Preclinical Studies of the Pathogenesis and
Therapy of B" Leukemia in Mice: A Critical Role
for Gab2 and Development of a Novehlbitor of

ABL T315I

A dissertation

submitted by

Wayne W. Chan

In partial fulfillment of the requirements
for the degree of

Doctor of Philosophy
in

Cellular & Molecular Physiology

ADVISER:
Richard A. Van Etten, M.D., Ph.D.

TUFTS UNIVERSITY
Sackler School of Graduate Biomedical Sciences

April 2012



ABSTRACT

Dysregulatedyrosine kinasesIKs) are the hallmark of nearly all cases of
myeloproliferative neoplasm#PNs). The most widely studied of these TKs is BCR
ABL1, a known direct molecular cause of both CML and B#ALL. The cardinal role of
BCR-ABLL1 in the pathogenesis of CML came from the development of a bone marrow
transduction/transplantation mouse model, in which retrovidifigcted expression of only
BCR-ABL1 led to an MPNthatshare&l 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 ABLL TK that has a long track record of inducing hematologic and

cytogenetic remissia@in CML patientsin 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 m@stance is to seek a better understanding of the molecular
pathogenesis of CML. Previous work in our laboratory has led to the identification of Tyrl77
phosphorylatiorand recruitment of the B2 adaptor proteias absolutely critical steps in
the deelopment of CML. Furthen vitro work has implicated the importance of a
GRB2/GAB2 interaction in BCRABL11 mediated transformation. In particular, genetic
experiments in the context of the mouse model of leukemogenesis were used to assess the

importance of QB2 in both CML and PhB-ALL.

The most common mechanism for imatinib resistance involves point mutations in the
kinase domain of BCFRABLL1 that alter or disrupt inhibitor binding. The kinase domain
mutations that confer drug resistance haserbpreviously described. The development of

second generation TKIs have focused largely on rational design of drugs that bind within the



kinase domain. As a result, these seelimeltherapies have had some success in treating
imatinib-resistant CML, but several mutations, in particular the BXBR 1 T315] mutation,
confer resistance to all approved drufée presenturrent work taking a different approach
to the rational design of TKils. In particular, we will describe thecprecal development of
a family of TKIs called switch pocket inhibitors. The small molecule inhibitors aréAfiéh
competitive inhibitors that function by stabilizing the inactive form of the BXER 1

tyrosine kinase.
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Chapter 1

Introduction



Chronic Myeloid Leukemia (CML) is a human cancer characterized by a single
geneic abnormality the Philadelphia (Ph) chromosome. At the molecular level, this
balancedranslocation between chromosomes 9 and 22 generates a fusioBGRhadc-
ABL1 genes, th&CRABL1oncogene. This fusion event produces a constitutively active
nonreceptor tyrosine kinasBCR-ABL1, which activates a variety of intracellular sigmaji
pathways and is thelirect molecular cause of both CML and' Plesitive acute B
lymphoblastic leukemia (B\LL). Although CML has been the subjedtintense study for
the past 50 years, a thorough understanding of its molecular pathogenesis igjiomiynge

to emerge.

The objective of this thesis is to contribute to a better understanding of the molecular
pathogenesis and therapyBERABL1-induced leukemia. Since CML has an established
genetic abnormality, it provides a facile model for teasiigthe molecular underpinnings of
this disease. In particular, this introductory section will re\seme ofthe current fields of
studyin BCR-ABL1: molecular biology, cell biology, signal transduction, animal models,
and treatment. A particular empisawill 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 myelad (or myelogenoudeukemia was first recognized and documented as
early as 184%y Rudolf Virchow and other@Bennett 1845; Craigie 1845; Virchow 184t
a distinctive hematological malignancy. Early efforts at CML therapy centered around the
use of Arsenic, first described bye German physician Lissau@Bunz 1980and later
detailed by Conan Doyl@oyle 1882) Lissauer noted a marked reduction in splenomegaly

and leukocytosis, and improvement in anemia that was durable for several nidmeHgst



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) chromosoifidowell and Hungerford D). This was the first

instance of a chromosomal marker that could be reliably correlated with a speifn
neoplasm. Although initially thought to be trisomy 21, Janet Romldp73further

characterized the Ph chromosome as a reciprocal tcatisio between chromosomes 9 and

22, now termed t(9;22)(g34;q1Rowley 1973)

In the 1980s, the Ph chromosome was shown to give rise to a unique chimeric gene,
BCR-ABL1, resulting from a fusion betwe¢nh e fibr eakpoi nt BCRamst er
chromosome 22Groffen, Stephenson et al. 1984ith sequences of theABL1 proto
oncogene on chromosoméde Klein, van Kessel et al. 1982; Bartram, de Klein et al. 1983)
This fusion created a new gene referred to aB@RABL1gene. Sincéhen,BCRABL1
and its producBCR-ABL1 fusion protein has been the subject of intense study. In 1990, the
first in vivoinduction of CML byBCRABL1 provided definitive evidence thBICRABL1
ful fill s Ko cheibgsnechsgapyarndIsudfisidosthe pathogenesis &ML
(Daley, Van Etten et al. 19900ver the years, continued insights into the molecular
pathogenesis of CML have led to the development of targeted therapies agaitist ABL
tyrosine kinase activity. Since the late 198Gsjeral pharmaceutical companies initiated
screens to identify compounds that would interact BE@R-ABL1 to inhibit its tyrosine
kinase activity. By 1990, the inhibitory activity of phenylaminopyrimidines was discovered.
Painstaking work in targeted ttagy to optimize this molecule lead to the synthesis of

