with the indicated antibodies. The levels of phospho-BCRABL1T315I, phospho-STAT5, and phospho-CrkL, relative to Untreated and corrected for
protein loading by the eIF4E standard, are given. Note that this patient expressed the p190
isoform of BCR-ABL1T315I. (C) Inhibition of pSTAT5 by DCC-2036 in circulating CML
cells in vivo. Top panels: Pharmacodynamic analysis of STAT5 phosphorylation in extracts
from peripheral blood mononuclear cells of a patient a patient with CML chronic phase and
the T315I mutation, obtained on day one (left) and day eight (right) of therapy with DCC2036 (tosylate salt) once daily at a 300 mg dose level. Bottom panels: Quantitation of
pSTAT5 levels from the immunoblots in the top panels, corrected for protein loading by the
eIF4E standard and normalized to percent of Day one pre-dose level.
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SUPPLEMENTAL DATA
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Figure 3.S1 (related to Figure 3.1) - Properties of switch-control inhibitors of ABL1
(A-C) Identification of switch-control residues that stabilize the active (phosphorylated) and
inactive (unphosphorylated) conformations of ABL1. Ribbon diagrams of Type I
conformations of (A) phosphorylated ABL1 in complex with dasatinib ((Tokarski, Newitt et
al. 2006); taken from PDB ID 2GQG) and (B) mutant ABL1H396P in complex with VX-680
((Young, Shah et al. 2006); taken from PDB ID 2F4J). Note interaction of the activation
loop Y393 with R362 in the catalytic loop and R386 in the activation loop. (C) Ribbon
diagram of Type II conformation of unphosphorylated ABL1 in complex with imatinib
((Nagar, Hantschel et al. 2003); taken from PDB ID 1OPJ). Note that Y393 occupies a
pseudo-substrate position, while R386 moves to a position in close proximity to E282. (D)
Electrostatic potential surface of pyrazolylquinoline ring system of compound 2. Partial
Coulombic charges are indicated. Note the +0.28 partial charge at position C2. (E) Binding
to the switch control residues E282/R386 is required for compounds 1 and 2 to inhibit ABL1.
Structures of compound 5, a derivative of compound 1 lacking the THIQ ring system, and of
compound 6, a derivative of compound 2 lacking the distal nitrogen-containing portion of the
quinoline ring. Both compounds were essentially inactive against unphosphorylated
ABL1native and phosphorylated ABL1T315I. (F) Stereoscopic view of compound 1 bound
to ABL1native. The ABL1 catalytic domain is in a „DFG out‟ inactive conformation, with
F382 (yellow) occupying the mouth of the ATP pocket. Note that the THIQ ring of
compound 1 forms electrostatic and hydrogen bonds with the key E282/R386 residue pair.

Table 3.S1 (related to Figure 3.1). Distance measurements for molecular interactions
depicted in Figures 2, S1, and S2
Inhibitor-Switch Amino Acids

Electrostatic
Interaction:
Inhibitor to
Quinoline to
E282

H-Bond:
Inhibitor
THIQ N
to E282

HBond:
Inhibito
r THIQ
CO2H
to R386

InhibitorConserved
Salt
Bridge

InhibitorD381 NH

Inhibit
orHinge
Region
M318

H-Bonds:
between
Inhibitor
NHs and
E286

H-Bond:
between
Inhibitor –
C=O and
D381 NH

H-Bond
of
pyridin
eN
with
Cys

Ligand

ABL1
form

Figure
S1C

Imatinib

native

N.A.

N.A.

N.A.

2.97 Å

2.93 Å

2.80 Å

Figure
S2A

DCC-2036

native

4.06 Å

N.A.

N.A.

2.72 Å
3.02 Å

2.22 Å

2.74 Å
3.11 Å

Figure
2

DCC-2036

T315I

3.30 Å

N.A.

N.A.

2.80 Å
2.90 Å

2.96 Å

2.95 Å
3.18 Å

Figure
S1F

Compound 1

native

N.A.

3.26 Å

3.32 Å

2.68 Å
2.79 Å

3.30 Å

N.A.

N.A. Not applicable
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Figure 3.S2 (related to Figure 3.2) - Co-crystal structure of DCC-2036 in complex with
ABL1
(A) Stereoscopic view of the structure of ABL1native bound to DCC-2036. Note that DCC2036 binds to the DFG-out Type II conformation, with the quinoline ring making
electrostatic interaction with E282, while the urea nitrogens and the carboxamide-substituted
pyridine ring make several key hydrogen bonds with E286 and M318, respectively. DCC2036 binding induces a hydrogen bond (d = 2.76 Å) between switch residues E282 and R386.
(B) Stereoscopic image of co-crystal structure of DCC-2036 bound to ABL1T315I. (C) The
Type I conformation of the ABL1T315I kinase, illustrating the activated hydrophobic spine
consisting of L301, M290, F382, and H361. Note that the mutant I315 hydrophobic residue
contributes an additional 5th stabilizing residue to this spine. Taken from PDB ID 2V7A
(Modugno, Casale et al. 2007).
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Table 3.S2 (related to Figure 3.2). Data collection and refinement statistics
ABL1native / DCC2036

ABL1T315I / DCC2036

ABL1native /
Compound 1

Beamline

ALS 5.0.2

ALS 5.0.2

SSRL 1-5

Resolution (Å)

75.23-2.10(2.202.10)

19.59-1.82(1.891.82)

20-2.3(2.36-2.30)

Unique reflections (#)

30534

38325

11993

Data Completeness (%)

97.4(84.1)

96.5(80.4)

100(100)

R sym

0.114(0.28)

0.087(0.408)

0.098(0.56)

I/Sigma

3.1 (2.6)

16.1 (2.2)

15 (3.1)

Resolution (Å)

2.10

1.82

2.30

R work

0.221

0.229

0.188

R free

0.284

0.286

0.281

Rmsd bond lengths (Å)

0.009

0.016

0.015

Rmsd bond angles (°)

1.438

1.72

1.629

Data Collection

Refinement

Table 3.S3 (related to Table 3.1). Effect of ATP concentration on inhibition (IC50, nM)
of ABL1 kinases by DCC-2036 and other TKIs
ABL1native

ABL1T315I

0.5 mM ATP

5 mM ATP

0.5 mM ATP

5 mM ATP

DCC-2036

0.75 + 0.11

0.88 + 0.03

4+1

6.6 + 0.4

Dasatinib

1.1 + 0.1

1.0 + 0.1

>10,000

ND

Imatinib

75 + 3

350 + 30

>10,000

ND

IC50 values were determined as described in Experimental Procedures; ND, not determined
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Table 3.S4 (related to Table 3.1). Dissociation rate constants (koff and t1/2 values) for
TKIs in complex with ABL1 kinases
u-ABL1native
koff (min-1)

p-ABL1native

p-ABL1T315I

t1/2 (min)

koff (min-1)

t1/2 (min)

koff (min-1)

t1/2 (min)

9

N.A.

N.A.

N.A.

N.A.

dasatinib 0.0032

216

0.0045

153

N.A.

N.A.

nilotinib 0.0018

389

0.0038

180

N.A.

N.A.

DCC-2036 0.00177

392

0.00172

402

0.00129

538

imatinib 0.075

The values of koff were determined from a dilution experiment in which recovery of the kinase
activities from preformed TKI/ABL1 complexes was followed continuously for ~16 h
N.A., not applicable (compound does not inhibit)
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Table 3.S5 (related to Table 3.2). DCC-2036 kinase screening panel inhibition data
IC50 < 10 nM
Kinase
ABL
BLK
FGFR2
FLT3
KDR
LCK
MER
TAK1
TIE2
TRKA

IC50 < 100 nM
IC50 (nM)
0.75
1.2
5.5
2
4
6.3
7.6
6.3
6
5.5

Kinase
ARG
AXL
BRK
CSK
DDR2
EPHA6
EPHA7
EPHB4
FGFR1
FGFR3
FGR
FRK
FYN
HCK
HGK
IRAK1
KHS
LIMK1
LOK
LYN
LYNB
MINK
MLK1
PDGFR
SKY
SRC
TRKB
TRKC
YES
ZAK

IC50 (nM)
18
42
59
25
19
17
88
64
14
10
38
37
12
40
45
39
99
61
47
29
13
11
35
70
87
34
35
38
33
90

100 nM < IC550 < 1,000 nM

IC50 > 1,000 nM

Kinase
ARAF
Bmx/ETK
BTK
CDK1
CDK4/cyclinD1
DYRK3
EPHA1
EPHB2
FAK
FER
FES
FGFR4
FLT1
FLT4
FMS
GCK
HIPK4
ITK
JAK1
JNK2a2
KIT
LRRK2
MET
MLK3
MNK2
NEK9
p38
p38
PDGFR
PYK2
RAF1
RON
ROS
RSK1
SLK
SRMS
SYK
TTK
TYK1
ULK2

Kinase
ACK1
AKT1
ALK1
ASK1
AuroraA
AuroraB
AuroraC
BRAF
BRSK1
CAMK1a
CDK1/cyclinA
CDK2/A
CDK3/cyclinE
CDK4/cyclinD3
CHK1
CK1a
CLK1
COT1
CRAF
CTK
DAPK1
DCamKL2
DMPK
DRAK1
DYRK1
EGFR
EPHB3
ERK1
ERK2
GRK2
GSK3
GSK3
HER2
HER4
HIPK1
IGF1R
IKK
IR
IRAK4
IRR
JAK2
JAK3
JNK1a1
JNK3
LKB1
MAPKAPK2
MARK1
MEK1
MELK
MK2
MKK6
MLCK
MLCK2
MLK2

IC50 (nM)
230
200
330
290
900
710
150
310
250
270
160
170
320
240
620
230
450
270
850
240
481
620
250
120
400
600
110
790
113
180
130
300
340
140
670
370
160
290
260
320

