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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 BCR-

ABL1, 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-ABL1ïmediated 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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 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 c-

ABL1 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 B-

lymphoblastic 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 
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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 ñbreakpoint cluster regionò gene (BCR) on 

chromosome 22 (Groffen, Stephenson et al. 1984) with sequences of the c-ABL1 proto-

oncogene 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 Kochôs 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 ñmyeloproliferative diseaseò 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 ñCMPD, unclassifiableò (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 
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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. 
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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 CML-

BC 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 non-

self-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  
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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 
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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 granulocyte-

macrophage 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, 



 14 

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
ï
/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 self-

renewal, 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

ï
 (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
ï
 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

ï
 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 
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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

ï
, 

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-ABL1ïdriven 

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

ï
) 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-ABL1ïexpressing 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-ABL1-

mediated 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 BCR-

ABL1 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
ï
 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 coiled-

coil (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 hetero-

oligomerization 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-ǶB (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
ï/ï

 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
ï/ï

 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
ï/ï

 

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
ï/ï

 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 ñcapò, 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 c-

ABL1 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-ABL1- 

positive 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 (RAC-

GAP). 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
ï/ï

Arg
ï/ï

 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 N-

lobe 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 ñsandwichò 

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 ŬI 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 c-

Abl 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 ñclampò (Nagar, Hantschel et al. 2003). In addition to the SH3-SH2 clamp, the 

N-terminal ñcapò (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 



 28 

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 c-

ABL1 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 Tyr-

134; 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 c-

ABL1, 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 BCR-

ABL1 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 5ô to exon b1, in 

the introns between b1 and a1, or 5ô 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 BCR-

ABL1 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, BCR-

ABL1 lacks the regulatory N-terminal ñcapò 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 BCR-

ABL1, 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 N-

terminal CC domain mediates tetramerization of BCR-ABL1, which facilitates BCR-ABL1 

auto-phosphorylation and hetero-phosphorylation of downstream signaling such as SH2-

containing 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 domain-

ABL1 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 DNA-

repair 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 



 37 

transcriptome.  Other members of MAPK family that are also activated include Jun N-

terminal Kinase (JNK), p90
RSK

, 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-ABL1ïexpressing embryonic 

stem (ES) cells and to promote self-renewal even in the absence of LIF (Coppo, Dusanter-

Fourt 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 JAK2-

independent (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-ABL1ïinduced 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 ɔ 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
ï/ï

 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-Ŭ), which 

in turn induces phosphorylation and proteasomal degradation of IB (Ozes, Mayo et al. 

1999; Silverman and Maniatis 2001). Degradation of IB releases NF- B, freeing it to 

translocate into the nucleus, where it functions as a transcription factor for an entire spectrum 
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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 dominantïnegative 

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 c-

MYC 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
+/ï

 mice to generate BCR-ABL1-

transgenic; p53
+/ï

 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 SCAFFOL DING 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 EGF-

dependent 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-GRB2-

GAB2 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.  
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SIGNAL TRANSDUCTION T HROUGH 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 (SHP2N) fails to rescue defective ERK activation.  In contrast a chimera of GAB1FF 

fused to SHP2N constitutively activates ERK (Cunnick, Mei et al. 2001).  Substrate-

trapping 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 SHP2N 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 FcRI-

mediated 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
ï/ï

 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
ï/ï

 mice may result from the combined defects in these signaling pathways.  Analysis 

of irradiated mice reconstituted with fetal liver cells from Gab1
ï/ï

 mice demonstrates that 

GAB1 is not required for hematopoiesis, but is a negative regulator of the thymus-

independent 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
ï/ï

 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
ï/ï

 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 FDC-

P1 cells (Liu, Jenkins et al. 2001).  Although Gab2
ï/ï

 mice exhibit normal baseline 

hematopoiesis, the c-Kit
+
Lin

ï
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
ï/ï

 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
ï/ï

 mice for hematopoietic defects.  

Other physiologic defects may exist in Gab3
ï/ï

 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
ï/ï

 mice are resistant to BCR-ABL1 induced transformation in vitro 

concomitant with reduced ERK and AKT activation.  Lymphoid transformation by BCR-

ABL1 is also impaired due to increased apoptosis.  Moreover, increased apoptosis is detected 

in Gab2
ï/ï

 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 BCR-

ABL1 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) BCR-

ABL1 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 BCR-

ABL1 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 MARRO W 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).   



 62 

 

 

 

 

 

 

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.   

 

  