imatinib mesylate, the first promising therapeutic diargthe treatment of CML



NATURAL HISTORY AND CLINICAL FEATURES OF CML

Chronic myelad leukemia is a myeloproliferative neoplasm (MPN) tases from
neoplastic transformation of a hematopoietic stem cell. William Dameshek first recognized
MPNs in 1951(Damesheki951) when he coined the terfimyeloproliferative diseaseand
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 thi
classification by creating a broader category of chronic myeloproliferative diseases
(CMPDs), and included chronic neutrophilic leukemia (CNL), chronic eosinophilic
| eukemi a/ hypereosinophi IMPB, suynncdlradgstaeinfgn,CaboLl/eHdE S
Harris et al. 2002) In 2008, the WD revised the classification and discarded the term
CMPD in favor of myeloproliferative neoplasm (MPN)n this latest classificatiomast cell
disease has beencategorized as an MPN, and the subcategory-@d&lotherwise
specified (CEENOS)was addéd to differentiate his entityfrom myeloid and lymphoid
disease with eosinophilia and abnormalities in PD@ERDGFRB, or FGFR1(Tefferi,

Thiele et al. 2007) The common threads amongst these disorders are:

1) They are clonal disorders of hematm@sis arising in a hematopoietic stem or early
progeritor cell

2) They ae 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 panotypes of each MPN can be attributed to the specific genetic
rearrangements or mutations underlying clonal myeloproliferéliefferi and Gilliland

2007) This more nuanced approach takes into account current evidence strongly supporting



the view that MPNs areharacterizedby dysregulated tyrosine kinase signaling arismg i

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
presace of theBCRABL1gene fusions requiredo establish the diagnosis of CML. A
large prospective study reported that about 15% of patients with clinical features of CML
lack a Ph chromoson{&avage, Szydlo et al. 1997)pon closer examination of this cohort,
roughlyhalf were found to have complex chromosomal rearrangements that cytogenetically
masked th&8CRABL1fusion genewhich nonetheless could be detected by fluorescence in
situ hybridization (FISH) or by reverdenscriptase polymerase chain reac{iei-PCR)
detection oBCRABL1fusion mRNA transcriptsThis group of patientsad clinical
features similar to ® CML. In contrastthe remaining patientacked molecular evidence
of theBCRABL1fusion gene and had clinical features that distingedshiem from classic
CML (Kurzrock, Kantarjian et al. 1990)These patients most likely do not have CML, and
instead are presenting with@of the myelodysplastic syndromes (MEBMPN/MDS
overlap conditions In addition to CMLthePh chromosome is also found i¥56% of cases
of pediatricacute lymphoblastic leukemia (ALL)520% of cases of adult ALL, 2% of
acute myeloid leukemia (AMLgases, as well as rare cases of lymphoma and myeloma

(Kurzrock, Gutterman et al. 1988; Melo 1996)

CML accounts for 1820% of human leukemias and has an incidence of
approximately 1 to 2ew caseper100,000 individuals per yeaso that about,500
Americansare newly diagnosed with CML eagbhar(Kantarjian, Dixon et al. 1988; Sawyers

1999) It usually occurs in middiaged adults, with a median age of about 50 yéaese is



no sex bias, and rmncordance amongstentical twirs. Reflecting itsorigin in

hematopoietic stem cellsy CML the Ph chromosome is foundaimost al hematopoietic
lineagesincluding granulocytes, monocytes, erythrocytes, megakaryoc\Hgshocytes,

and occasionally T lymphocytéBialkow, Jacobson et al. 1977¢CML progresses through
three distinct phasea:chronic phase & 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

(QuintasCardama and Cortes 2006)

During the chronic phase (CMCP), there is a steady increaseh# circulating
white blood cell (WBC) count due to massive expansion of differentiated myeloid cells
(median WBC 100,000L) (Figure 1.). Patientsnay beasymptomatic (20%), but
symptoms includindatigue (34%), malaise (36), weight loss (2%), excessive sweating
(15%), abdominal fullness (25), and bleeding episodes due to platelet dysfunctioto)21
arealsocommon(Savage, Szydlo et al. 1997) he 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 matng granulocytes. The overproduction of mature
myeloid cells occurs with no block in differentiation, aptbvided the leukocyte count is
controlled by myelosuppressive medicatiGiIL-CP patients normally survive untiieir
disease progress In contrast, acute leukemjasich as AMLassociatedvith the fusion
transcript AMLEETO (Erickson and al. 1992are chareterized by grofoundblock in
differentiation, which results in accumulation of immature blast cells and a typically
aggressive disease progressiith morbidity and mortality caused by loss of normal bone

marrow hematopoiesis



Figure 1.1 - Peripheral blood smear of CML patient characterized by marked
leukocytosis with granulocyte left shift



In CML patients not treated with drugs (such as interferon or tyrosine kinase
inhibitors- see below) that favorably alter thatural history of the disease, tleelkemic
cells graduallybut inevitablylose their capacitio terminally differentiate, presumably due
to the accumulation of other genetic abnormalities, and eventually disrupt normal
hematopoiesis and causgtramedullary disease symptoms not associated with-BRLL
Within three to five years after onset, CML usually progresses to the accelerated phase
(CML-AP) and then blast crisis (CMBC). The definition of CMEAP is poor and variable
and 50% of CMECP pdients reportedly bypass this phase altogethedprogresdirectly
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 basophits20%