Kinase
MNK1
MRCK
MSK1
MSK2
MSSK1
MST1
mTOR
MUSK
MYO3B
NEK1
NIK
NLK
OSR1
p38
p38
PAK1
PASK
PBK
PDK1
PHK 1
PIM1
PIM2
PKA
PKC
PKC 1
PKC
PKC
PKD2
PKG1
PKG2
PKN1
PLK1
PRKX
RIPK2
ROCK1
RSK4
SGK1
SIK2
SNARK
SRPK1
STK16
STK25
STK33
TAOK1
TBK1
TEC
TGF R2
TSSK2
TXK
TYK2
ULK1
VRK1
WEE1
WNK2
ZAP70
ZIPK
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Figure 3.S3 (related to Figure 3.5) - Effects of DCC-2036 on primary Ph+ leukemia cells
(A) Inhibition of leukemic cell viability by DCC-2036 in vitro. Primary leukemic blasts from
a patient with Ph+ B-ALL and T315I mutation (from Figure 3.5B) were incubated with
varying concentrations of DCC-2036, and viable cells (mean ± SD) quantified after 72h,
relative to untreated cells. (B) Inhibition of pSTAT5 by DCC-2036 in circulating CML cells
in vivo. Top panels: Pharmacodynamic analysis of STAT5 phosphorylation in extracts from
peripheral blood mononuclear cells of a patient a patient with CML chronic phase and the
T315I mutation, obtained on day one (left) and day eight (right) of therapy with DCC-2036
(tosylate salt in capsules) once daily at a 300 mg dose level. Bottom panels: Quantification
of pSTAT5 levels from the immunoblots in the top panels (mean + SD), corrected for protein
loading by the eIF4E standard and normalized to percent of Day one pre-dose level.
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DISCUSSION
Kinases are involved in a variety of essential cellular functions, including survival,
quiescence, apoptosis, proliferation, motility, and responses to extracellular growth factors.
Hence, regulation of kinase activity is important in order to maintain cellular homeostasis
and normal physiology. Increasingly, it is clear that kinases are regulated in vivo by
adopting different conformations. Activation of kinases follows phosphorylation of specific
residues within the internal switch domain, referred to as the activation loop, which induces
kinases to adopt activated conformations. Dephosphorylation of the activation loop residues
dismantles this ordered conformation, leading to the establishment of altered, inactive
conformations, including the well-characterized „DFG-out‟ state which is catalytically
inactive (Schindler et al, 2000; Husa and Kuriyan, 2002). Genetic events –including aberrant
fusion protein mutations, deletions, or missense mutations – which disrupt this delicate
balance of kinase conformational fluxing can lead to pathologic conditions such as human
malignancy.
We have initiated a broad-based approach to kinase inhibition through identification
of key amino acid residues that are critical for kinase fluxing between conformational states,
and design of inhibitors that bind to such residues. Often, a key amino acid residue is
important for anchoring a phosphorylated (or mutated) amino acid in the active
conformation, but adopts an alternative orientation with a different anchoring partner in
various inactive conformations. Such alternate disposition of these anchoring partners within
inactive conformations frequently provides the basis for rational inhibitor design. In ABL1,
R386 is a critical anchoring partner for stabilizing pY393 in the active conformation. In the
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inactive Type II conformation, R386 and Y393 separate from each other, with Y393 moving
to occupy the substrate pocket, and R386 shifting to the interior of the kinase towards E282.
Here, we have demonstrated the utility of this E282/R386 anchor for inhibitor design,
culminating in the discovery of DCC-2036. Prototype inhibitor compounds 1 and 2, which
orient a THIQ or quinoline basic ring system toward the E282-R386 inhibitory anchor,
exhibit potencies in the 57-140 nM range for ABL1native. An X-ray crystallographic structure
of the compound 1-ABL1 complex confirmed the anchoring of the THIQ ring nitrogen to
E282 and the anchoring of the THIQ ring carboxylic acid to R386 itself (Figure 3.S3). It is
noteworthy that this level of inhibition, which is equivalent to the potency of imatinib for
ABL1native, is achieved without extending inhibitor binding into the ATP hinge region.
Additionally, compounds 1 and 2 also exhibit potencies in the 700 nM range for the
gatekeeper mutant ABL1T315I. Interestingly, a similar level of potency is realized by
compound 3, which anchors into the ATP hinge and extends into the hydrophobic interior
pockets, but does not extend to the switch E282-R386 salt bridge. Combining both an ATP
hinge binding anchor and an E282/R386 binding anchor within a single inhibitor led to
compound 4 and DCC-2036, which exhibit much greater potency vs. ABL1native (9 and 0.8
nM, respectively) and against mutant ABL1T315I (17 and 4 nM, respectively). An x-ray
crystallographic structure of the DCC-2036-ABL1T315I complex confirmed this dual
anchoring mode of DCC-2036.
Type II inhibitors provide many advantages, including the opportunity to bind to
alternate binding pockets more diverse than the conserved Type I ATP pocket, opportunities
for tight-binding kinetics and prolonged off-rates, and resiliency to high ATP concentrations.
DCC-2036 exhibits a prolonged off-rate from both ABL1native and ABL1T315I (t1/2 in excess of
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390 minutes, Table 3.S2) and resiliency when evaluated at high cellular levels of ATP (5
mM, Table 3.S1), consistent with its dominant binding mode.
DCC-2036‟s mode of binding provides a durable mode of Type II inhibition that
overcomes the clinical problem of conformational escape resistance. DCC-2036 makes a
sufficient number of interactions within the Type II state (Figure 3.2A) so as to override the
effect of point mutations that drive the population of ABL1 towards the active Type I state.
We refer to this type of inhibition as conformational control inhibition. Especially relevant
is the high potency of DCC-2036 against two mutants, T315I and H396P (IC50 values of 4
nM and 1.4 nM, respectively), which are known to predominantly populate ABL1 in the
Type I active conformation (Young et al, 2006; Azam et al, 2008). Recently, two groups
have reported on the importance of an interior hydrophobic spine for stabilizing kinases in
their active states (Kornev et al, 2006; Azam et al, 2008). This spine consists of four
hydrophobic residues that align vertically upon kinase activation, with the DFG
phenylalanine occupying the third position. We have analyzed the binding of DCC-2036
from this perspective and demonstrate that it may, in part, lead to conformational control of
ABL1 by invoking an inhibitor-participating hydrophobic spine in which a portion of DCC2036 substitutes for phenylalanine in the third spine position while also making interactions
with the second and fourth spine residues, M290 and H361 (Figure 3.2C).
Cellular studies demonstrated that DCC-2036 exhibits high potency in cell lines
expressing native or mutant forms of BCR-ABL1, including T315I and H396P. DCC-2036
inhibits cellular signaling, including blockade of BCR-ABL1 315I and STAT5
phosphorylation. DCC-2036 also inhibits a small ensemble of kinases (FLT3, TIE2, LYN,
SRC, HCK, FGR) known to play important roles in a variety of myeloproliferative diseases.
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Significantly, DCC-2036 spares c-KIT kinase, which may correlate with the lack of general
myelosuppression observed in the ongoing clinical study (data not shown). In a Ba/F3 cell
xenograft model, oral administration of DCC-2036 resulted in sustained inhibition of
phosphorylation of both BCR-ABL1T315I and STAT5, a significant reduction in leukemic
burden, and prolonged survival (Figure 3.3). Furthermore, daily oral administration of DCC2036 proved effective at prolonging survival and reducing circulating leukemia cells in a
physiologically relevant mouse model of an aggressive CML-like myeloproliferative
neoplasm induced by BCR-ABL1T315I, and in a similar model of Ph+ B-cell acute
lymphoblastic leukemia induced by BCR-ABL1T315I. Tested against primary patient
leukemia cells in vitro, DCC-2036 suppressed Ph+ myeloid colony formation and inhibited
the kinase activity and signaling of BCR-ABL1T315I.
Based on its composite properties and these positive preclinical results, DCC-2036
was selected for clinical development. Correlative studies from the initial Phase 1 clinical
trial of DCC-2036 have demonstrated sustained inhibition of both phospho-BCR-ABL1 and
phospho-STAT5 in refractory CML patients with the T315I mutation. In summary, DCC2036 represents a potential new therapeutic option for patients with Ph+ leukemia who have
relapsed on or are refractory to conventional TKIs. Exploiting the diversity of switch control
mechanisms among different kinases is a promising new strategy to develop new molecularly
targeted therapies for hematologic neoplasms, solid tumors, and non-malignant diseases.
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Chapter 4
Discussion
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The development of imatinib in the treatment of CML has validated the techniques of
rational drug design and mouse modeling and their application to small molecule therapy for
the treatment of cancer. While individually standing as pillars in hematology/oncology
research, it is the cross-talk between these fields that has revolutionized the management of
CML. While development of resistance to imatinib and the persistence of minimal residual
disease (MRD) has somewhat dampened the initial enthusiasm created by imatinib,
continued reliance on rational drug design and mouse modeling will generate additional preclinical strategies to managing and even overcoming drug resistant CML.
The current strategy for managing the chronic phase of CML largely centers on
monotherapy with imatinib, followed by second-line TKIs (nilotinib, dasatinib, and
Bosutinib). Treatment with single inhibitors, however, exposes patients to the development
of drug resistant CML. A possible solution to this challenge is to target two or more different
pathways (Daley 2003), with the expectation that the probability of developing complete
drug resistance decreases with each targeted pathway. This strategy has been validated in the
combinatorial treatment of HIV infection, with long-term remission maintained by targeting
multiple viral pathways (Van Etten 2004). Our mouse modeling suggest that the GRB2GAB2 pathway in CML maybe an appropriate target for developing small molecule
inhibitors. The GAB2 scaffolding protein makes an attractive target, as Gab2–/– mice exhibit
a mild phenotype and normal baseline hematopoiesis (Gu, Saito et al. 2001; Nishida, Wang
et al. 2002). However its lack of enzymatic makes it a less attractive small molecule target.
While GAB2 may be targeted in vitro by siRNA (Scherr, Chaturvedi et al. 2006) or
cell-penetrating peptides that block GRB2 binding (Kardinal, Konkol et al. 2001), translating
these findings to the clinic will require identifying GAB2 effectors whose function is
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amenable to inhibition by small molecules. These findings could have broader implications,
as GAB2 has also been implicated in the pathogenesis of breast cancer (Bentires-Alj, Gil et
al. 2006; Brummer, Schramek et al. 2006). The various functional domains, as summarized
in the introduction, are good starting points. Since GAB2 largely functions as a recruiter of
other proteins, targeting protein-protein interaction would appear to be a critical step. Early
efforts using small peptides to disrupt the activity of BCL6 in treating diffuse B-cell
lymphoma (Parekh, Privé et al. 2008), and acute promyelocytic leukemia (Melnick 2007),
have shown some promise. This approach could be tailored to interrupting the critical
interaction between the GRB2 SH3 domain and the GAB2 PRD (Schaeper, Gehring et al.
2000). One group has studied this interaction at high resolution, and considers it amenable to
small molecule targeting (Harkiolaki, Tsirka et al. 2009). SH3 domain interaction blockers
have shown modest bioactivity (Hashimoto, Hirose et al. 2006; Gril, Vidal et al. 2007), and
could be useful in combination with TKIs.
Another potential target is the PH domain. Our data indicates that the GAB2 mutant
missing its PH domain is unable to rescue the leukemogenic defect in Gab2–/– bone marrow
in the transduction/transplantation model. Disrupting the recruitment of GAB2 to the plasma
membrane may short-circuit its scaffolding function. This strategy appears to be successful
in targeting the PH domain of AKT and its application to the treatment of pancreatic cancer
cell xenografts (Moses, Ali et al. 2009). It is reasonable to expect a similar approach could
be used to target the PH domain of GAB2.
Our attempts to understand the intracellular signaling of CML downstream of GAB2
yielded a complex picture. While we had expected the PI3K/AKT and ERK pathways to be
abrogated in Gab2 ko cells expressing the GAB2 p85 and GAB2 SHP2 mutants,
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respectively, the results were not so clear-cut. There are two explanations that could be
confounding the results. Primarily, it is notoriously difficult to apply immunoblotting to the
analysis of signaling events in primary cells. The immunoblots showed significant signaling
variability even in diseased mice from the same cohort. In addition, the critical signaling
events may be occurring in early progenitors, and these signaling differences could be
drowned out by the more abundant maturing neutrophils. As such, we had attempted to
study some of these earlier signaling events using a technique that examines early
progenitors by phosphoflow analysis (Kalaitzidis and Neel 2008).
In our second GAB2 BMT experiment that utilized lineage depletion, we attempted to
make comparisons, between the four arms, of the major downstream signaling pathways
activated by BCR-ABL1 that are amenable to phosphoflow analysis. In the future, we would
generate a new cohort specifically for this experiment. We would expect to observe robust
activation of pathways downstream of p85 PI3K (phospho-AKT and phospho-S6) in cells
expressing GAB2WT and GAB2 SHP2, and activation of the ERK pathway (pERK) in cells
expressing GAB2WT and GAB2 p85. This would confirm that the GAB2 mutants have the
expected signaling properties, and that activation of either PI3K or SHP2 alone is insufficient
for induction of MPN. In addition, it would be useful to interrogate the activation of STATs,
specifically phospho-STAT3 and phospho-STAT5. We believe that both STATs are likely to
be direct substrates of BCR-ABL1. GAB2 contains a direct binding site for STAT3 (Tyr
194) that is required for activation of STAT3 downstream of the Sf-STK tyrosine kinase in
Friend virus leukemogenesis (Ni, Zhao et al. 2007), while other have described a cytoplasmic
STAT5/GAB2/PI3K complex that may contribute to proliferation of myeloid leukemia cells
(Harir, Pecquet et al. 2007). Although we may not be able to make statements about direct
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involvement of GAB2 in STAT5 signaling, if we do observe robust STAT activation in cells
expressing the GAB2 mutants, it would argue that STAT signaling alone is insufficient for
leukemogenesis.
Combination therapy targeting BCR-ABL1 tyrosine kinase and PI3K/AKT/mTOR
signaling pathway still remains an attractive strategy. The mammalian target of rapamycin
(mTOR) is a serine-threonine kinase downstream of PI3K that is activated by AKT
phosphorylation (Ly, Arechiga et al. 2003). Rapamycin acts by binding to the immunophilin
molecule FKBP12, and in complex inhibits mTOR. Recent development of a derivative of
rapamycin (RAD001) suggest good oral bioavailability (Dengler, von Bubnoff et al. 2005).
Rapamycin has been used previously in Ph+ cells to show the importance of the
PI3K/AKT/mTOR pathway in CML cells (Dengler, von Bubnoff et al. 2005), while also
prolonging survival in the BCR-ABL1-induced MPN (Mohi, Boulton et al. 2004). The
combination treatment of imatinib and rapamycin, in imatinib-resistant cell lines overexpressing BCR-ABL1, suppressed growth (Ly, Arechiga et al. 2003). In contrast, previous
work implicates the PI3K/AKT/mTOR pathway as a compensatory mechanism for
maintaining cell viability in the presence of imatinib (Burchert, Wang et al. 2005). This
pathway appears to be critical in mediating cell survival during the early development of
imatinib resistance.
The other critical pathway downstream of GAB2 is SHP2. The relevance of SHP2 in
the pathogenesis of CML is still unclear. One study describing in vivo leukemogenesis using
a Shp2–/– donor cells suggests a role for SHP2 (Chen, Yu et al. 2007). However, the authors
used yolk sac cells as donors, as the Shp2–/– mice are not viable, and its unclear if
pathological confirmation of MPN was performed. Our data indicates that GAB2-mediated
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recruitment of SHP2 is critical step in the development of CML, and therefore would make
an effective therapeutic. The development of small molecule inhibitors of SHP2 has two key
issues. It is still unclear what the direct downstream target of SHP2 is, making it difficult to
assess pharmacokinetic and pharmacodynamics. Furthermore, the molecular mechanism of
its phosphatase activity is not clearly understood. Two different small molecule inhibitors of
SHP2 are currently in development, both of which show potent activity against SHP2expressing cell lines, as well as cancer cell lines (Chen, Sung et al. 2006; Hellmuth,
Grosskopf et al. 2008).
The bone marrow transduction/transplantation model would provide an excellent
platform to test the efficacy of combination therapy versus monotherapy, while also
providing the necessary means of obtaining target validation. The various binding mutants of
GAB2 could be used to assess the efficacy of drugs targeting both the PI3K/AKT/mTOR and
SHP2/ERK pathway. The work covered in chapter three describes how Ba/F3 cell xenograft
model can serve as an effective mouse model for target validation as well as assessing
pharmacodynamics of a given drug. Since we have also shown that these cells are amenable
to intracellular staining, it would be straightforward to apply these techniques to assess the
appropriate dose in mice. Taken together, this collaboration between mouse modeling and
drug design would facilitate the development of combination therapy towards addressing the
current clinical challenge of drug resistance CML.
While combination therapy against CML takes advantage of findings derived from
mouse modeling of CML, another strategy that has led to the development of many tyrosine
kinase inhibitors is rational drug design. The field has come a long way in two decades,
when it had been previously assumed that the kinase domain could not be targeted due to
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significant structural homology shared by all tyrosine kinases. Structural studies have
outlined the importance of the inactivate (Type II) conformations of tyrosine kinase, and
allowed us to exploit the differences in these structures to develop new generations of small
molecule inhibitors. The work in chapter three details how the concept of “switch control
pocket” inhibition was used to guide rational drug design and subsequently led to the
development of switch pocket inhibitors that stabilize the inactive form of the ABL1 kinase.
One of the molecular mechanisms that confer imatinib resistance involves kinase
domain mutations that thermodynamically favor the adoption of an active (Type I)
conformation (Azam, Latek et al. 2003). This form of resistance, called conformational
escape, is the primary mechanism by which the BCR-ABL1 “gatekeeper” mutation, T315I,
maintains its active, and therefore drug resistant, conformation. “Switch control” residues
that stabilize the phosphorylated activation loop tyrosine promote the transition from an
inactive to an active state. A switch control inhibitor binds with these key residues to reverse
this conformational escape and stabilize the kinase in its inactive conformation. We have
described how rational drug design, specifically leveraging these key residues, has led to the
development of DCC-2036, a member of a new class of switch pocket inhibitors. DCC-2036
inhibits the active and inactive forms of ABL1, potently inhibits all known TKI resistance
mutants in CML, especially T315I, and shows broad efficacy against Ba/F3 cells expressing
a variety of drug resistant mutants, especially T315I. Most importantly, DCC-2036 showed
favorable pharmacodynamics in mice, which translated into a prolonged survival of mice in a
variety of BCR-ABL1-mediated mouse models of leukemia. Furthermore, this inhibitor
effectively inhibited BCR-ABL1-T315I+ human cells in vitro and in vivo.
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These positive results against a normally intractable TKI resistant mutation have
several implications for drug discovery. Most kinase inhibitor development strategies focus
on the ATP binding pocket, which is remarkably similar across all kinases. In contrast, the
switch pocket is unique to specific kinase or sub-family. This novel drug development
strategy, which exploits the structural diversity of these switch pockets, yields inhibitors with
greater selectivity profile, which generally minimizes off-target effects. We would expect
that this approach could be tailored to other kinase targets in cancer and other diseases.
Our findings also underscore the value of faithful mouse models in the preclinical
development of cancer therapeutics. While in vitro testing of drugs is useful as an initial
screen for drug efficacy, the mouse model of CML facilitates a more accurate prediction of
efficacy against human disease. For reasons described previously, the retroviral
transduction/transplantation model of Ph+ leukemia provides an excellent system for
identifying novel therapeutic targets and evaluating the efficacy of therapeutic agents. Given
the in vivo efficacy of DCC-2036 in mice, we would expect this efficacy to translate into
human trials. Furthermore, the efficacy of DCC-2036 in preclinical testing provides direct
evidence that this drug can have therapeutic efficacy against BCR-ABL1 T315I in primary
HSC.
To our knowledge, this is the first instance of monotherapy that effectively targets the
BCR-ABL-T315I in the retroviral transduction/transplantation model. However, there are
other TKIs, with efficacy against T315I that are equally promising. In 2005, Gumireddy et
al. reported the development of the non-ATP competitive inhibitor ON012380 (Gumireddy,
Baker et al. 2005). This agent potently inhibited all BCR-ABL1 mutants at nM
concentrations, including T315I mutant, and was active against mice injected with 32Dcl3
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cells expressing BCR-ABL T315I. Recent work from this group has led to the development
and characterization of dual-action inhibitor, with efficacy against JAK2 V617F and BCRABL1 T315I (Jatiani, Cosenza et al. 2010). AP-24534 (Ariad), a derivative of imatinib
specifically designed to circumvent the steric clash conferred by the T315I mutant, has also
demonstrated in vitro activity against the BCR-ABL T315I (O'Hare, Shakespeare et al.
2009). Another non-ATP competitive inhibitor in development is GNF-5, an analogue of
the previously described GNF-2 (Adrián, Ding et al. 2006). GNF-5 binds in the myristate
pocket of ABL1 and is able to suppress the emergence of resistant mutations in vivo when
used in conjunction with imatinib and nilotinib (Zhang, Adrián et al. 2010). Combination
therapy along with nilotinib prolonged survival in the bone marrow transduction/transplant
model harboring the T315I mutant.
An open question is whether DCC-2036 and other more potent 2nd and 3rd generation
ABL TKIs can cure CML. Previous work in the retroviral transduction/transplantation
model demonstrated that imatinib significantly prolongs survival of mice with CML and BALL (Hu, Liu et al. 2004), but does not result in a cure. Similar results were reported in dual
inhibition of BCR-ABL1 and hsp90 (Reya, Morrison et al. 2001). This suggests that an
hsp90 inhibitor may offer an effective treatment of CML, but it is not curative likely because
of its inability to effectively target leukemic stem cells. We show some preliminary evidence
that DCC-2036 can have therapeutic efficacy against BCR-ABL1 T315I in primary HSC.
In subsequent therapy trials, we observed treated mice harboring the BCR-ABL-T315I with
prolonged survival (Chan and Van Etten). The presence of minimal residual disease can be
assessed by discontinuation of TKI therapy. If the leukemic stem cell has been eradicated,
relapse would not be observed following therapy withdrawal.
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Another unknown is whether these new inhibitors will succumb to the same drug
resistance issues as imatinib. One way to anticipate this eventuality is through the use of a
forward mutagenesis screen to characterize the resistance profile (Bradeen, Eide et al. 2006).
Utilizing this assay, the developers of AP-24534 showed that the outgrowth of resistant
clones, even when starting form the T315I mutation, was limited to a handful of new
mutations. It is anticipated that DCC-2036, along with the other described inhibitors, would
demonstrate a similar resistance profile.
A final direction to pursue in the treatment of CML is the need to develop
therapeutics that specifically targets the leukemic stem cells responsible for minimal residual
disease. The long-term use of imatinib has significantly reduced the morbidity and mortality
associated with CML. While a hematologic response is observed in over 95% of patients, the
more desirable major molecular response is sustained in less than 5% of patients, and relapse
is a consistent problem. There are several molecular mechanisms that promote CML
leukemic stem cell survival and self-renewal including BCL-2, sonic hedgehog, Notch, Wnt,
and BMI-1. Several BCL-2 inhibitors are currently in development, and gamma secretase
inhibitors have been used clinically to target the self-renewal pathway. It is possible to
isolate these quiescent stem cells from either mice or humans (Graham, Jorgensen et al.
2002) and provide a platform by which to test the efficacy of these various leukemic stem
cell targeting strategies.
Development of drug resistance against imatinib is a growing therapeutic challenge in
the field of oncology. Although the development of imatinib has been a major scientific
achievement and an unquestioned clinical success, monotherapy does not appear to be a
viable long term option in CML, due primarily to its loss of efficacy in the face of drug
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resistant and its inability to eradicated leukemic stem cells. This is an exciting time for drug
development, as there are myriad approaches and strategies to address the issue of imatinib
resistance. Although there are novel therapeutics in the pipeline, it is likely that even these
new generation of inhibitors cannot suppress the development drug resistance CML. In fact
single agent therapy may become a thing of the past, as more evidence supports the strategy
of using multiple modalities in the treatment of CML. This could encompass either using
multiple targets against the BCR-ABL kinase itself, or targeting downstream that are critical
to development of CML. In concert, these strategies can act synergistically to prevent or
overcome drug resistant in the treatment of CML, while continuing to be a source of
inspiration in treatment of other cancers.