Platelets <100,000/mL, unrelated to therapy

Platelets >1,00000/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 charaterized by the presence of more tl2886 blast cells in thbone
marrow and by the presence of extramedullary infiltration in liver and/or sjjf&al,
Baccarani et al. 1988)n addition, patientgypically also have progressive anemia,
thrombocytosisandbecomerefractory to herapy(Koeffler and Golde 1981; Faderl, Talpaz
et al. 1999) Progression to the CMIBC usually correlates with additional chromosomal
abnormalities, such akiplication of thePh chromosome, trisomy Bochromsome 17@nd
trisomy 19. In addition to theecytogenetic abnormalitiegpigenetic changes might also be

involved. Methylation of the proximal promoter of tABL1 gene, for example, is a common



epigenetic alteration associated wstical progression of CMI(Asimakopoulos, Shteper

et al. 1999)

CML can transitiorfrom CML-CP or CML-AP into two distinctive leukemic typesf
blast crisis either acute myeld leukemia (AML}like or acute lymphoblastic leukemia
(ALL) -like diseasebut not bothApproximately70% of the patients enterilgML blast
crisis, and30% of the patients entering a fBeblast stage similar to acute lymphoid
leukemia (BALL ) (Wong and Witte 2004 Distinguishing myela versus lymphiml
transformation is important clinically because of the different therapeutic regimens and
prognostic implicationsf these two diseas¢Berderian, Kantarjian et al. 1993n CML-
BC stage, leukemia cells agenerallyrefractory to chemotherapy and patients usuatlyire
3 to 6 months after thdisease progresses into this stadgeloid blast crisisloes not
respnd well to standard AMinductionchemotherapyegimengSacchi, Kantarjian et al.
1999) although responses to imatinditheralone(Druker, Sawyers et al. 2001 aKtarjian,
Cortes et al. 2002; Sawyers, Hochhaus et al. 200@) combinatiorwith chemotherapy
(Fruehauf, Topaly et al. 200 Have beemneported 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 allogeheimmatopoietic stem cell transplant
(HSCT)for eligible patients. Transplantation while the patient remiaitéast crisis has
poor results with less than 10 percent lbeign survival(Gratwohl, Hermans et al. 1993}
reasonable plan is an attempt to rettire patient to an earlier phase of disease, with suitable

candidates subsequently undergoing allogen&CH(Lange, Gtinther et al. 2003jnatinib



treatment prior to trapdantation has not been associated with an increase in transplant

associated morbidity or mortali{fBaccarani, Saglio et al. 2006

CELL BioLoGY oF CML

It is useful at this point to considBCR-ABL1-mediated leukemogenesis from a cell
biology perspective. At the cellular level, CML is aefd as the clonal expansion of mature
granulocytesand their precursorsAlthough 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 €2@00)

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 (Bad lymphatic tissues-igure 12). In
addition, hematopoiesis is a tightly controlled, hierarchical process in which pluripotent stem
cells develop into various types of mature blood d@ikin 1995) All cellular components
originate from undifferentiated multipotent hematopoietic stem cells (HSC). HSCs are
characterized by the ability to senew indefinitely or commit to a certain hematopoietic
differentiation pathway. The earliest stages begih Wié longterm (LT) repopulating HSC
(LT-HSC) differentiating into the shetérm (ST) repopulating HSC (SHISC) and the non
self-renewing multipotent progenitors (MPP). The progenitor cells that arise as the result of
MPP differentiation are callecbomman myeloid progenitors (CMP) or common lymphoid
progenitors (CLP)(Akashi, Traver et al.@0; Weissman 2000)Under different intricate

regulation, the lineage restricted CMP cells give rise to more restrictggbotent
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granulocytemacrophage progenitors (GMP) and megakaryeegythroid progenitors

(MEP). GMP cells in turn terminally differentiate into mature granulocytes and
macrophages/monocytes, and MEP cells terminally differentiate into erythrocytes and
platelets though megakaryocytgShizuru, Negrin et al. 2005CLP cells in turn give rise to
terminally differentiated B lymphoid, T lymphoid @matural killer cellfWeissman 2000;
Shizuru, Negrin et al. 2005 competirg 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 progenitduuc, BuzaVidas et al. 2008)

Hematopoietic cell growth and differentiation are controlled by growth factors and
cytokines, which include interleukins, colestimulating factors, and hematopoietins
(Ogawa 1993)Outside of a few exceptions, the recepfordhese hematopoietic growth
factors are transmembrane proteins that lack a tyrosine kinase catalytic ddataimarski
and Mufti 1991; Rane and Reddy 2002ytokine 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 atidaded by theytoplasmic subunit of the
cytokine receptors include the Janus family of kinas&K Jthe SRC family of kinases
(SFKs), and the EC family of kinasegTorigoe, O'Connor et al. 1992; Witthuhn, Quelle et
al. 1993; Corey, Burkhardt et al. 1994; Anderson and Jorgensen 1995; lhle 1996; Weil,

Power et al. 1997)

L EUKEMIC STEM CELLS

Thecurrent 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 selfrenewal and indefinite proliferation (Reya, Morrison et al. 200&s&gue,
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 refissifal

necessary for cancer initiation and maintenance. This property is fungticakdlated by

the ability to recapitulate the disease upon xerotransplantation into immunodeficient mice
(Bonnet and Dick 1997)rargeting and eradication of LSC is now emerging as an additional

if not critical approach to anteukemia therapyKrause and Van Etten 2007; Zou 2007)