174

REFERENCES
Abelson, H. T. and L. S. Rabstein (1970). "Lymphosarcoma: virus-induced thymicindependent disease in mice." Cancer Res. 30: 2213-2222.
Adrián, F. J., Q. Ding, et al. (2006). "Allosteric inhibitors of Bcr-abl-dependent cell
proliferation." Nat Chem Biol 2(2): 95-102.
Ahuja, H., M. Bar-Eli, et al. (1989). "Alterations in the p53 gene and the clonal evolution of
the blast crisis of chronic myelocytic leukemia." Proc. Natl. Acad. Sci. USA 86: 6783-6787.
Akashi, K., D. Traver, et al. (2000). "A clonogenic common myeloid progenitor that gives
rise to all myeloid lineages." Nature 404: 193-197.
Albrecht, T., R. Schwab, et al. (1996). "Primary proliferating immature myeloid cells from
CML patients are not resistant to induction of apoptosis by DNA damage and growth factor
withdrawal." Br. J. Haematol. 95: 501-507.
Amos, T., J. L. Lewis, et al. (1995). "Apoptosis in chronic myeloid leukaemia: normal
responses by progenitor cells to growth factor deprivation, X-irradiation and
glucocorticoids." Br. J. Haematol. 91: 387-393.
Anderson, S. M. and B. Jorgensen (1995). "Activation of src-related tyrosine kinases by IL3." J Immunol 155(4): 1660-1670.
Arnaud, M., C. Crouin, et al. (2004). "Phosphorylation of Grb2-associated binder 2 on serine
623 by ERK MAPK regulates its association with the phosphatase SHP-2 and decreases
STAT5 activation." J Immunol 173(6): 3962-3971.
Asimakopoulos, F. A., P. J. Shteper, et al. (1999). "ABL1 methylation is a distinct molecular
event associated with clonal evolution of chronic myeloid leukemia." Blood 94(7): 24522460.
Athens, J. W., S. O. Raab, et al. (1965). "Leukokinetic studies. X. Blood granulocyte kinetics
in chronic myelocytic leukemia." J. Clin. Invest. 44: 765-777.
Azam, M., R. R. Latek, et al. (2003). "Mechanisms of autoinhibition and STI-571/imatinib
resistance revealed by mutagenesis of BCR-ABL." Cell 112: 831-843.
Azam, M., M. A. Seeliger, et al. (2008). "Activation of tyrosine kinases by mutation of the
gatekeeper threonine." Nat. Struct. Mol. Biol. 15(10): 1109-1118.

175

Azam, M., M. A. Seeliger, et al. (2008). "Activation of tyrosine kinases by mutation of the
gatekeeper threonine." Nat Struct Mol Biol 15(10): 1109-1118.
Baccarani, M., G. Saglio, et al. (2006). "Evolving concepts in the management of chronic
myeloid leukemia: recommendations from an expert panel on behalf of the European
LeukemiaNet." Blood 108(6): 1809-1820.
Barila, D. and G. Superti-Furga (1998). "An intramolecular SH3-domain interaction
regulates c-Abl activity." Nat. Genet. 18: 280-282.
Barnett, M. J., C. J. Eaves, et al. (1994). "Autografting with cultured marrow in chronic
myeloid leukemia: results of a pilot study." Blood 84: 724-732.
Bartholomeusz, G. A., M. Talpaz, et al. (2007). "Activation of a novel Bcr/Abl destruction
pathway by WP1130 induces apoptosis of chronic myelogenous leukemia cells." Blood
109(8): 3470-3478.
Bartram, C. R., A. de Klein, et al. (1983). "Translocation of c-abl oncogene correlates with
the presence of a Philadelphia chromosome in chronic myelocytic leukaemia." Nature 306:
277-280.
Bausenwein, B. S., M. Schmidt, et al. (2000). "In vivo functional analysis of the daughter of
sevenless protein in receptor tyrosine kinase signaling." Mech Dev 90(2): 205-215.
Bedi, A., J. P. Barber, et al. (1995). "BCR-ABL-mediated inhibition of apoptosis with delay
of G2/M transition after DNA damage: A mechanism of resistance to multiple anticancer
agents." Blood 86: 1148-1158.
Bedi, A., B. A. Zehnbauer, et al. (1994). "Inhibition of apoptosis by BCR-ABL in chronic
myeloid leukemia." Blood 83: 2038-2044.
Bennett, J. H. (1845). "Case of hypertrophy of the spleen and liver, in which death took place
from suppuration of the blood." Edinburgh Med. Surg. J. 64: 413-423.
Bentires-Alj, M., S. G. Gil, et al. (2006). "A role for the scaffolding adapter GAB2 in breast
cancer." Nat. Med. 12(1): 114-121.
Bentires-Alj, M., S. G. Gil, et al. (2006). "A role for the scaffolding adapter GAB2 in breast
cancer." Nat Med 12(1): 114-121.
Bhatia, R., J. B. McCarthy, et al. (1996). "Interferon- restores normal 1 integrin-mediated
inhibition of hematopoietic progenitor proliferation by the marrow microenvironment in
chronic myelogenous leukemia." Blood 87: 3833-3891.
176

Bhatia, R., H. A. Munthe, et al. (1998). "Tyrphostin AG957, a tyrosine kinase inhibitor with
anti-BCR/ABL tyrosine kinase activity restores beta1 integrin-mediated adhesion and
inhibitory signaling in chronic myelogenous leukemia hematopoietic progenitors." Leukemia
12: 1708-1717.
Bhatia, R. and C. M. Verfaillie (1998). "Inhibition of BCR-ABL expression with antisense
oligodeoxynucleotides restores beta1 integrin-mediated adhesion and proliferation inhibition
in chronic myelogenous leukemia hematopoietic progenitors." Blood 91: 3414-3422.
Bhatia, R., E. A. Wayner, et al. (1994). "Interferon-alpha restores normal adhesion of chronic
myelogenous leukemia hematopoietic progenitors to bone marrow stroma by correcting
impaired beta-1 integrin function." J. Clin. Invest. 94: 384-391.
Biernaux, C., M. Leos, et al. (1995). "Detection of major bcr-abl gene expression at a very
low level in blood cells of some healthy individuals." Blood 86: 3118.
Boguski, M. S. and F. McCormick (1993). "Proteins regulating Ras and its relatives." Nature
366(6456): 643-654.
Bone, H. and M. J. Welham (2000). "Shc associates with the IL-3 receptor beta subunit,
SHIP and Gab2 following IL-3 stimulation. Contribution of Shc PTB and SH2 domains."
Cell Signal 12(3): 183-194.
Bonnet, D. and J. E. Dick (1997). "Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell." Nat. Med. 3: 730-737.
Bradeen, H. A., C. A. Eide, et al. (2006). "Comparison of imatinib mesylate, dasatinib
(BMS-354825), and nilotinib (AMN107) in an N-ethyl-N-nitrosourea (ENU)-based
mutagenesis screen: high efficacy of drug combinations." Blood 108(7): 2332-2338.
Braselmann, S. and F. McCormick (1995). "Bcr and Raf form a complex in vivo via 14-3-3
proteins." EMBO J 14(19): 4839-4848.
Brasher, B. B., S. Roumiantsev, et al. (2001). "Mutational analysis of the regulatory function
of the c-Abl Src homology 3 domain." Oncogene 20: 7744-7752.
Brasher, B. B. and R. A. Van Etten (2000). "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.
Breccia, M., D. Diverio, et al. (2006). "Discontinuation of imatinib therapy after achievement
of complete molecular response in a Ph(+) CML patient treated while in long lasting
complete cytogenetic remission (CCR) induced by interferon." Leuk Res 30(12): 1577-1579.

177

Brummer, T., D. Schramek, et al. (2006). "Increased proliferation and altered growth factor
dependence of human mammary epithelial cells overexpressing the Gab2 docking protein." J
Biol Chem 281(1): 626-637.
Brummer, T., D. Schramek, et al. (2006). "Increased proliferation and altered growth factor
dependence of human mammary epithelial cells overexpressing the Gab2 docking protein." J.
Biol. Chem. 281(1): 626-637.
Bruns, I., A. Czibere, et al. (2009). "The hematopoietic stem cell in chronic phase CML is
characterized by a transcriptional profile resembling normal myeloid progenitor cells and
reflecting loss of quiescence." Leukemia 23(5): 892-899.
Buchdunger, E., C. L. Cioffi, et al. (2000). "Abl protein-tyrosine kinase inhibitor STI571
inhibits in vitro signal transduction mediated by c-Kit and platelet-derived growth factor
receptors." J. Pharm. Exp. Ther. 295: 139-145.
Burchert, A., Y. Wang, et al. (2005). "Compensatory PI3-kinase/Akt/mTor activation
regulates imatinib resistance development." Leukemia 19(10): 1774-1782.
Burgess, M. R., B. J. Skaggs, et al. (2005). "Comparative analysis of two clinically active
BCR-ABL kinase inhibitors reveals the role of conformation-specific binding in resistance."
Proc Natl Acad Sci USA 102(9): 3395-3400.
Busque, L., R. Mio, et al. (1996). "Nonrandom X-inactivation patterns in normal females:
lyonization rations vary with age." Blood 88: 59-65.
Cai, T., K. Nishida, et al. (2002). "Gab1 and SHP-2 promote Ras/MAPK regulation of
epidermal growth and differentiation." J Cell Biol 159(1): 103-112.
Capdeville, R., E. Buchdunger, et al. (2002). "Glivec (STI571, imatinib), a rationally
developed, targeted anticancer drug." Nat. Rev. Drug Discov. 1(7): 493-502.
Castellanos, A., B. Pintado, et al. (1997). "A BCR-ABLp190 fusion gene made by homologous
recombination causes B-cell acute lymphoblastic leukemias in chimeric mice with
independence of the endogenous bcr product." Blood 90: 2168-2174.
Chan, L. C., K. K. Karhi, et al. (1987). "A novel abl protein expressed in Philadelphia
chromosome positive acute lymphoblastic leukaemia." Nature 325: 635-637.
Chan, W. W. and R. A. Van Etten "Unpublished observations."
Chang, F., L. S. Steelman, et al. (2003). "Regulation of cell cycle progression and apoptosis
by the Ras/Raf/MEK/ERK pathway (Review)." Int J Oncol 22(3): 469-480.
178

Chen, J., W.-M. Yu, et al. (2007). "SHP-2 phosphatase is required for hematopoietic cell
transformation by Bcr-Abl." Blood 109(2): 778-785.
Chen, L., S.-S. Sung, et al. (2006). "Discovery of a novel shp2 protein tyrosine phosphatase
inhibitor." Mol Pharmacol 70(2): 562-570.
Chen, S., L. P. O'Reilly, et al. (2008). "Tyrosine phosphorylation in the SH3 domain disrupts
negative regulatory interactions within the c-Abl kinase core." J Mol Biol 383(2): 414-423.
Chu, S., L. Li, et al. (2007). "BCR-tyrosine 177 plays an essential role in Ras and Akt
activation and in human hematopoietic progenitor transformation in chronic myelogenous
leukemia." Cancer Res. 67(14): 7045-7053.
Chuang, T. H., X. Xu, et al. (1995). "Abr and Bcr are multifunctional regulators of the Rho
GTP-binding protein family." Proc. Natl. Acad. Sci. USA 92: 10282-10286.
Clarke, M. F. (2004). "Chronic myelogenous leukemia--identifying the hydra's heads." N
Engl J Med 351(7): 634-636.
Clarke, M. F. and M. Fuller (2006). "Stem cells and cancer: two faces of eve." Cell 124(6):
1111-1115.
Clarkson, B. D., A. Strife, et al. (1997). "New understanding of the pathogenesis of CML: a
prototype of early neoplasia." Leukemia 11(9): 1404-1428.
Copland, M., F. Pellicano, et al. (2008). "BMS-214662 potently induces apoptosis of chronic
myeloid leukemia stem and progenitor cells and synergizes with tyrosine kinase inhibitors."
Blood 111(5): 2843-2853.
Corey, S. J., A. L. Burkhardt, et al. (1994). "Granulocyte colony-stimulating factor receptor
signaling involves the formation of a three-component complex with Lyn and Syk proteintyrosine kinases." Proc Natl Acad Sci USA 91(11): 4683-4687.
Cortes, J. E., M. Talpaz, et al. (2006). "Staging of chronic myeloid leukemia in the imatinib
era: an evaluation of the World Health Organization proposal." Cancer 106(6): 1306-1315.
Cortez, D., L. Kadlec, et al. (1995). "Structural and signaling requirements for BCR-ABLmediated transformation and inhibition of apoptosis." Mol. Cell. Biol. 15: 5531-5541.
Cortez, D., G. Reuther, et al. (1997). "The Bcr-Abl tyrosine kinase activates mitogenic
signaling pathways and stimulates G1-to-S phase transition in hematopoietic cells."
Oncogene 15: 2333-2342.

179

Coulombel, L., D. K. Kalousek, et al. (1983). "Long-term marrow culture reveals
chromosomally normal hematopoietic progenitor cells in patients with Philadelphia
chromosome-positive chronic myelogenous leukemia." N. Engl. J. Med. 308: 1493-1498.
Cozzio, A., E. Passegue, et al. (2003). "Similar MLL-associated leukemias arising from selfrenewing stem cells and short-lived myeloid progenitors." Genes Dev. 17(24): 3029-3035.
Craigie, D. (1845). "Case of disease of the spleen in which death took place in consequence
of the presence of purulent matter in the blood." Edinburgh Med. Surg. J. 64: 400-413.
Crouin, C., M. Arnaud, et al. (2001). "A yeast two-hybrid study of human p97/Gab2
interactions with its SH2 domain-containing binding partners." FEBS Letters 495(3): 148153.
Cunnick, J. M., J. F. Dorsey, et al. (2000). "Requirement of SHP2 binding to Grb2-associated
binder-1 for mitogen-activated protein kinase activation in response to lysophosphatidic acid
and epidermal growth factor." J Biol Chem 275(18): 13842-13848.
Cunnick, J. M., L. Mei, et al. (2001). "Phosphotyrosines 627 and 659 of Gab1 constitute a
bisphosphoryl tyrosine-based activation motif (BTAM) conferring binding and activation of
SHP2." J Biol Chem 276(26): 24380-24387.
Cunnick, J. M., S. Meng, et al. (2002). "Regulation of the mitogen-activated protein kinase
signaling pathway by SHP2." J Biol Chem 277(11): 9498-9504.
Dai, Z. and A. M. Pendergast (1995). "Abi-2, a novel SH3-containing protein interacts with
the c-Abl tyrosine kinase and modulates c-Abl transforming activity." Genes Dev. 9: 25692582.
Daley, G. and D. Baltimore (1988). "Transformation of an interleukin 3-dependent
hematopoietic cell line by the chronic myelogenous leukemia-specific P210 bcr/abl protein."
Proc. Natl. Acad. Sci. USA 85: 9312-9316.
Daley, G. Q. (2003). "Towards combination target-directed chemotherapy for chronic
myeloid leukemia: role of farnesyl transferase inhibitors." Semin Hematol 40(2 Suppl 2): 1114.
Daley, G. Q., R. A. Van Etten, et al. (1990). "Induction of chronic myelogenous leukemia in
mice by the P210bcr/abl gene of the Philadelphia chromosome." Science 247: 824-830.
Daley, G. Q., R. A. Van Etten, et al. (1991). "Blast crisis in a murine model of chronic
myelogenous leukemia." Proc. Natl. Acad. Sci. USA 88: 11335-11338.

180

Daly, R. J., H. Gu, et al. (2002). "The docking protein Gab2 is overexpressed and estrogen
regulated in human breast cancer." Oncogene 21(33): 5175-5181.
Dameshek, W. (1951). "Some speculations on the myeloproliferative disorders." Blood 6:
372-375.
Darnell, J. E., I. M. Kerr, et al. (1994). "Jak-STAT pathways and transcriptional activation in
response to IFNs and other extracellular signaling proteins." Science 264(5164): 1415-1421.
de Klein, A., A. G. van Kessel, et al. (1982). "A cellular oncogene is translocated to the
Philadelphia chromosome in chronic myelocytic leukemia." Nature 300: 765-767.
Deininger, M. W., S. Bose, et al. (1998). "Selective induction of leukemia-associated fusion
genes by high-dose ionizing radiation." Cancer Res 58(3): 421-425.
Deininger, M. W. and B. J. Druker (2003). "Specific targeted therapy of chronic
myelogenous leukemia with imatinib." Pharmacol. Rev. 55(3): 401-423.
Deininger, M. W., J. M. Goldman, et al. (2000). "The molecular biology of chronic myeloid
leukemia." Blood 96: 3343-3356.
Deininger, M. W. N. (2004). "Basic science going clinical: molecularly targeted therapy of
chronic myelogenous leukemia." J Cancer Res Clin Oncol 130(2): 59-72.
Delforge, M., M. A. Boogaerts, et al. (1999). "BCR/ABL- CD34(+) HLA-DR- progenitor
cells in early chronic phase, but not in more advanced phases, of chronic myelogenous
leukemia are polyclonal." Blood 93: 284-292.
Dengler, J., N. von Bubnoff, et al. (2005). "Combination of imatinib with rapamycin or
RAD001 acts synergistically only in Bcr-Abl-positive cells with moderate resistance to
imatinib." Leukemia 19(10): 1835-1838.
Dewar, A. L., K. V. Doherty, et al. (2005). "Imatinib inhibits the functional capacity of
cultured human monocytes." Immunol. Cell. Biol. 83(1): 48-56.
Diaz-Blanco, E., I. Bruns, et al. (2007). "Molecular signature of CD34(+) hematopoietic stem
and progenitor cells of patients with CML in chronic phase." Leukemia 21(3): 494-504.
Dierks, C., R. Beigi, et al. (2008). "Expansion of Bcr-Abl-positive leukemic stem cells is
dependent on Hedgehog pathway activation." Cancer Cell 14(3): 238-249.
DiNitto, J. P., T. C. Cronin, et al. (2003). "Membrane recognition and targeting by lipidbinding domains." Sci STKE 2003(213): re16.
181

Donato, N. J., D. Fang, et al. (2010). "Targets and effectors of the cellular response to aurora
kinase inhibitor MK-0457 (VX-680) in imatinib sensitive and resistant chronic myelogenous
leukemia." Biochem. Pharmacol. 79(5): 688-697.
Donato, N. J., J. Y. Wu, et al. (2003). "BCR-ABL independence and LYN kinase
overexpression in chronic myelogenous leukemia cells selected for resistance to STI571."
Blood 101(2): 690-698.
Donehower, L. A., M. Harvey, et al. (1992). "Mice deficient for p53 are developmentally
normal but susceptible to spontaneous tumours." Nature 356: 215-221.
Dorey, K., J. R. Engen, et al. (2001). "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.
Dowding, C., A. P. Gou, et al. (1991). "Interferon-alpha overrides the deficient adhesion of
chronic myeloid leukemia primitive progenitor cells to bone marrow stromal cells." Blood
78: 499-505.
Doyle, A. C. (1882). "Notes on a case of leucocythaemia." Lancet 1: 490.
Druker, B. J., F. Guilhot, et al. (2006). "Five-year follow-up of patients receiving imatinib for
chronic myeloid leukemia." N. Engl. J. Med. 355(23): 2408-2417.
Druker, B. J. and N. B. Lydon (2000). "Lessons learned from the development of an abl
tyrosine kinase inhibitor for chronic myelogenous leukemia." J Clin Invest 105(1): 3-7.
Druker, B. J., S. G. O'Brien, et al. (2002). "Chronic myelogenous leukemia." Hematology
Am Soc Hematol Educ Program: 111-135.
Druker, B. J., C. L. Sawyers, et al. (2001). "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.
Druker, B. J., M. Talpaz, et al. (2001). "Efficacy and safety of a specific inhibitor of the
BCR-ABL tyrosine kinase in chronic myeloid leukemia." N. Engl. J. Med. 344: 1031-1037.
Druker, B. J., S. Tamura, et al. (1996). "Effects of a selective inhibitor of the Abl tyrosine
kinase on the growth of Bcr-Abl positive cells." Nat. Med. 2: 561-566.
Durbin, J. E., R. Hackenmiller, et al. (1996). "Targeted disruption of the mouse Stat1 gene
results in compromised innate immunity to viral disease." Cell 84: 443-450.

182

Eaves, A. C., M. J. Marnett, et al. (1998). "Differences between normal and CML stem cells:
Potential targets for clinical exploitation." Stem Cells 16 (suppl. 1): 77-83.
Eaves, C., C. Udomsakdi, et al. (1993). "The biology of normal and neoplastic stem cells in
CML." Leuk. Lymphoma 11 Suppl 1: 245-253.
Elefanty, A. G., I. K. Hariharan, et al. (1990). "bcr-abl, the hallmark of chronic myeloid
leukemia in man, induces multiple hematopoietic neoplasms in mice." EMBO J. 9(4): 10691078.
Erickson, P. and e. al. (1992). "Identification of breakpoints in t(8;21) acute myelogenous
leukemia and isolation of a fusion transcript, AML1/ETO, with similarity to Drosophila
segmentation gene, runt." Blood 80: 1825-1831.
Faderl, S., M. Talpaz, et al. (1999). "The biology of chronic myeloid leukemia." N. Engl. J.
Med. 341: 164-172.
Fainstein, E., C. Marcelle, et al. (1987). "A new fused transcript in Philadelphia chromosome
positive acute lymphocytic leukaemia." Nature 330: 386-388.
Fialkow, P. H., P. J. Martin, et al. (1981). "Evidence for a multistep pathogenesis of chronic
myelogenous leukemia." Blood 58: 158-163.
Fialkow, P. J., R. J. Jacobson, et al. (1977). "Chronic myelocytic leukemia: Clonal origin in a
stem cell common to the granulocyte, erythrocyte, platelet and monocyte/macrophage." Am.
J. Med. 63: 125-130.
Flynn, D. L. and P. A. Petillo (2004). "Modulation of Protein Functionalities." WO
2004/061084.
Fruehauf, S., J. Topaly, et al. (2007). "Imatinib combined with mitoxantrone/etoposide and
cytarabine is an effective induction therapy for patients with chronic myeloid leukemia in
myeloid blast crisis." Cancer 109(8): 1543-1549.
Galbraith, P. R. and H. T. Abu-Zahra (1972). "Granulopoiesis in chronic granulocytic
leukemia." Br. J. Haematol. 22: 135-143.
Gambacorti-Passerini, C., R. Barni, et al. (2000). "Role of alpha1 acid glycoprotein in the in
vivo resistance of human BCR-ABL(+) leukemic cells to the Abl inhibitor STI571." J. Natl.
Cancer Inst. 92: 1641-1650.

183

Garcia-Guzman, M., F. Dolfi, et al. (1999). "Met-induced JNK activation is mediated by the
adapter protein Crk and correlates with the Gab1 - Crk signaling complex formation."
Oncogene 18(54): 7775-7786.
Gavrilescu, L. C. and R. A. Van Etten (2008). Applications of Murine Retroviral Bone
Marrow Transplantation Models for the Study of Human Myeloproliferative Disorders.
Current Protocols in Pharmacology. S. J. Enna, M. Williams, J. W. Ferkanyet al. Pagosa
Springs, CO, John Wiley & Sons, Inc. Chapter 14.
Geest, C. R. and P. J. Coffer (2009). "MAPK signaling pathways in the regulation of
hematopoiesis." J Leukoc Biol 86(2): 237-250.
Ghaffari, S., G. Q. Daley, et al. (1999). "Growth factor independence and BCR/ABL
transformation: promise and pitfalls of murine model systems and assays." Leukemia 13(8):
1200-1206.
Giles, F. J., J. Cortes, et al. (2007). "MK-0457, a novel kinase inhibitor, is active in patients
with chronic myeloid leukemia or acute lymphocytic leukemia with the T315I BCR-ABL
mutation." Blood 109(2): 500-502.
Giles, F. J., J. Cortes, et al. (2007). "MK-0457, a novel kinase inhibitor, is active in patients
with chronic myeloid leukemia or acute lymphocytic leukemia with the T315I BCR-ABL
mutation." Blood 109(2): 500-502.
Gishizky, M. L. and O. N. Witte (1992). "BCR/ABL enhances growth of multipotent
progenitor cells but does not block their differentiation potential in vitro." Curr. Topics
Micro. Immunol. 182: 65-72.
Goga, A., J. McLaughlin, et al. (1995). "Alternative signals to RAS for hematopoietic
transformation by the BCR-ABL oncogene." Cell 82: 981-988.
Gontarewicz, A., S. Balabanov, et al. (2008). "Simultaneous targeting of Aurora kinases and
Bcr-Abl kinase by the small molecule inhibitor PHA-739358 is effective against imatinibresistant BCR-ABL mutations including T315I." Blood 111(8): 4355-4364.
Gordon, M. Y., C. R. Dowding, et al. (1987). "Altered adhesive interactions with marrow
stroma of haematopoietic progenitor cells in chronic myeloid leukaemia." Nature 328: 342344.
Gorre, M. E., M. Mohammed, et al. (2001). "Clinical resistance to STI-571 cancer therapy
caused by BCR-ABL gene mutation or amplification." Science 293: 876-880.

184

Goto, T., M. Nishikori, et al. (1982). "Growth characteristics of leukemic and normal
hematopoietic cells in Ph' + chronic myelogenous leukemia and effects of intensive
treatment." Blood 59: 793-808.
Graham, S. M., H. G. Jorgensen, et al. (2002). "Primitive, quiescent, Philadelphia-positive
stem cells from patients with chronic myeloid leukemia are insensitive to STI571 in vitro."
Blood 99: 319-325.
Gratwohl, A., J. Hermans, et al. (1993). "Bone marrow transplantation for chronic myeloid
leukemia: long-term results. Chronic Leukemia Working Party of the European Group for
Bone Marrow Transplantation." Bone Marrow Transplant 12(5): 509-516.
Gril, B., M. Vidal, et al. (2007). "Grb2-SH3 ligand inhibits the growth of HER2+ cancer cells
and has antitumor effects in human cancer xenografts alone and in combination with
docetaxel." Int J Cancer 121(2): 407-415.
Griswold, I. J., M. MacPartlin, et al. (2006). "Kinase domain mutants of Bcr-Abl exhibit
altered transformation potency, kinase activity, and substrate utilization, irrespective of
sensitivity to imatinib." Mol Cell Biol 26(16): 6082-6093.
Groffen, J., J. R. Stephenson, et al. (1984). "Philadelphia chromosomal breakpoints are
clustered within a limited region, bcr, on chromosome 22." Cell 36: 93-99.
Gross, A. W. and R. Ren (2000). "Bcr-Abl has a greater intrinsic capacity than v-Abl to
induce the neoplastic expansion of myeloid progenitor cells." Oncogene 19: 6286-6296.
Gross, A. W., X. Zhang, et al. (1999). "Bcr-Abl with an SH3 deletion retains the ability to
induce a myeloproliferative disease in mice, yet c-Abl activated by an SH3 deletion induces
only lymphoid malignancy." Mol. Cell. Biol. 19: 6918-6928.
Gu, H., R. J. Botelho, et al. (2003). "Critical role for scaffolding adapter Gab2 in Fc gamma
R-mediated phagocytosis." J Cell Biol 161(6): 1151-1161.
Gu, H., J. D. Griffin, et al. (1997). "Characterization of two SHP-2-associated binding
proteins and potential substrates in hematopoietic cells." J. Biol. Chem. 272(26): 1642116430.
Gu, H., H. Maeda, et al. (2000). "New role for Shc in activation of the phosphatidylinositol
3-kinase/Akt pathway." Mol. Cell. Biol. 20(19): 7109-7120.
Gu, H. and B. G. Neel (2003). "The "Gab" in signal transduction." Trends Cell Biol. 13(3):
122-130.