Given that both HSC and LSC are capable ofiiewal, a critical question is
whether leukemias arise exclusively from H8@&nhsformed cells or could they also originate
from shortlived progenitorghat have acquired selenewal through mutation(s) and/or
epigenetic changes. To address this question, Cozzio et al. generated an AML mouse model
induced by an oncogenic fusion gevieL-ENL (Cozzio, Passegue et al. 200Relatively
pure populations diSC, CMP, GMP, and MEP weserted respectively according to the
cell surface markers and transduced With_-ENL. All progenitors with granulocyte
macrophage differentiation potential (i.e. HSC, CMP, GMP) efficiently and rapidly induce
AML with similar latencies and phenotypesvivo. This demonstrates that the origin of LSC
are not restricted to HSC, since it could derive from different heterogeneous progenitor
populationgCozzio, Passegue et al. 200Bhis observation has been confirmed in work
done on another fusion geNtL-AF9. The putative AML LSC alsdiffered from HSC:
they can also originate from oligopotdiLL-AF9 positive GMP cells. Taken together, it is
likely that certain oncogenes, suchMisL-AF9 andMLL-ENL, confer progenitor cells with

the ability to initiate and maintain leukemias in reeigimice. At the molecular level,



expression profiling showed that a group of genes highly expressed in normal HSC were

reactivated in oncogenic LS&rivtsov, Twomey et al. 2006)

The identity of the CML initiating cell also has dramatic implications for both the
pathogenesis and treatment of CMLhe initiating event, formation of the Ph chromosome,
is thought to occur in a multipotent HSC. Cytogenetic lineage analysis ofCMpatients
showed the presence of the Ph chromosome in mature myeloidIlgngBoid populations
(Whang, Frei lll et al. 1963)The ability of CML to evolve clinically into either an acute
myeloid or lymphoid leukemia also argues strongly for the HSC ooiigihe disease. In one
of the classic studies of the field;liKked polymorphic glucosé-phosphate dehydrogenase
(G6PD) loci in female CMLECP patients served as markers supporting the monoclonal origin
of Ph+ cellFialkow, Jacobsontal. 1977) Subsequent work by this group described
clonal Phnegative Blymphoid cells in some patients, opening up the possibility that the Ph
chromosome translocation may not be the initiating event in (f¥llkow, 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,' RBD34" progenitors from
patients with early chronic phase CML were polycldisiforge, 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 detectioBCR-ABL1 transcripts in all hematopoietic lineages except natural
killer cells, further supporting the HSC origin of Ph chromos¢haéahashi, Miura et al.
1998) In contrast tMLL-AF9 andMLL-ENL, BCR-ABL1 does not intrinsically confer self

renewal, which may explain why tlBCR-ABL1 fusion event must occur in an HSC. Mic
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transplanted with sorted CMP and GMP transduced B@R-ABL1failed to develop a

CML-like MPN, suggesting th@&CRABL1alone is unable to alter the programs for terminal
differentiation and survival in committed myeloid progenit@gtsintly, Shigematsu et al.

2004) Taken together, these observations support the hypothesis tB&RW&BL1 fusion

gene is the initiating event in CML, and that this event must occur in an HSC for the disease

to propagate.

Upon the aquisition of the Ph chromosome, the HSC undergoes proliferation and
selfrenewal giving rise to a population of cells called LSCs or LICs that initiate the chronic
phase of CML(Yilmaz, Valdez et al. 2006)hese LSCs share many properties with normal
HSCs: LSC at steadstate are quiescent, have a long-$fmn and show great proliferative
and selrenewal potentiahat enables them to maintain the cancer cell populé&iitarke
and Fuller 2006) In addition, they exhibit resistance to drugs and express charactd &«
markergGraham, Jorgensen et al. 2002; Zou 208#ilar to normal HSCs, the
immunophenotype of CML stem cells is CO8D38 (Holyoake, Jiang et al. 20Qut the
transcriptional phenotype more oibg resembles a normal CMBruns, Czibere et al.

2009)

In accelerated phased blast crisis of CML, bone marrow granuloegtacrophage
progenitors (GMP) acquire saknewal properties in vitro and exhibit increased expression,
nuclear localization, and function of betatenin(Jamieson, Ailles et al. 2004
transcription factor in the Wnt signaling pathwthgt has been implicated in sedhewal of
normal HSCgReya, Duncan et al. 2003Jhis suggests that aberrant activation of the Wnt
pathway may be a central feature cfedise progression in CML. Additional studies indicate

that the Hedgehog (Hh) signaling pathway may also contribute toeselival of CML stem



cells(Dierks, Beigi et al. 2008)logether, 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 fr@\Rhstem cells
(leukemia initiating cells) are important for the initial expansion of myeloid progenitors
during the chronic phase, other cells with stem-kikdl properties support the progression to
blast crisis. Specifically, it was shown that expressioR@R-ABL1 in myeloid progenitor
cells could induce myeloproliferative neoplasm in transgenic mouselsnddeswal et al.,
2003). In addition, Jamieson et al. demonstrated that the granutoagtephage progenitor
(GMP) pool from patients in blast crisis CML have increased levelscatdhin compared to
the levels in normal progenitor cells (Jamieson.e2804). Because the GMP cells display
enhanced selfenewal activity, and since in normal hematopoietic stem cells the process of
seltrenewal requires-Batenin, the authors propose that GMP cells are theldterells
that drive the progression tdalst 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 CMLhisw a single Phclone eventually
dominates the hematopoietic system. The leukemic clone possesses a proliferative
advantage, as bone marrow aspirates at diagnosis indicate that most patientO8fé 90
Ph". However, the relatively long latency pericitaracteristic of CMICP suggests the
proliferative advantage is small. In support of this notion, normal HSCs persist in the bone

marrow of patients with CMIGoto, Nishikori et al. 1982; Coulombel, Kalousek et al. 1983;
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Kantarjian, Talpaz et al. 1991 urthermore, in rare patients receiving an early diagnosis,

significant Ph hematopoids is observedLisker, Caras et al. 1980)