185

Gu, H., J. C. Pratt, et al. (1998). "Cloning of p97/Gab2, the major SHP2-binding protein in
hematopoietic cells, reveals a novel pathway for cytokine-induced gene activation." Mol.
Cell. 2: 729-740.
Gu, H., K. Saito, et al. (2001). "Essential role for Gab2 in the allergic response." Nature
412(6843): 186-190.
Gu, H., K. Saito, et al. (2001). "Essential role for Gab2 in the allergic response." Nature 412:
186-190.
Gumireddy, K., S. J. Baker, et al. (2005). "A non-ATP-competitive inhibitor of BCR-ABL
overrides imatinib resistance." Proc. Natl. Acad. Sci. U S A 102: 1992-1997.
Gunz, F. W. (1980). The dread leukemias and lymphomas. Blood: Pure and Eloquent. M. M.
Wintrobe. New York, McGraw Hill: 511-546.
Hantschel, O., B. Nagar, et al. (2003). "A myristoyl/phosphotyrosine switch regulates c-Abl."
Cell 112: 845-857.
Hantschel, O. and G. Superti-Furga (2004). "Regulation of the c-Abl and Bcr-Abl tyrosine
kinases." Nat. Rev. Mol. Cell Biol. 5: 33-44.
Hariharan, I. K., J. M. Adams, et al. (1988). "bcr-abl oncogene renders myeloid cell line
factor independent: potential autocrine mechanism in chronic myeloid leukemia." Oncogene
Res. 3: 387-399.
Hariharan, I. K., A. W. Harris, et al. (1989). "A bcr-v-abl oncogene induces lymphomas in
transgenic mice." Mol. Cell. Biol. 9: 2798-2805.
Harir, N., C. Pecquet, et al. (2007). "Constitutive activation of Stat5 promotes its cytoplasmic
localization and association with PI3-kinase in myeloid leukemias." Blood 109(4): 16781686.
Harkiolaki, M., T. Tsirka, et al. (2009). "Distinct binding modes of two epitopes in Gab2 that
interact with the SH3C domain of Grb2." Structure 17(6): 809-822.
Hashimoto, S., M. Hirose, et al. (2006). "Targeting AMAP1 and cortactin binding bearing an
atypical src homology 3/proline interface for prevention of breast cancer invasion and
metastasis." Proc Natl Acad Sci USA 103(18): 7036-7041.
Hawley, R. G., F. H. L. Lieu, et al. (1994). "Versatile retroviral vectors for potential use in
gene therapy." Gene Therapy 1: 136-138.

186

He, Y., J. A. Wertheim, et al. (2002). "The coiled-coil domain and Tyr177 of bcr are required
to induce a murine chronic myelogenous leukemia-like disease by bcr/abl." Blood 99: 29572968.
Heinrich, M. C., D. J. Griffith, et al. (2000). "Inhibition of c-Kit receptor tyrosine kinase
activity by STI571, a selective tyrosine kinase inhibitor." Blood 96: 925-932.
Heisterkamp, N., G. Jenster, et al. (1991). "Human bcr-abl gene has a lethal effect on
embryogenesis." Transgenic Research 1: 45-53.
Heisterkamp, N., G. Jenster, et al. (1990). "Acute leukemia in bcr/abl transgenic mice."
Nature 344: 251-253.
Heisterkamp, N., C. Morris, et al. (1989). "ABR, an active BCR-related gene." Nucleic Acids
Research 17(21): 8821-8831.
Hellmuth, K., S. Grosskopf, et al. (2008). "Specific inhibitors of the protein tyrosine
phosphatase Shp2 identified by high-throughput docking." Proc Natl Acad Sci USA 105(20):
7275-7280.
Herbst, R., P. M. Carroll, et al. (1996). "Daughter of sevenless is a substrate of the
phosphotyrosine phosphatase Corkscrew and functions during sevenless signaling." Cell
85(6): 899-909.
Herbst, R., X. Zhang, et al. (1999). "Recruitment of the protein tyrosine phosphatase CSW by
DOS is an essential step during signaling by the sevenless receptor tyrosine kinase." EMBO J
18(24): 6950-6961.
Hochhaus, A., S. Kreil, et al. (2001). "Roots of clinical resistance to STI-571 cancer
therapy." Science 293: 2163.
Hochhaus, A., S. Kreil, et al. (2002). "Molecular and chromosomal mechanisms of resistance
to imatinib (STI571) therapy." Leukemia 16(11): 2190-2196.
Hochhaus, A., S. G. O'Brien, et al. (2009). "Six-year follow-up of patients receiving imatinib
for the first-line treatment of chronic myeloid leukemia." Leukemia 23(6): 1054-1061.
Hochrein, J. M., E. C. Lerner, et al. (2006). "An examination of dynamics crosstalk between
SH2 and SH3 domains by hydrogen/deuterium exchange and mass spectrometry." Protein
Sci 15(1): 65-73.
Holgado-Madruga, M., D. R. Emlet, et al. (1996). "A Grb2-associated docking protein in
EGF- and insulin-receptor signalling." Nature 379(6565): 560-564.
187

Holgado-Madruga, M., D. R. Emlet, et al. (1996). "A Grb2-associated docking protein in
EGF- and insulin-receptor signalling." Nature 379(6565): 560-564.
Holgado-Madruga, M., D. K. Moscatello, et al. (1997). "Grb2-associated binder-1 mediates
phosphatidylinositol 3-kinase activation and the promotion of cell survival by nerve growth
factor." Proc Natl Acad Sci USA 94(23): 12419-12424.
Holyoake, T. L., X. Jiang, et al. (2002). "Elucidating critical mechanisms of deregulated stem
cell turnover in the chronic phase of chronic myeloid leukemia." Leukemia 16(4): 549-558.
Honda, H., H. Oda, et al. (1998). "Development of acute lymphoblastic leukemia and
myeloproliferative disorder in transgenic mice expressing p210bcr/abl: A novel transgenic
model for human Ph1-positive leukemias." Blood 91: 2067-2075.
Honda, H., T. Ushijima, et al. (2000). "Acquired loss of p53 induces blastic transformation in
p210(bcr/abl)-expressing hematopoietic cells: a transgenic study for blast crisis of human
CML." Blood 95: 1144-1150.
Horita, M., E. J. Andreu, et al. (2000). "Blockade of the Bcr-Abl kinase activity induces
apoptosis of chronic myelogenous leukemia cells by suppressing signal transducer and
activator of transcription 5-dependent expression of Bcl-xL." J. Exp. Med. 191(6): 977-984.
Horiuchi, K. Y., Y. Wang, et al. (2006). "Microarrays for the functional analysis of the
chemical-kinase interactome." J. Biomol. Screen. 11(1): 48-56.
Horst, B., S. K. Gruvberger-Saal, et al. (2009). "Gab2-mediated signaling promotes
melanoma metastasis." Am. J. Pathol. 174(4): 1524-1533.
Hu, Y., Y. Chen, et al. (2009). "beta-Catenin is essential for survival of leukemic stem cells
insensitive to kinase inhibition in mice with BCR-ABL-induced chronic myeloid leukemia."
Leukemia 23(1): 109-116.
Hu, Y., Y. Liu, et al. (2004). "Requirement of Src kinases Lyn, Hck and Fgr for BCR-ABL1induced B-lymphoblastic leukemia but not chronic myeloid leukemia." Nat. Genet. 36: 453461.
Hu, Y., S. Swerdlow, et al. (2006). "Targeting multiple kinase pathways in leukemic
progenitors and stem cells is essential for improved treatment of Ph+ leukemia in mice."
Proc. Natl. Acad. Sci. USA 103: 16870-16875.
Huettner, C. S., S. Koschmieder, et al. (2003). "Inducible expression of BCR/ABL using
human CD34 regulatory elements results in a megakaryocytic myeloproliferative syndrome."
Blood 102(9): 3363-3370.

188

Huettner, C. S., P. Zhang, et al. (2000). "Reversibility of acute B-cell leukaemia induced by
BCR-ABL1." Nat. Gen. 24: 57-60.
Hughes, T. and S. Branford (2006). "Molecular monitoring of BCR-ABL as a guide to
clinical management in chronic myeloid leukaemia." Blood Rev 20(1): 29-41.
Huntly, B. J., H. Shigematsu, et al. (2004). "MOZ-TIF2, but not BCR-ABL, confers
properties of leukemic stem cells to committed murine hematopoietic progenitors." Cancer
Cell 6(6): 587-596.
Hurley, R. W., J. B. McCarthy, et al. (1995). "Direct adhesion to bone marrow stroma via
fibronectin receptors inhibits hematopoietic progenitor proliferation." J. Clin. Invest. 96: 511519.
Huse, M. and J. Kuriyan (2002). "The conformational plasticity of protein kinases." Cell
109(3): 275-282.
Ihle, J. N. (1996). "STATs: Signal Transducers and Activators of Transcription." Cell 84:
331-334.
Ihle, J. N. (2001). "The Stat family in cytokine signaling." Curr Opin Cell Biol 13(2): 211217.
Ilaria, R. L. and R. A. Van Etten (1995). "The SH2 domain of P210BCR/ABL is not required for
transformation of hematopoietic factor-dependent cells." Blood 86: 3897-3904.
Ilaria, R. L. and R. A. Van Etten (1996). "P210 and P190BCR/ABL induce the tyrosine
phosphorylation and DNA binding activity of multiple specific STAT family members." J.
Biol. Chem. 271: 31704-31710.
Inokuchi, K., K. Dan, et al. (2003). "Myeloproliferative disease in transgenic mice expressing
P230 Bcr/Abl: longer disease latency, thrombocytosis, and mild leukocytosis." Blood 102(1):
320-323.
Ischenko, I., O. Petrenko, et al. (2003). "Scaffolding protein Gab2 mediates fibroblast
transformation by the SEA tyrosine kinase." Oncogene 22(41): 6311-6318.
Itoh, M., Y. Yoshida, et al. (2000). "Role of Gab1 in heart, placenta, and skin development
and growth factor- and cytokine-induced extracellular signal-regulated kinase mitogenactivated protein kinase activation." Mol Cell Biol 20(10): 3695-3704.

189

Itoh, S., M. Itoh, et al. (2002). "Adapter molecule Grb2-associated binder 1 is specifically
expressed in marginal zone B cells and negatively regulates thymus-independent antigen-2
responses." J Immunol 168(10): 5110-5116.
Jackson, P. and D. Baltimore (1989). "N-terminal mutations activate the leukemogenic
potential of the myristoylated form of c-abl." EMBO J. 8: 449-456.
Jain, S. K., W. Y. Langdon, et al. (1997). "Tyrosine phosphorylation of p120cbl in BCR/abl
transformed hematopoietic cells mediates enhanced association with phosphatidylinositol 3kinase." Oncogene 14: 2217-2228.
Jamieson, C. H. M., L. E. Ailles, et al. (2004). "Granulocyte-macrophage progenitors as
candidate leukemic stem cells in blast-crisis CML." N. Engl. J. Med. 351: 657-667.
Jatiani, S. S., S. C. Cosenza, et al. (2010). "A Non-ATP-Competitive Dual Inhibitor of JAK2
and BCR-ABL Kinases: Elucidation of a Novel Therapeutic Spectrum Based on Substrate
Competitive Inhibition." Genes & cancer 1(4): 331-345.
Jiang, X., M. Stuible, et al. (2003). "Evidence for a positive role of SHIP in BCR-ABLmediated transformation of primitive murine hematopoietic cells and in human chronic
myeloid leukemia." Blood 102: 2976-2984.
Jonuleit, T., C. Peschel, et al. (1998). "Bcr-Abl kinase promotes cell cycle entry of primary
myeloid CML cells in the absence of growth factors." Br. J. Haematol. 100: 295-303.
Kaczmarski, R. S. and G. J. Mufti (1991). "The cytokine receptor superfamily." Blood Rev
5(3): 193-203.
Kalaitzidis, D. and B. G. Neel (2008). "Flow-cytometric phosphoprotein analysis reveals
agonist and temporal differences in responses of murine hematopoietic stem/progenitor
cells." PLoS ONE 3(11): e3776.
Kantarjian, H., F. Giles, et al. (2006). "Nilotinib in imatinib-resistant CML and Philadelphia
chromosome-positive ALL." N. Engl. J. Med. 354(24): 2542-2551.
Kantarjian, H., M. Talpaz, et al. (1991). "Intensive combination chemotherapy and
autologous bone marrow transplantation leads to reappearance of Philadelphia chromosomenegative cells in chronic myelogenous leukemia." Cancer 67: 2959-2965.
Kantarjian, H. M., J. Cortes, et al. (2002). "Imatinib mesylate (STI571) therapy for
Philadelphia chromosome-positive chronic myelogenous leukemia in blast phase." Blood
99(10): 3547-3553.

190

Kantarjian, H. M., D. Dixon, et al. (1988). "Characteristics of accelerated disease in chronic
myelogenous leukemia." Cancer 61(7): 1441-1446.
Kardinal, C., B. Konkol, et al. (2001). "Chronic myelogenous leukemia blast cell
proliferation is inhibited by peptides that disrupt Grb2-Sos complexes." Blood 98: 17731781.
Kasper, B., S. Fruehauf, et al. (1999). "Favorable therapeutic index of a p210(BCR-ABL)specific tyrosine kinase inhibitor; activity on lineage-committed and primitive chronic
myelogenous leukemia progenitors." Cancer Chemother Pharmacol 44(5): 433-438.
Ke, Y., D. Wu, et al. (2007). "Role of Gab2 in mammary tumorigenesis and metastasis."
Oncogene 26(34): 4951-4960.
Kelliher, M. A., J. McLaughlin, et al. (1990). "Induction of a chronic myelogenous leukemialike syndrome in mice with v-abl and bcr/abl." Proc. Natl. Acad. Sci. USA 87: 6649-6653.
Kessler, J. H., S. A. Bres-Vloemans, et al. (2006). "BCR-ABL fusion regions as a source of
multiple leukemia-specific CD8+ T-cell epitopes." Leukemia 20(10): 1738-1750.
Ko, L. J. and C. Prives (1996). "p53: puzzle and paradigm." Genes Dev 10(9): 1054-1072.
Kobayashi, S., T. J. Boggon, et al. (2005). "EGFR mutation and resistance of non-small-cell
lung cancer to gefitinib." N. Engl. J. Med. 352: 786-792.
Koeffler, H. P. and D. W. Golde (1981). "Chronic myelogenous leukemia--new concepts
(first of two parts)." N Engl J Med 304(20): 1201-1209.
Koleske, A. J., A. M. Gifford, et al. (1998). "Essential roles for the Abl and Arg tyrosine
kinases in neurulation." Neuron 21(6): 1259-1272.
Kong, M., C. Mounier, et al. (2003). "Gab2 tyrosine phosphorylation by a pleckstrin
homology domain-independent mechanism: role in epidermal growth factor-induced
mitogenesis." Mol Endocrinol 17(5): 935-944.
Kong, M., C. Mounier, et al. (2003). "Epidermal growth factor-induced DNA synthesis. Key
role for Src phosphorylation of the docking protein Gab2." J Biol Chem 278(8): 5837-5844.
Kornev, A. P., N. M. Haste, et al. (2006). "Surface comparison of active and inactive protein
kinases identifies a conserved activation mechanism." Proc. Natl. Acad. Sci. USA 103(47):
17783-17788.

191

Koschmieder, S., B. Gottgens, et al. (2005). "Inducible chronic phase of myeloid leukemia
with expansion of hematopoietic stem cells in a transgenic model of BCR-ABL
leukemogenesis." Blood 105(1): 324-334.
Krause, D. S. and R. A. Van Etten (2007). "Right on target: eradicating leukemic stem cells."
Trends Mol. Med. 13(11): 470-481.
Krivtsov, A. V., D. Twomey, et al. (2006). "Transformation from committed progenitor to
leukaemia stem cell initiated by MLL-AF9." Nature 442(7104): 818-822.
Kurzrock, R., J. Gutterman, et al. (1988). "The molecular genetics of Philadelphia
chromosome-positive leukemias." N. Engl. J. Med. 319: 990-998.
Kurzrock, R., H. M. Kantarjian, et al. (1990). "Philadelphia chromosome-negative chronic
myelogenous leukemia without breakpoint cluster region rearrangement: A chronic myeloid
leukemic with a distinct clinical course." Blood 75: 445-452.
Kurzrock, R., M. Shtalrid, et al. (1987). "A novel c-abl protein product in Philadelphiapositive acute lymphoblastic leukaemia." Nature 325: 631-635.
Lamothe, B., M. Yamada, et al. (2004). "The docking protein Gab1 is an essential component
of an indirect mechanism for fibroblast growth factor stimulation of the phosphatidylinositol
3-kinase/Akt antiapoptotic pathway." Mol Cell Biol 24(13): 5657-5666.
Lange, T., C. Günther, et al. (2003). "High levels of BAX, low levels of MRP-1, and high
platelets are independent predictors of response to imatinib in myeloid blast crisis of CML."
Blood 101(6): 2152-2155.
Lanza, F., S. Bi, et al. (1995). "Modulation of cell kinetics and cell cycle status by treating
CD34+ chronic myeloid leukaemia cells with p53 antisense phosphorothioate
oligonucleotides." Br J Haematol 90(1): 8-14.
Lehr, S., J. Kotzka, et al. (2004). "Identification of major ERK-related phosphorylation sites
in Gab1." Biochemistry 43(38): 12133-12140.
Lewis, J. M., R. Baskaran, et al. (1996). "Integrin regulation of c-Abl tyrosine kinase activity
and cytoplasmic-nuclear transport." Proc. Natl. Acad. Sci. USA 93: 15174-15179.
Li, S., R. L. Ilaria, et al. (1999). "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. 189: 1399-1412.

192

Lisker, R., L. Caras, et al. (1980). "Late appearing Philadelphia chromosomes in 2 patients
with chronic myelogenous leukemia." Blood 56: 812.
Liu, Y. and N. S. Gray (2006). "Rational design of inhibitors that bind to inactive kinase
conformations." Nat. Chem. Biol. 2(7): 358-364.
Liu, Y., B. Jenkins, et al. (2001). "Scaffolding protein Gab2 mediates differentiation
signaling downstream of Fms receptor tyrosine kinase." Mol. Cell. Biol. 21(9): 3047-3056.
Lock, L. S., C. R. Maroun, et al. (2002). "Distinct recruitment and function of Gab1 and
Gab2 in Met receptor-mediated epithelial morphogenesis." Mol Biol Cell 13(6): 2132-2146.
Lock, L. S., I. Royal, et al. (2000). "Identification of an atypical Grb2 carboxyl-terminal SH3
domain binding site in Gab docking proteins reveals Grb2-dependent and -independent
recruitment of Gab1 to receptor tyrosine kinases." J. Biol. Chem. 275(40): 31536-31545.
Lock, L. S., I. Royal, et al. (2000). "Identification of an atypical Grb2 carboxyl-terminal SH3
domain binding site in Gab docking proteins reveals Grb2-dependent and -independent
recruitment of Gab1 to receptor tyrosine kinases." J. Biol. Chem. 275: 31536-31545.
Lombardo, L. J., F. Y. Lee, et al. (2004). "Discovery of N-(2-chloro-6-methyl- phenyl)-2-(6(4-(2-hydroxyethyl)- piperazin-1-yl)-2-methylpyrimidin-4- ylamino)thiazole-5-carboxamide
(BMS-354825), a dual Src/Abl kinase inhibitor with potent antitumor activity in preclinical
assays." J Med Chem 47(27): 6658-6661.
Luc, S., N. Buza-Vidas, et al. (2008). "Delineating the cellular pathways of hematopoietic
lineage commitment." Semin Immunol 20(4): 213-220.
Ly, C., A. F. Arechiga, et al. (2003). "Bcr-Abl kinase modulates the translation regulators
ribosomal protein S6 and 4E-BP1 in chronic myelogenous leukemia cells via the mammalian
target of rapamycin." Cancer Res. 63(18): 5716-5722.
Lynch, D. K. and R. J. Daly (2002). "PKB-mediated negative feedback tightly regulates
mitogenic signalling via Gab2." EMBO J 21(1-2): 72-82.
Maeda, K., H. Murakami, et al. (2004). "Biochemical and biological responses induced by
coupling of Gab1 to phosphatidylinositol 3-kinase in RET-expressing cells." Biochem
Biophys Res Commun 323(1): 345-354.
Mahon, F. X., D. Rea, et al. (2010). "Discontinuation of imatinib in patients with chronic
myeloid leukaemia who have maintained complete molecular remission for at least 2 years:
the prospective, multicentre Stop Imatinib (STIM) trial." Lancet Oncol. 11(11): 1029-1035.

193

Mahon, G. M., Y. Wang, et al. (2003). "The c-Myc Oncoprotein Interacts with Bcr." Curr
Biol 13(5): 437-441.
Maru, Y. and O. N. Witte (1991). "The BCR gene encodes a novel serine/threonine kinase
activity within a single exon." Cell 67: 459-468.
Mashal, R., M. Shtalrid, et al. (1990). "Rearrangement and expression of p53 in the chronic
phase and blast crisis of chronic myelogenous leukemia." Blood 75: 180-189.
McCubrey, J. A., L. S. Steelman, et al. (2007). "Roles of the Raf/MEK/ERK pathway in cell
growth, malignant transformation and drug resistance." Biochim Biophys Acta 1773(8):
1263-1284.
McGahon, A., R. Bissonnette, et al. (1994). "BCR-ABL maintains resistance of chronic
myelogenous leukemia cells to apoptotic cell death." Blood 83: 1179-1187.
McLaughlin, J., E. Chianese, et al. (1989). "Alternative forms of the bcr-abl oncogene have
quantitatively different potencies for stimulation of immature lymphoid cells." Mol. Cell.
Biol. 9: 1866-1874.
McWhirter, J. R., D. L. Galasso, et al. (1993). "A coiled-coil oligomerization domain of Bcr
is essential for the transforming function of Bcr-Abl oncoproteins." Mol. Cell. Biol. 13:
7587-7595.
McWhirter, J. R. and J. Y. J. Wang (1991). "Activation of tyrosine kinase and microfilamentbinding functions of c-abl by bcr sequences in bcr/abl fusion proteins." Mol. Cell. Biol. 11:
1785-1792.
Melnick, A. (2007). "Targeting APL fusion proteins by peptide interference." Curr Top
Microbiol Immunol 313: 221-243.
Melo, J. V. (1996). "The diversity of BCR-ABL fusion proteins and their relationship to
leukemia phenotype." Blood 88: 2375-2384.
Million, R. P. and R. A. Van Etten (2000). "The Grb2 binding site is required for induction of
chronic myeloid leukemia-like disease in mice by the Bcr/Abl tyrosine kinase." Blood 96:
664-670.
Modugno, M., E. Casale, et al. (2007). "Crystal structure of the T315I Abl mutant in complex
with the aurora kinases inhibitor PHA-739358." Cancer Res. 67(17): 7987-7990.

194

Mohi, M. G., C. Boulton, et al. (2004). "Combination of rapamycin and protein tyrosine
kinase (PTK) inhibitors for the treatment of leukemias caused by oncogenic PTKs." Proc.
Natl. Acad. Sci. USA 101: 3130-3135.
Montagner, A., A. Yart, et al. (2005). "A novel role for Gab1 and SHP2 in epidermal growth
factor-induced Ras activation." J Biol Chem 280(7): 5350-5360.
Montaner, S., R. Perona, et al. (1998). "Multiple signalling pathways lead to the activation of
the nuclear factor kappaB by the Rho family of GTPases." J Biol Chem 273(21): 1277912785.
Moore, A. S., J. Blagg, et al. (2010). "Aurora kinase inhibitors: novel small molecules with
promising activity in acute myeloid and Philadelphia-positive leukemias." Leukemia 24(4):
671-678.
Moore, M. A. S., N. Williams, et al. (1973). "In vitro colony formation by normal and
leukemic human hematopoietic cells: Characterization of the colony-forming cells." J. Natl.
Cancer Inst. 50: 603-623.
Moses, S. A., M. A. Ali, et al. (2009). "In vitro and in vivo activity of novel small-molecule
inhibitors targeting the pleckstrin homology domain of protein kinase B/AKT." Cancer Res
69(12): 5073-5081.
Mountford, P. S. and A. S. Smith (1995). "Internal ribosome entry sites and dicistronic RNAs
in mammalian transgenesis." Trends Genet. 11: 179-184.
Nagar, B., W. G. Bornmann, et al. (2002). "Crystal structure of the kinase domain of c-Abl in
complex with the small molecule inhibitors PD173955 and imatinib (STI-571)." Cancer Res.
62: 4236-4243.
Nagar, B., O. Hantschel, et al. (2006). "Organization of the SH3-SH2 unit in active and
inactive forms of the c-Abl tyrosine kinase." Mol Cell 21(6): 787-798.
Nagar, B., O. Hantschel, et al. (2003). "Structural basis for the autoinhibition of c-Abl
tyrosine kinase." Cell 112: 859-871.
Nakamura, Y., T. Yujiri, et al. (2005). "MEK kinase 1 is essential for Bcr-Abl-induced
STAT3 and self-renewal activity in embryonic stem cells." Oncogene 24(51): 7592-7598.
Neering, S. J., T. Bushnell, et al. (2007). "Leukemia stem cells in a genetically defined
murine model of blast crisis CML." Blood Epub(DOI 10.1182/blood-2007-02-073031).

195

Neering, S. J., T. Bushnell, et al. (2007). "Leukemia stem cells in a genetically defined
murine model of blast-crisis CML." Blood 110(7): 2578-2585.
Neshat, M. S., A. B. Raitano, et al. (2000). "The survival function of the Bcr-Abl oncogene is
mediated by Bad-dependent and -independent pathways: roles for phosphatidylinositol 3kinase and Raf." Mol Cell Biol 20(4): 1179-1186.
Nguyen, T. K., M. Rahmani, et al. (2007). "MEK1/2 inhibitors sensitize Bcr/Abl+ human
leukemia cells to the dual Abl/Src inhibitor BMS-354/825." Blood 109(9): 4006-4015.
Ni, S., C. Zhao, et al. (2007). "A novel Stat3 binding motif in Gab2 mediates transformation
of primary hematopoietic cells by the Stk/Ron receptor tyrosine kinase in response to Friend
virus infection." Mol Cell Biol 27(10): 3708-3715.
Nicolini, F. E., S. Corm, et al. (2006). "Mutation status and clinical outcome of 89 imatinib
mesylate-resistant chronic myelogenous leukemia patients: a retrospective analysis from the
French intergroup of CML (Fi(phi)-LMC GROUP)." Leukemia 20(6): 1061-1066.
Nieborowska-Skorska, M., M. A. Wasik, et al. (1999). "Signal transducer and activator of
transcription (STAT)5 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.
Nishida, K., L. Wang, et al. (2002). "Requirement of Gab2 for mast cell development and
KitL/c-Kit signaling." Blood 99(5): 1866-1869.
Nishida, K., L. Wang, et al. (2002). "Requirement of Gab2 for mast cell development and
KitL/c-Kit signaling." Blood 99(5): 1866-1869.
Nishida, K., Y. Yoshida, et al. (1999). "Gab-family adapter proteins act downstream of
cytokine and growth factor receptors and T- and B-cell antigen receptors." Blood 93(6):
1809-1816.
Nowell, P. C. and D. A. Hungerford (1960). "A minute chromosome in human chronic
granulocytic leukemia." Science 132: 1197-1200.
O'Brien, J., I. Wilson, et al. (2000). "Investigation of the Alamar Blue (resazurin) fluorescent
dye for the assessment of mammalian cell cytotoxicity." Eur. J. Biochem. 267(17): 54215426.
O'Brien, S. G., F. Guilhot, et al. (2003). "Imatinib compared with interferon and low-dose
cytarabine for newly diagnosed chronic-phase myeloid leukemia." N. Engl. J. Med. 348: 9941004.

196

O'Hare, T., C. A. Eide, et al. (2007). "Bcr-Abl kinase domain mutations, drug resistance, and
the road to a cure for chronic myeloid leukemia." Blood 110(7): 2242-2249.
O'Hare, T., W. C. Shakespeare, et al. (2009). "AP24534, a pan-BCR-ABL inhibitor for
chronic myeloid leukemia, potently inhibits the T315I mutant and overcomes mutation-based
resistance." Cancer Cell 16(5): 401-412.
O'Hare, T., W. C. Shakespeare, et al. (2009). "AP24534, a pan-BCR-ABL inhibitor for
chronic myeloid leukemia, potently inhibits the T315I mutant and overcomes mutation-based
resistance." Cancer Cell 16(5): 401-412.
O'Hare, T., D. K. Walters, et al. (2005). "In vitro activity of Bcr-Abl inhibitors AMN107 and
BMS-354825 against clinically relevant imatinib-resistant Abl kinase domain mutants."
Cancer Res 65(11): 4500-4505.
Oda, T., C. Heaney, et al. (1994). "Crkl is the major tyrosine-phosphorylated protein in
neutrophils from patients with chronic myelogenous leukemia." J Biol Chem 269(37):
22925-22928.
Ogawa, M. (1993). "Differentiation and proliferation of hematopoietic stem cells." Blood
81(11): 2844-2853.
Ogawa, M., J. Fried, et al. (1970). "Studies of cellular proliferation in human leukemia. VI.
The proliferative activity, generation time, and emergence time of neutrophilic granulocytes
in chronic granulocytic leukemia." Cancer 25: 1031-1049.
Okuda, K., T. G. Golub, et al. (1996). "p210BCR/ABL, p190BCR/ABL, and TEL/ABL
activate similar signal transduction pathways in hematopoietic cell lines." Oncogene 13:
1147-1152.
Okuda, K., E. Weisberg, et al. (2001). "ARG tyrosine kinase is inhibited by STI571." Blood
97: 2440-2448.
Ong, S. H., Y. R. Hadari, et al. (2001). "Stimulation of phosphatidylinositol 3-kinase by
fibroblast growth factor receptors is mediated by coordinated recruitment of multiple docking
proteins." Proc. Natl. Acad. Sci. USA 98: 6074-6079.
Orkin, S. H. (1995). "Hematopoiesis: how does it happen?" Curr Opin Cell Biol 7(6): 870877.
Ozes, O. N., L. D. Mayo, et al. (1999). "NF-kappaB activation by tumour necrosis factor
requires the Akt serine-threonine kinase." Nature 401(6748): 82-85.