Increased proliferation in Ppositive cells is one mechanism that contributes to the
myeloid pansion 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
doesBCR-ABL1 confer a growth advantage. The first compartment to considethis at
HSC level, which by nature of its small size and uncertain cell surface expression pattern
(Sato, Laver et al. 1999poses a challenge to study. Earlier studies indicate that the
PH/CD34/Lin' population are not amplified, and possibly even reduced, in patients with
CML (Eaves, Udomsakdi et al. 1993; Delforge, Boogaerts et al. 138)ent work
confirms this observation, and employing a combination of flow assisted cell sorting (FACS)
analysis and gene expression profiling, concludes that HSCs derived from CMLspatient
have a transcriptional phenotype reminiscent of a normal CMP, yet maintain the

immunophenotype of a normal H§Bruns, Czibere et al. 2009)

Continuing along the pathway of hematopoietic differentiatiorp@itive myeloid
progenitors are greatly expanded due in part to a proliferative advantage. CFU progenitor
cells are signitantly amplified in CML patients, as assessed by botfivo *[H] labeling
(Ogawa, Fried et al. 197@nd colonyforming assaygMoore, Williams et al. 1973Despite
this proliferation abnormality, all hematopoietic lineages are amplified equally and maintain

normal morphology.

The antecedents of this proliferative advantage are multifactorial. One posisibi
simply a shift in the balance between selfiewal and differentiation. This abnormality,

termed discordant maturation, manifests as a slight delay in maturation over normal
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hematopoietic cell differentiatiofbtrife, Lambek et al. 1988)Consistent with this finding,
the size of the Ph-catenird, selfrenewing stem cells is normal, whi®'/ B-catenin,
differentiating progenitor pool is expanded. In CNIP, it may be thaBCR-ABL1 plays a
more critical role in progenitor cells than is does in the stem (&lske 2004) Others

have pointed to the primary mgenic activity conferred bBCR-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. 19983 difference in proliferation
may provide some insight into the treatment of CML. In summanB@R-ABL1i driven
expansion of the myeloid subset appears tdratg from the HSC, which is unable to enter
quiescence. As a result, the pool of HSC'(€B34'/Lin') remains relatively constant,
while the progenitor pools are continuously replenished. The consequence is a massive

accumulation of maturing myelouklls.

While BCR-ABL1 mediated leukemogenesis appears in part to be driven by
increased proliferation, it is equally plausible tB&R-ABL1 confers resistance to
programmed cell death (apoptosis). Neutrophils, the myeloid lineage cells expanded in
CML, normally undergo apoptosis soon after matui@guier, Sehnert et al. 1995 arly
accounts suggest a modest survival advantageigrBhulocytes compared to normal cells
(Athens, Raab et al. 1965; Galbraith and Adahra 1972) Cytokinedependat
hematopoietic cells lines expressiBGR-ABL1 maintain their resistance to apoptosis
following cytokine withdrawa(Daley and Baltimore 1988; Hariharan, Adams et al. 1988)
while other Phcell lines demonstrate resistance to apoptiosiacing factors such as
irradiation and cytotoxic chemotherapeutic ag€Bedi, Zehnbauer et al. 1994; McGahon,

Bissonnette et al. 1994) At the molecular leveBCR-ABL11 expressing cell lines appear to
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expressantrapoptotic signaling wiecules, such as@.2, PBK, andactivated\F-xB
(SanchezGarcia 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 CMCP. This is especially true in prary cells gathered from
CML patients. While reports indicate CD38ML cells were resistant to apoptosis induced
by ionizing radiatior(Bedi, Barber et al. 199%nd serum deprivatiofBedi, Zehnbauer et al.
1994) other have not been able to confirm these same observ@ions, Lewis et al.
1995; Albrecht, Schwab et al. 1996 fact, even if reistance 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. 199.7)These observations indicate tB&IR-ABL1-
mediated resistance to apoptosis rhaycell typedependent. It is important to note that the
cells used in these experiments were either cell lines or advance@Mageells, 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 prederd possible explanation for the
increased circulation and proliferation of Rtem/progenitor cells in CM{Verfaillie,
Hurley et al. 1997) Primitive PH progenitors isolated from CML patients exhibit abrogated
adherence to bone marrow strof@ordon, Dowding et al. 198&nd fibronectin(Verfaillie,
McCarthy et al. 1992)ue to a defect in bethintegrin function. This acquired adherence
defect offers one explanation to the disappearance’gf@benitors from longermin vitro

marrow culturegCoulombel, Kalousek et al. 1983)
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These defects in adherence can have important clinical implications. It has been
explated to cleanse CML marrow of malignant cells prior to an HSC autq@afhett,
Eaves et al. 1994)Therapeutic interventions such as interfeatpha(Dowding, Gou et al.
1991, Bhatia, Wayner et al. 1994; Bhatia, McCarthy et al. 128fi)sense
oligodeoxynucleotids toBCR-ABL1 (Bhatia and Verfaillie 1998)and treatment witBCR-
ABL1 tyrosine kinase inhibitoréBhatia, Munthe et al. 1998)I reverse the observed
adherence defect in CML progenitor cells and restore normal adreep@mdent inhibition
of proliferation(Hurley, McCarthy et al. 1995)However, restoring adherence alone does
not explain the efficacy of interfereapha in patients with CML. Although CML
progenitors recover normal adherence within 48 houvgro, the required hematologic
response in patients can take weeks to months of prolonged therapy. It is unclear whet
patients that are unresponsive to interfeafpha also lack the interferaipha induced
normalization of adhesian vitro. Although showing some promising therapeutic
implications, the study of adhesion defects in the pathophysiology of CMU iektively