197

Pao, W., V. A. Miller, et al. (2005). "Acquired resistance of lung adenocarcinomas to
gefitinib or erlotinib is associated with a second mutation in the EGFR kinase domain." PLoS
Med. 2(3): e73.
Parekh, S., G. Privé, et al. (2008). "Therapeutic targeting of the BCL6 oncogene for diffuse
large B-cell lymphomas." Leuk Lymphoma 49(5): 874-882.
Pear, W. S., J. P. Miller, et al. (1998). "Efficient and rapid induction of a chronic
myelogenous leukemia-like myeloproliferative disease in mice receiving P210 bcr/abltransduced bone marrow." Blood 92: 3780-3792.
Pendergast, A. M. (2002). "The Abl family kinases: Mechanisms of regulation and
signaling." Adv. Cancer Res. 85: 51-100.
Pendergast, A. M., A. J. Muller, et al. (1991). "Evidence for regulation of the human ABL
tyrosine kinase by a cellular inhibitor." Proc. Natl. Acad. Sci. USA 88: 5927-5931.
Pendergast, A. M., A. J. Muller, et al. (1991). "BCR sequences essential for transformation
by the BCR-ABL oncogene bind to the ABL SH2 regulatory domain in a nonphosphotyrosine-dependent manner." Cell 66: 161-171.
Pendergast, A. M., L. A. Quilliam, et al. (1993). "BCR-ABL-induced oncogenesis is
mediated by direct interaction with the SH2 domain of the GRB-2 adaptor protein." Cell 75:
175-185.
Plattner, R., B. J. Irvin, et al. (2003). "A new link between the c-Abl tyrosine kinase and
phosphoinositide signalling through PLC-gamma1." Nat. Cell Biol. 5: 309-319.
Plattner, R., L. Kadlec, et al. (1999). "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.
Pluk, H., K. Dorey, et al. (2002). "Autoinhibition of c-Abl." Cell 108: 247-260.
Podar, K., G. Mostoslavsky, et al. (2004). "Critical role for hematopoietic cell kinase (Hck)mediated phosphorylation of Gab1 and Gab2 docking proteins in interleukin 6-induced
proliferation and survival of multiple myeloma cells." J Biol Chem 279(20): 21658-21665.
Pratt, J. C., V. E. Igras, et al. (2000). "Cutting edge: Gab2 mediates an inhibitory
phosphatidylinositol 3'-kinase pathway in T cell antigen receptor signaling." J. Immunol.
165: 4158-4163.

198

Preston, D. L., S. Kusumi, et al. (1994). "Cancer incidence in atomic bomb survivors. Part
III. Leukemia, lymphoma and multiple myeloma, 1950-1987." Radiat Res 137(2 Suppl):
S68-97.
Puil, L., J. Liu, et al. (1994). "Bcr-Abl oncoproteins bind directly to activators of the Ras
signalling pathway." EMBO J. 13: 764-773.
Puttini, M., A. M. Coluccia, et al. (2006). "In vitro and in vivo activity of SKI-606, a novel
Src-Abl inhibitor, against imatinib-resistant Bcr-Abl+ neoplastic cells." Cancer Res. 66(23):
11314-11322.
Quackenbush, R. C., G. W. Reuther, et al. (2000). "Analysis of the biologic properties of
p230 Bcr-Abl reveals unique and overlapping properties with the oncogenic p185 and p210
Bcr-Abl tyrosine kinases." Blood 95(9): 2913-2921.
Quintas-Cardama, A. (2008). "Experimental non-ATP-competitive therapies for chronic
myelogenous leukemia." Leukemia 22(5): 932-940.
Quintas-Cardama, A. and J. Cortes (2009). "Molecular biology of bcr-abl1-positive chronic
myeloid leukemia." Blood 113(8): 1619-1630.
Quintas-Cardama, A. and J. E. Cortes (2006). "Chronic myeloid leukemia: diagnosis and
treatment." Mayo Clin Proc 81(7): 973-988.
Raabe, T., J. Riesgo-Escovar, et al. (1996). "DOS, a novel pleckstrin homology domaincontaining protein required for signal transduction between sevenless and Ras1 in
Drosophila." Cell 85(6): 911-920.
Rane, S. G. and E. P. Reddy (2002). "JAKs, STATs and Src kinases in hematopoiesis."
Oncogene 21(21): 3334-3358.
Repasky, G. A., E. J. Chenette, et al. (2004). "Renewing the conspiracy theory debate: does
Raf function alone to mediate Ras oncogenesis?" Trends Cell Biol 14(11): 639-647.
Reuther, G. W., H. Fu, et al. (1994). "Association of the protein kinases c-Bcr and Bcr-Abl
with proteins of the 14-3-3 family." Science 266(5182): 129-133.
Reuther, J. Y., G. W. Reuther, et al. (1998). "A requirement for NF-kappaB activation in
Bcr-Abl-mediated transformation." Genes Dev. 12: 968-981.
Reya, T., A. W. Duncan, et al. (2003). "A role for Wnt signalling in self-renewal of
haematopoietic stem cells." Nature 423(6938): 409-414.

199

Reya, T., S. J. Morrison, et al. (2001). "Stem cells, cancer, and cancer stem cells." Nature
414(6859): 105-111.
Roche-Lestienne, C., V. Soenen-Comu, et al. (2002). "Several types of mutations of the Abl
gene can be found in chronic myeloid leukemia patients resistant to STI571, and they can
pre-exist to the onset of treatment." Blood 100: 1014-1018.
Rosenberg, N. and D. Baltimore (1976). "A quantitative assay for transformation of bone
marrow cells by Abelson murine leukemia virus." J. Exp. Med. 143: 1453-1463.
Roumiantsev, S., I. de Aos, et al. (2001). "The Src homology 2 domain of Bcr/Abl is required
for efficient induction of chronic myeloid leukemia-like disease in mice but not for lymphoid
leukemogenesis or activation of phosphatidylinositol 3-kinase." Blood 97: 4-13.
Roumiantsev, S., N. P. Shah, et al. (2002). "Clinical resistance to the kinase inhibitor STI571 in CML by mutation of Tyr253 in the Abl kinase domain P-loop." Proc. Natl. Acad. Sci.
USA 99: 10700-10705.
Rowley, J. D. (1973). "A new consistent chromosomal abnormality in chronic myelogenous
leukaemia identified by quinacrine fluorescence and Giemsa staining." Nature 243: 290-293.
Sacchi, S., H. M. Kantarjian, et al. (1999). "Chronic myelogenous leukemia in nonlymphoid
blastic phase: analysis of the results of first salvage therapy with three different treatment
approaches for 162 patients." Cancer 86(12): 2632-2641.
Sachs, M., H. Brohmann, et al. (2000). "Essential role of Gab1 for signaling by the c-Met
receptor in vivo." J Cell Biol 150(6): 1375-1384.
Saglio, G., A. Guerrasio, et al. (1990). "New type of Bcr/Abl junction in Philadelphia
chromosome-positive chronic myelogenous leukemia." Blood 76: 1819.
Salesse, S. and C. M. Verfaillie (2002). "Mechanisms underlying abnormal trafficking and
expansion of malignant progenitors in CML: BCR/ABL-induced defects in integrin function
in CML." Oncogene 21(56): 8605-8611.
Sanchez-Garcia, I. and G. Grutz (1995). "Tumorigenic activity of the BCR-ABL oncogene is
mediated by BCL2." Proc. Natl. Acad. Sci. USA 92: 5287-5291.
Sato, T., J. H. Laver, et al. (1999). "Reversible expression of CD34 by murine hematopoietic
stem cells." Blood 94: 2548-2554.
Sattler, M., M. G. Mohi, et al. (2002). "Critical role for Gab2 in transformation by
BCR/ABL." Cancer Cell 1(5): 479-492.
200

Sattler, M., M. G. Mohi, et al. (2002). "Essential role for Gab2 in transformation by
BCR/ABL." Cancer Cell 1: 479-492.
Sattler, M., R. Salgia, et al. (1996). "The proto-oncogene product p120CBL and the adaptor
proteins CRKL and c-CRK link c-ABL, p190BCR/ABL and p210BCR/ABL to the
phosphatidylinositol 3'-kinase pathway." Oncogene 12: 839-846.
Savage, D. G., R. M. Szydlo, et al. (1997). "Clinical features at diagnosis in 430 patients with
chronic myeloid leukaemia seen at a referral centre over a 16-year period." Br J Haematol
96(1): 111-116.
Savona, M. and M. Talpaz (2008). "Getting to the stem of chronic myeloid leukaemia." Nat
Rev Cancer 8(5): 341-350.
Sawyers, C. L. (1999). "Chronic myeloid leukemia." N. Engl. J. Med. 340: 1330-1340.
Sawyers, C. L., W. Callahan, et al. (1992). "Dominant negative myc blocks transformation
by ABL oncogenes." Cell 70: 901-910.
Sawyers, C. L., A. Hochhaus, et al. (2002). "Imatinib induces hematologic and cytogenetic
responses in patients with chronic myelogenous leukemia in myeloid blast crisis: results of a
phase II study." Blood 99(10): 3530-3539.
Sawyers, C. L., A. Hochhaus, et al. (2002). "Imatinib induces hematologic and cytogenetic
responses in patients with chronic myelogenous leukemia in myeloid blast crisis: results of a
phase II study." Blood 99(10): 3530-3539.
Sawyers, C. L., J. McLaughlin, et al. (1995). "Genetic requirement for Ras in the
transformation of fibroblasts and hematopoietic cells by the Bcr-Abl oncogene." J. Exp. Med.
181: 307-313.
Schaeper, U., N. H. Gehring, et al. (2000). "Coupling of Gab1 to c-Met, Grb2, and Shp2
mediates biological responses." J Cell Biol 149(7): 1419-1432.
Scherr, M., A. Chaturvedi, et al. (2006). "Enhanced sensitivity to inhibition of SHP2,
STAT5, and Gab2 expression in chronic myeloid leukemia (CML)." Blood 107(8): 32793287.
Schindler, T., W. Bornmann, et al. (2000). "Structural mechanism for STI-571 inhibition of
Abelson tyrosine kinase." Science 289: 1938-1942.

201

Schutzman, J. L., C. Z. Borland, et al. (2001). "The Caenorhabditis elegans EGL-15
signaling pathway implicates a DOS-like multisubstrate adaptor protein in fibroblast growth
factor signal transduction." Mol Cell Biol 21(23): 8104-8116.
Schwartzberg, P. L., A. M. Stall, et al. (1991). "Mice homozygous for the ablm1 mutation
show poor viability and depletion of selected B and T cell populations." Cell 65: 1165-1176.
Seiffert, M., J. M. Custodio, et al. (2003). "Gab3-deficient mice exhibit normal development
and hematopoiesis and are immunocompetent." Mol Cell Biol 23(7): 2415-2424.
Shah, N. P., J. M. Nicoll, et al. (2002). "Multiple BCR-ABL kinase domain mutations confer
polyclonal resistance to the tyrosine kinase imatinib (STI571) in chronic phase and blast
crisis chronic myeloid leukemia." Cancer Cell 2: 117-125.
Shah, N. P., B. J. Skaggs, et al. (2007). "Sequential ABL kinase inhibitor therapy selects for
compound drug-resistant BCR-ABL mutations with altered oncogenic potency." J. Clin.
Invest. 117(9): 2562-2569.
Shah, N. P., C. Tran, et al. (2004). "Overriding imatinib resistance with a novel ABL kinase
inhibitor." Science 305: 399-401.
Shizuru, J. A., R. S. Negrin, et al. (2005). "Hematopoietic stem and progenitor cells: clinical
and preclinical regeneration of the hematolymphoid system." Annu Rev Med 56: 509-538.
Shuai, K., J. Halpern, et al. (1996). "Constitutive activation of STAT5 by the BCR-ABL
oncogene in chronic myelogenous leukemia." Oncogene 13: 247-254.
Shultz, L. D., B. L. Lyons, et al. (2005). "Human lymphoid and myeloid cell development in
NOD/LtSz-scid IL2R gamma null mice engrafted with mobilized human hemopoietic stem
cells." J. Immunol. 174(10): 6477-6489.
Sillaber, C., F. Gesbert, et al. (2000). "STAT5 activation contributes to growth and viability
in Bcr/Abl-transformed cells." Blood 95: 2118-2125.
Silverman, N. and T. Maniatis (2001). "NF-kappaB signaling pathways in mammalian and
insect innate immunity." Genes Dev 15(18): 2321-2342.
Sirard, C., T. Lapidot, et al. (1996). "Normal and leukemic SCID-repopulating cells (SRC)
coexist in the bone marrow and peripheral blood from CML patients in chronic phase,
whereas leukemic SRC are detected in blast crisis." Blood 87: 1539-1548.

202

Skaggs, B. J., M. E. Gorre, et al. (2006). "Phosphorylation of the ATP-binding loop directs
oncogenicity of drug-resistant BCR-ABL mutants." Proc Natl Acad Sci USA 103(51):
19466-19471.
Skorski, T., P. Kanakaraj, et al. (1995). "Phosphatidylinositol 3-kinase activity is regulated
by BCR/ABL and is required for the growth of Philadelphia chromosome-positive cells."
Blood 86: 726-736.
Smith, K. M. and R. A. Van Etten (2001). "Activation of c-Abl kinase activity and
transformation by a chemical inducer of dimerization." J. Biol. Chem. 276: 24372-24379.
Smith, K. M., R. Yacobi, et al. (2003). "Autoinhibition of Bcr-Abl through its SH3 domain."
Mol. Cell 12: 27-37.
Sokal, J. E., M. Baccarani, et al. (1988). "Staging and prognosis in chronic myelogenous
leukemia." Semin. Hematol. 25: 49-61.
Soverini, S., A. Gnani, et al. (2009). "Philadelphia-positive patients who already harbor
imatinib-resistant Bcr-Abl kinase domain mutations have a higher likelihood of developing
additional mutations associated with resistance to second- or third-line tyrosine kinase
inhibitors." Blood 114(10): 2168-2171.
Soverini, S., G. Martinelli, et al. (2005). "ABL mutations in late chronic phase chronic
myeloid leukemia patients with up-front cytogenetic resistance to imatinib are associated
with a greater likelihood of progression to blast crisis and shorter survival: a study by the
GIMEMA Working Party on Chronic Myeloid Leukemia." J Clin Oncol 23(18): 4100-4109.
Squier, M. K., A. J. Sehnert, et al. (1995). "Apoptosis in leukocytes." J Leukoc Biol 57(1): 210.
Steelman, L. S., S. C. Pohnert, et al. (2004). "JAK/STAT, Raf/MEK/ERK, PI3K/Akt and
BCR-ABL in cell cycle progression and leukemogenesis." Leukemia 18(2): 189-218.
Strife, A., C. Lambek, et al. (1988). "Discordant maturation as the primary biological defect
in chronic myelogenous leukemia." Cancer Res. 48: 1035-1041.
Sun, Y., J. Yuan, et al. (2004). "Role of Gab1 in UV-induced c-Jun NH2-terminal kinase
activation and cell apoptosis." Mol Cell Biol 24(4): 1531-1539.
Superti-Furga, G. and S. A. Courtneidge (1995). "Structure-function relationships in Src
family and related protein tyrosine kinases." Bioessays 17(4): 321-330.