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, éslhem 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 vivobone marrow purging can be optirad if differences in the cell biology between Ph
and Ph cells can be exploited. Furthermore, reversal of these observed abnormalities can

serve as surrogate markers for testing the efficacy of drug therapy.
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MOLECULAR BIOLOGY OF CML

BCR

Sincethe identification of the Ph chromosome, the functiotheBCRgene product
has been examined in bathvitro andin vivocontexts. Although mostudiesof BCRfocus
on its function in hematopoietic celBCRtranscripts are detected in a varietyisues,
arguing for its general involvement in cell function. Overexpression of iBGiRits cell
proliferation(Braselmann and McCormick 1995)Vild-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 motifglimchicoiled
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 nuclentalange
factor (GEF), a pleckstrin homology (PH) domain, a putative calciapendent lipid
binding site (CaLB), and a Rac GTPas#ivating proteins/domains (GARYlaru and Witte
1991; Boguski and McCormick 1993Yhe CCdomain mediates hormand hetere
oligomerization of BCR anBCR-ABL1 (McWhirter, Galasso et al. 1993heBCR S/T
kinasedomainautc and trangphosphorylates serine, threonenad tyrosine residues on itself
and downstream targets such as BRR member of 18-3 family (Reuther, Fu et al. 1994)
The DBL domain of BCR functions agyaanine nucleotide exchange fadimr RHOA,
RAC1 and MC42 and stimulates their binding TP, which may activate transcription
factors such as NFURMontaner, Perona et al. 1998he GAP homology domain in BCR is
similar to those found in other proteins that stintei@TP hydrolysi¢Chuang, Xu et al.

1995)
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Ber-null mice were generated to defitee physiological function oBCRin vivo
(Voncken, van Schaick et al. 1998cr'”" mice exhibited normal hematopoiesis, but
neutrophils isolated from these micadna pronounced increase in respiratory burst
(Voncken, van Schaick et al. 1995futhermore, these neutrophils are more susceptible to
apoptosis during endotoximediated septic shock, presumably due to decreased Rac
signaling. In other systemBer'" mice displayed defects in the regulation of hormonal and
behavioral stress responsé&bey demonstrated prolonged elevation of plasma
glucocorticoids level and increased aggression in males in response to physiological and
social stres¢vVoncken, Baram et al. 1998he apparent mild phenotype observeBdr "
mice suggests the existence of other functionally overlapping genes. One such gene is the
active BCRrelaied geneABR), which ishighly related to BCR and hassimilar pattern of

expressior{Heisterkamp, Morris al. 1989; Chuang, Xu et al. 1995)

The contribution and mechanism of BCRBGR-ABL1-mediated leukemogenesis is
notwell understoodTwo studiesndicate that fullength BCR protein might not be required
for BCRABL1leukemogenesis. One study found that introductidB@R-ABL1 p190 into
bone marrow fronBcr'”' mice still causedeukemiathat wassimilar to wildtype recipients
in terms of the latecy and clinical findinggvVoncken, Kaartinen et al. 199&uggesting that
the normaBCR proteinis dispesablefor leukemogenesis. Similarly, another group
generated a transgenic mouse witBGR-ABL1 p190 fusion gene under the control of
endogenouBCRpromoter. These mice developed leukemia independent of BCR
copy/dosagéCastellanos, Pintado et al. 199Full-length BCR may also be a negative
regulator oBCR-ABL1 mediated leukemogenesis, as overexpression efefudjth BCR in

BCR-ABL1-positive cells reduces its transforming abiiyu, Ma et al. 1999)
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c-ABL1

The ABL family of nonreceptor tyrosine kinases consists-&BL1 (Abelson
tyrosine kinase, BL1) and a single homolog,RG (Abl-related gengor ABL2. Similar to
other proteoncogenes,-&bl was discovered as the normal cellular homologue o¥-thbl
oncogene isolated from the Abelson murine leukemia YiNeng, Ledley et al. 1984)The
v-Abl oncogene, the fusion product of the vigaggene of MMuLV and mouses-Abl, is
capable of transforming lymphoid cells and producing a rapidly progressing B ce
leukemia/lymphomdollowing co-infection with its helper Moloney murine leukemia virus
(M-MuLV) (Abelson and Rabstein 1970)-ABL1 is ubiquitously expressed tissues of
vertebrateshighly conserved through evolution, and thought to play an essential role in
normal cell physiolgy (Van Etten 1999) The Nterminal 60 kDa of ABL 1 shares
considerable homologyith the SRC family of tyrosine kinases (SFKSupertiFurga and
Courtneidge 1995possessingan-Ne r mi n a | Acapo, foll owed
domain and tyrosine kisa domainKigure 1.2. In addition, eABL 1 has a unique 90 kDa
C-terminal domain, also shared by its homolog Aelated gene (AR®r ABL2, see Figure
1.2), which includes several prolirech motifs, three nuclear localization signals (NLS), a
single nutear export signal (NES) within anagtin binding domain (ABD), 3 high mobility
grouplike boxes (HLB), and a DNA binding domain (DB®igure 1.3, (Wang 1993; Van

Etten 1999; Pendergast 2002)

Thec-ABL1genegeneratetwo proteins with different Merminifrom two

transcripts that originate from distinct transcriptional promotensyristoylated (1b or 1V)

splice variant, and a 1a (mouse |) splice variant that is 19 amino acids shorter and lacks the



myristoylation site (Shtivelman et al, 1986). When overexpressed in fibroblasts or
hematopoietic cells, most ofABL 1 protein shuttleso the nucleus, while a fraction of

protein is retained in the cytoplasm and associated with eithetifror localized to the

plasma membran@an Etten, Jackson et al. 1989; Wetzler, Talpaz et al. 19868

suggests that the myristoylation motif, NLS, NES, and ABD can all potentially regulate c
ABL 1 subcellular localizatiorandthatc-ABL 1 physiological function maybe lgely

governed by its subcellular localizativian Etten 1999)When eABL 1 is driven into the

nucleus in response to DNA damage, any one athttee NLS is sufficient to direct ABL to

the nucleus, where it can regulate gene expression or interact with other molecules, such as

retinoblastoma (Rb) proteiiWwang 2000)

In the cytoplasm,-ABL 1 mainly associates with-&ctin cytoskeleton through its
ABD, while a fraction also associates with the plasma meml§kéareEtten, Jackson et al.
1994) In the cytoplasm,-&BL 1 is mainly involved in adhesion function and cell migration
(Lewis, Baslaran et al. 1996)Nuclear eABL 1 is normally inhibited by Rb protein, but can
be activated by DNA damages following Rb inactivation. The activation of nueksBL &
by DNA damage also depends on the ATM kinase, which is induced by ionizing radiation
In response to ionizing radiation, ATM activates nucleAB¢t 1 to phosphorylate RNA
polymerase Il. Interestingly, the oncogeBICR-ABL1 and vAbl proteins do not enter the
nucleus despite also possessing three NLS m(dt#s Etten, Jackson et al. 1989; McWhirter
and Wang 1991, Vigneri and Wang 200duclear 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 apoptiBSIRABL1-

positive cell§Vigneri and Wang 2001)
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ABL and BCR Proteins
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Figure 1.2 - BCR and ABL1 proteins and functional domains

Two isoforms of eABL 1 (human types 1a and 1b) are generated by alternative splicing; and
1b contains a myristoylation site (Myr):Abl also contains a myristoylation sifEhe anino
terminal half of ABL comains SH3, SH2 and the tyrosikenase (Kinase) domains. In its
carboyl-terminal region, ABL contains four prolimech SH3 binding sites (PXXP, light
blue), three nuclear localization signals (NLS, black), one nuclear export signal (NES, blue),
three high mobility groufike boxes (HLB, white color), and one actimding domain
including monomeric (G) and filamentous (F) binding site (grey). BCR contains a-coiled
(CC) oligomerization domain, a serine/threonine (S/T) kinase domain, a DBL guanine
nucleotideexchange factor homology (DBL) domain, a pleckstrin homologd) @®main, a
putative calciurrdependent lipid binding site and a RAC GTRasgvating 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 tolABL




Genetic disruption of-&bl in micealso provides some insight into its physiological
function. Two groups concurrently generatedliat null mice(Schwartzberg, Stall et al.
1991; Tybulewicz, Crawford et al. 1994nd observed similar defects, with most pups dying
by 3 weekof age Lymphopenia waobserved in about half of the mice, but the myeloid
lineage remained intact. In order to address possible genetic compensatiehdmolog
ARG/ABL2, Abl"Arg'" double null mice have also been genergkageske, Gifford et al.
1998) This double mutationauses lethality at trembryonicstage as the micelisplay 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 titlAand ARG colocalize on the
actin microfilaments of neuroepithelium, th&A homologues may play an essential role in

the development of neurofisoleske, Gifford et al. 1998)

Crystallographic analysis of theABL1 1b core (Nterminus, SH3, SH2 and kinase
domain) revealed the structural basis of its regulation (Fip3éNagar, Hantschel et al.
2003) Similar to SFK structure, the&BL core assumes an autoinhibited conformation
stabilized by a compleget of intramolecular interactions among its SH3 and SH2 domains
and the kinase domain (Hantschel & SupEtirga, 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 flexibiliiagar, Hantschel et al. 2003he SH3
domain interacts with the-Nerminal lobe of the kinase domain through an atypical PXXP
motif within the SH2:kinase linker that encompasses the residi#8 PY 245 (Nagar,
Hantschel et al. 2003)n contrast to SFKSs, this interaction is maintained in the absence of

the SH2 domaiiiHochrein, Lerner et al. 2006) he tethering of the SH2 domain is mediated
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through the Y245 side chain that points away from the SH3adoand interacts with the-N

lobe of the kinas@Nagar, Hantschel et al. 2003)futation of P242 or phosphorylation of

Y245 can induce amcrease in BL1ki nase activity, suggesting
interaction is essential for the maintenance of the downregulated conforiiggtida and

SupertiFurga 1998; Brasher and Van Etten 2000; Tanis, Veach et al..2003)

Although ¢ABL1 lacks a phosphorylated ligand, the SH2 domain is docked tightly
against the dobe (Nagar, Hantschel et al. 2008)his interaction requires the binding of
myristic acid to a hydrophobic pocket in thddbe, which in turn induces a spkci
conformational change in helbl in the Gterminus of the @obe. SH2 binding is promoted
by the myristatenduced conformational change and is stabilized through a series of
hydrogen bonds described in detail by Nagar g€iN&lgar, Hantschel et al. 2003)
Interestingly, although-ABL1 1a is not myristoylated, deletion of thet&minus in both €
Abl isoforms induces kinase activationgicating that 1) the myristoyl moiety is required for
the stabilization of the inactive conformation eA8L1 1b, and 2) in ABL1 1a, there must
be other compensatory interactions that stabilize this conform@&tiang 1988; Pluk, Dorey
et al. 2002) Engagement of the SH2 domain by other proteins induces kinasediantoae

to disrupted autoinhibitio(Hantschel, Nagar et al. 2003)