203

Takahashi, N., I. Miura, et al. (1998). "Lineage involvement of stem cells bearing the
philadelphia chromosome in chronic myeloid leukemia in the chronic phase as shown by a
combination of fluorescence-activated cell sorting and fluorescence in situ hybridization."
Blood 92(12): 4758-4763.
Talpaz, M., H. Kantarjian, et al. (1986). "Hematologic remission and cytogenetic
improvement induced by recombinant human interferon alpha A in chronic myelogenous
leukemia." N. Engl. J. Med. 314: 1065-1069.
Tamborini, E., L. Bonadiman, et al. (2004). "A new mutation in the KIT ATP pocket causes
acquired resistance to imatinib in a gastrointestinal stromal tumor patient." Gastroenterology
127(1): 294-299.
Tanis, K. Q., D. Veach, et al. (2003). "Two distinct phosphorylation pathways have additive
effects on Abl family kinase activation." Mol. Cell. Biol. 23: 3884-3896.
Tauchi, T., K. Miyazawa, et al. (1997). "A coiled-coil tetramerization domain of BCR-ABL
is essential for the interactions of SH2-containing signal transduction molecules." J Biol
Chem 272(2): 1389-1394.
Tefferi, A. and D. G. Gilliland (2007). "Oncogenes in myeloproliferative disorders." Cell
Cycle 6(5): 550-566.
Tefferi, A., J. Thiele, et al. (2007). "Proposals and rationale for revision of the World Health
Organization diagnostic criteria for polycythemia vera, essential thrombocythemia, and
primary myelofibrosis: recommendations from an ad hoc international expert panel." Blood
110(4): 1092-1097.
Tokarski, J. S., J. A. Newitt, et al. (2006). "The structure of Dasatinib (BMS-354825) bound
to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant
ABL mutants." Cancer Res. 66(11): 5790-5797.
Torigoe, T., R. O'Connor, et al. (1992). "Interleukin-3 regulates the activity of the LYN
protein-tyrosine kinase in myeloid-committed leukemic cell lines." Blood 80(3): 617-624.
Tybulewicz, V. L. J., C. E. Crawford, et al. (1991). "Neonatal lethality and lymphopenia in
mice with a homozygous disruption of the c-abl protooncogene." Cell 65: 1153-1164.
Van Etten, R. A. (1999). "Cycling, stressed-out, and nervous: Cellular functions of c-Abl."
Trends Cell Biol. 9: 179-186.
Van Etten, R. A. (2002). "Studying the pathogenesis of BCR-ABL+ leukemia in mice."
Oncogene 21: 8643-8651.

204

Van Etten, R. A. (2004). "Mechanisms of transformation by the BCR-ABL oncogene: new
perspectives in the post-imatinib era." Leuk. Res. 28 Suppl 1: S21-28.
Van Etten, R. A., J. Debnath, et al. (1995). "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 10:
1977-1988.
Van Etten, R. A., P. Jackson, et al. (1989). "The mouse type IV c-abl gene product is a
nuclear protein, and activation of transforming ability is associated with cytoplasmic
localization." Cell 58: 669-678.
Van Etten, R. A., P. K. Jackson, et al. (1994). "The C-terminus of the c-Abl tyrosine kinase
contains distinct F- and G-actin binding domains with bundling activity." J. Cell Biol. 124:
325-340.
Vardiman, J. W., N. L. Harris, et al. (2002). "The World Health Organization (WHO)
classification of the myeloid neoplasms." Blood 100: 2292-2302.
Varticovski, L., G. Daley, et al. (1991). "Activation of PI 3-kinase in cells expressing abl
oncogene variants." Mol. Cell. Biol. 11: 1107-1113.
Verfaillie, C. M., R. Hurley, et al. (1997). "Pathophysiology of CML: do defects in integrin
function contribute to the premature circulation and massive expansion of the BCR/ABL
positive clone?" J. Lab. Clin. Med. 129(6): 584-591.
Verfaillie, C. M., J. B. McCarthy, et al. (1992). "Mechanisms underlying abnormal
trafficking of malignant progenitors in chronic myelogenous leukemia. Decreased adhesion
to stroma and fibronectin but increased adhesion to the basement membrane components
laminin and collagen type IV." J. Clin. Invest. 90(4): 1232-1241.
Vigneri, P. and J. Y. Wang (2001). "Induction of apoptosis in chronic myelogenous leukemia
cells through nuclear entrapment of BCR-ABL tyrosine kinase." Nat Med 7(2): 228-234.
Virchow, R. (1845). Weisses blut. Froiep Notizen 36: 151-156.
von Bubnoff, N., F. Schneller, et al. (2002). "BCR-ABL gene mutations in relation to clinical
resistance of Philadelphia-chromosome-positive leukaemia to STI571: a prospective study."
Lancet 359: 487-491.
Voncken, J. W., T. Z. Baram, et al. (1998). "Abnormal stress response and increased fighting
behavior in mice lacking the bcr gene product." Int J Mol Med 2(5): 577-583.

205

Voncken, J. W., S. Griffiths, et al. (1992). "Restricted oncogenicity of BCR/ABL p190 in
transgenic mice." Cancer Research 52: 4534-4539.
Voncken, J. W., V. Kaartinen, et al. (1998). "Bcr/Abl associated leukemogenesis in bcr null
mutant mice." Oncogene 16: 2029-2032.
Voncken, J. W., V. Kaartinen, et al. (1995). "BCR/ABL P210 and P190 cause distinct
leukemia in transgenic mice." Blood 86: 4603-4611.
Voncken, J. W., H. van Schaick, et al. (1995). "Increased neutrophil respiratory burst in bcrnull mice." Cell 80: 719-728.
Wada, T., T. Nakashima, et al. (2005). "The molecular scaffold Gab2 is a crucial component
of RANK signaling and osteoclastogenesis." Nat Med 11(4): 394-399.
Wang, J. C. Y., T. Lapidot, et al. (1998). "High level engraftment of NOD/SCID mice by
primitive normal and leukemic hematopoietic cells from patients with chronic myeloid
leukemia in chronic phase." Blood 91: 2406-2414.
Wang, J. Y. (2000). "Regulation of cell death by the Abl tyrosine kinase." Oncogene 19(49):
5643-5650.
Wang, J. Y. J. (1988). "Negative regulation of c-abl tyrosine kinase by its variable Nterminal amino acids." Oncogene Res. 3: 293-298.
Wang, J. Y. J. (1993). "Abl tyrosine kinase in signal transduction and cell-cycle regulation."
Curr. Biol. 3: 35-43.
Wang, J. Y. J., F. Ledley, et al. (1984). "The mouse c-abl locus: molecular cloning and
characterization." Cell 36: 349-356.
Ward, A. C., I. Touw, et al. (2000). "The Jak-Stat pathway in normal and perturbed
hematopoiesis." Blood 95(1): 19-29.
Wardelmann, E., N. Thomas, et al. (2005). "Acquired resistance to imatinib in
gastrointestinal stromal tumours caused by multiple KIT mutations." Lancet Oncol. 6(4):
249-251.
Warren, D., D. S. Griffin, et al. (2003). "The extreme carboxyl terminus of v-Abl is required
for lymphoid cell transformation by Abelson virus." J. Virol. 77(8): 4617-4625.
Weil, D., M. A. Power, et al. (1997). "Predominant expression of murine Bmx tyrosine
kinase in the granulo-monocytic lineage." Blood 90(11): 4332-4340.
206

Weisberg, E., L. Catley, et al. (2007). "Beneficial effects of combining nilotinib and imatinib
in preclinical models of BCR-ABL+ leukemias." Blood 109(5): 2112-2120.
Weisberg, E., P. Manley, et al. (2006). "AMN107 (nilotinib): a novel and selective inhibitor
of BCR-ABL." Br. J. Cancer 94(12): 1765-1769.
Weissman, I. L. (2000). "Stem cells: units of development, units of regeneration, and units in
evolution." Cell 100(1): 157-168.
Welch, P. J. and J. Y. J. Wang (1993). "A C-terminal protein-binding domain in the
retinoblastoma protein regulates nuclear c-Abl tyrosine kinase in the cell cycle." Cell 75:
779-790.
Wen, S.-T. and R. A. Van Etten (1997). "The PAG gene product, a stress-induced protein
with antioxidant properties, is an Abl SH3-binding protein and a physiological inhibitor of cAbl tyrosine kinase activity." Genes and Dev. 11: 2456-2467.
Wetzler, M., M. Talpaz, et al. (1993). "Subcellular localization of Bcr, Abl, and Bcr-Abl
proteins in normal and leukemic cells and correlation of expression with myeloid
differentiation." J. Clin. Invest. 92: 1925-1939.
Whang, J., E. Frei III, et al. (1963). "The distribution of the Philadelphia chromosome in
patients with chronic myelogenous leukemia." Blood 22: 664-673.
White, D. L., V. A. Saunders, et al. (2006). "OCT-1-mediated influx is a key determinant of
the intracellular uptake of imatinib but not nilotinib (AMN107): reduced OCT-1 activity is
the cause of low in vitro sensitivity to imatinib." Blood 108(2): 697-704.
Witthuhn, B. A., F. W. Quelle, et al. (1993). "JAK2 associates with the erythropoietin
receptor and is tyrosine phosphorylated and activated following stimulation with
erythropoietin." Cell 74(2): 227-236.
Wohrle, F. U., R. J. Daly, et al. (2009). "Function, regulation and pathological roles of the
Gab/DOS docking proteins." Cell Commun. Signal. 7: 22.
Wolf, I., B. J. Jenkins, et al. (2002). "Gab3, a new DOS/Gab family member, facilitates
macrophage differentiation." Mol. Cell. Biol. 22(1): 231-244.
Wolf, I., B. J. Jenkins, et al. (2002). "Gab3, a new DOS/Gab family member, facilitates
macrophage differentiation." Mol Cell Biol 22(1): 231-244.

207

Wong, S., J. McLaughlin, et al. (2004). "Sole BCR-ABL inhibition is insufficient to
eliminate all myeloproliferative disorder cell populations." Proc. Natl. Acad. Sci. USA 101:
17456-17461.
Wong, S. and O. N. Witte (2001). "Modeling Philadelphia chromosome positive leukemias."
Oncogene 20(40): 5644-5659.
Wong, S. and O. N. Witte (2004). "The BCR-ABL story: bench to bedside and back." Annu
Rev Immunol 22: 247-306.
Woodring, P. J., T. Hunter, et al. (2001). "Inhibition of c-Abl tyrosine kinase by filamentous
actin." J. Biol. Chem. 276: 27104-27110.
Wu, C., C. F. Lai, et al. (2001). "Nerve growth factor activates persistent Rap1 signaling in
endosomes." J Neurosci 21(15): 5406-5416.
Wu, J., F. Meng, et al. (2008). "Association between imatinib-resistant BCR-ABL mutationnegative leukemia and persistent activation of LYN kinase." J Natl Cancer Inst 100(13): 926939.
Wu, Y., G. Ma, et al. (1999). "Bcr: a negative regulator of the Bcr-Abl oncoprotein."
Oncogene 18(31): 4416-4424.
Xie, S., Y. Wang, et al. (2001). "Involvement of Jak2 tyrosine phosphorylation in Bcr-Abl
transformation." Oncogene 20(43): 6188-6195.
Xie, Z.-H., I. Ambudkar, et al. (2002). "The adapter molecule Gab2 regulates Fc epsilon RImediated signal transduction in mast cells." J Immunol 168(9): 4682-4691.
Xu, H., K. W. Lee, et al. (1998). "Novel recognition motif on fibroblast growth factor
receptor mediates direct association and activation of SNT adapter proteins." J. Biol. Chem.
273: 17987-17990.
Yamaguchi, H. and W. A. Hendrickson (1996). "Structural basis for activation of human
lymphocyte kinase Lck upon tyrosine phosphorylation." Nature 384: 484-489.
Yamasaki, S., K. Nishida, et al. (2001). "Docking protein Gab2 is phosphorylated by ZAP-70
and negatively regulates T cell receptor signaling by recruitment of inhibitory molecules." J
Biol Chem 276(48): 45175-45183.
Yilmaz, O. H., R. Valdez, et al. (2006). "Pten dependence distinguishes haematopoietic stem
cells from leukaemia-initiating cells." Nature 441(7092): 475-474.

208

Young, M. A., N. P. Shah, et al. (2006). "Structure of the kinase domain of an imatinibresistant Abl mutant in complex with the Aurora kinase inhibitor VX-680." Cancer Res.
66(2): 1007-1014.
Yu, C. F., Z.-X. Liu, et al. (2002). "ERK negatively regulates the epidermal growth factormediated interaction of Gab1 and the phosphatidylinositol 3-kinase." J Biol Chem 277(22):
19382-19388.
Yu, C. F., B. Roshan, et al. (2001). "ERK regulates the hepatocyte growth factor-mediated
interaction of Gab1 and the phosphatidylinositol 3-kinase." J Biol Chem 276(35): 3255232558.
Yu, W.-M., T. S. Hawley, et al. (2002). "Role of the docking protein Gab2 in beta(1)-integrin
signaling pathway-mediated hematopoietic cell adhesion and migration." Blood 99(7): 23512359.
Zhang, J., F. J. Adrián, et al. (2010). "Targeting Bcr-Abl by combining allosteric with ATPbinding-site inhibitors." Nature 463(7280): 501-506.
Zhang, S. Q., W. G. Tsiaras, et al. (2002). "Receptor-specific regulation of
phosphatidylinositol 3'-kinase activation by the protein tyrosine phosphatase Shp2." Mol Cell
Biol 22(12): 4062-4072.
Zhang, X., Y. He, et al. (2010). "Salicylic acid based small molecule inhibitor for the
oncogenic Src homology-2 domain containing protein tyrosine phosphatase-2 (SHP2)." J.
Med. Chem. 53(6): 2482-2493.
Zhang, X. and R. Ren (1998). "Bcr-Abl efficiently induces a myeloproliferative disease and
production of excess interleukin-3 and granulocyte-macrophage colony-stimulating factor in
mice: A novel model for chronic myelogenous leukemia." Blood 92: 3829-3840.
Zhang, X., R. Subrahmanyam, et al. (2001). "The NH2-terminal coiled-coil domain and
tyrosine 177 play important roles in induction of a myeloproliferative disease in mice by BcrAbl." Mol. Cell. Biol. 21: 840-853.
Zhang, X., R. Wong, et al. (2001). "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.
Zhang, Y., E. Diaz-Flores, et al. (2007). "Abnormal hematopoiesis in Gab2 mutant mice."
Blood 110(1): 116-124.

209

Zhang, Y., E. Diaz-Flores, et al. (2007). "Abnormal hematopoiesis in Gab2 mutant mice."
Blood 110(1): 116-124.
Zhao, C., H. Ma, et al. (2003). "GC-GAP, a Rho family GTPase-activating protein that
interacts with signaling adapters Gab1 and Gab2." J Biol Chem 278(36): 34641-34653.
Zhao, C., D. H. Yu, et al. (1999). "Gab2, a new pleckstrin homology domain-containing
adapter protein, acts to uncouple signaling from ERK kinase to Elk-1." J Biol Chem 274(28):
19649-19654.
Zhao, X., S. Ghaffari, et al. (2002). "Structure of the Bcr-Abl oncoprotein oligomerization
domain." Nat. Struct. Biol. 9: 117-120.
Zhu, J. and S. K. Shore (1996). "c-Abl tyrosine kinase activity is regulated by association
with a novel SH3-domain-binding protein." Mol. Cell. Biol. 16: 7054-7062.
Zou, G.-M. (2007). "Cancer stem cells in leukemia, recent advances." J Cell Physiol 213(2):
440-444.

210