The short eightesidue connector between the SH3 and SH2 domains forms a rigid
structure highly similar to that seen in SFKs, a $tmecstabilized by a network of hydrogen
bonds(Nagar, Hantschel et al. 2003)his connector dynamically couples the SE132 into
aregulad r y i ¢Nagamipgaatschel et al. 2003 addition to the SHEH2 clamp, the
N-t er mi n a l-capiiis mlpved to6 ddmpensate for ek of the phosphdyr tail and

to further stabilize the kinase in an inactive conformation. For example, when expressed in
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HEK?293, an Ncap deletion mutant of&ABL1 displayed increased kinase activity as

measured by the total cellular phosphotyrosawels(Pluk, Dorey et al. 2002)The

mechanism by which the-Bap provides an extra layer of statliion is illustrated by recent
crystallographic and hydrogen exchange mass spectrometry (HXMS) stidos,

Hantschel eal. 2006; Chen, O'Reilly et al. 2008)he crystal structure of theABL1 kinase

core shows that residues within the cap region interact with both thersH&EH2 domains

through a network of hydrogen bonds and appear to stabilize docking onto the kinase domain
(Nagar, Hantschel etl. 2006) In addition, S69 within the cap region is phosphorylated and
interacts with the SH$H2 rigid linker. Mutations at this residue induce kinase actinatio

presumably due to{dap destabilizatiofNagar, Hantschel et al. 2006)

Similar to SFKs, éABL1 kinase activity is also regulated by tyrosine phosphorylation
(Figure 1.3. In the absence of activating stimuli, endogeneAdlowas found to be
unphosphorylated at Tyr residu@&n Etten, Debnath et al. 199arila and SuperiFurga
1998) Structural studies show that when Y412 is unphosphorylated, the activation loop folds
into the active site thus preventing substrate and ATP bir{8icigndler, Bornmann et.a
2000) Functionally, Y412 phosphorylation in trans or by SFKs induces kinase activation
(Plattner, Kadlec et al. 1999; Dorey, Engen et al. 200Y)osine 245 (Y245), located in
SH2kinase domain linker, is also critical residue in the full activationABt.1 (Brasher
and Van Etten 2000) It is unclear how Y245 participates in kinase activation, as
phosphorylation at this residue does not appear to disrupt th&BRIEinker interaction

(Brasher and Van Etten 2000)

Other tyrosine residues have also been implicated in the regulatieABIif t

activity. These residues include 384 in the SH3 domain, which is directly involved in
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binding the PXXP motif in the SH2:kinase linker, and-2$8 in the amindgerminal loke of

the kinase domain, which comes into close contact witt9&af the SH3 domai(Brasher,
Roumiantsev et al. 2001hosphorylation at any of these residues was predicted to disrupt
the SH3linker-N-lobe of the kinase domain interaction and to activaddt1 (Hantschel

and SupertFurga 2004)Tyrosine 89, located imé SH3, interacts with both the linker and
SH2 domain in a negative regulatory fashi@hen, O'Reilly et al. 2008)SFKs can relieve

this inhibitory interaction by phosphorylatingAbl at Y89.

All these structurdunction studies serve to underscore thabt tyrosine kinase
activity is tightly regulated. A brief survey of the literature summarizes the myriad ways i
which ¢ABL1 kinase activity is facilitated. Overexpression, as wellitro purfication,
increases its-ABL1 kinase activityBrasher and Van Etten 200®hich indicates the
presenceén vivoof a soluble inhibito(Pendergast, Muller et al. 1991 hese putative
physiological inhibitors of ABL1 include Rb(Welch and Wang 1993Abl interactor (Abi)
(Dai and Pendergast 199%)e ABL associatedrotein 1 (Aapl)Zhu and Shore 1996)
PAG/Msp23(Wen and Van Etten 1997and Factin(Woodring, Hunter et al. 2001)
however the mechanism(s) by which these proteins regulaBt & 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 gammay}PLC
mediated hydrolysis of phosphatidylinosithb-biphosphat€PIP,) (Plattner, Irvin et al.

2003) Since the myristoyl moiety makes an inhibitory intamactvith the Clobe of the
kinase domain, PHhydrolysis 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 begias Ala65. cABL1 regions are colecoded: 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 tyrosire residues shown to be important for the regulation of kinase function are
displayed: red for Tyd12 and Se69; yellow for Tyr245; purple for Tw89; cyan for Tyr

134; green for Se94; bleu for Ty¥283 (PDB: 2FO0).
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As previously described, theABL1 SH3 plays a negative regulatory role on kinase
activity. When a portion of-ABL1, including the SH3 domain, is removexXB mutant),
this gain of function mutation increase#\BL1 kinase activity and is sufficient to transform
hematopoietic dis (Jackson and Baltimore 1989pligomerization can also activate ¢
ABL1, as chemically induced dimerization eABL1 is sufficient to transform NIH 3Tand
render a hematopoietic cell line cytokimelependenf{Smith and Van Etten 2001)rhis by
Nno means serves as an exhaustive treatment of the various wa§Blri ¢s activated, but

serves to outline the various mechanisms by which it can be accomplished.
BCR-ABL1

Although there isvidespread agreement tHB€R-ABL1 fusion gene formation is the
sine qua nomf CML, it remains unknown what triggers this event. Exposure to ionizing
radiation is a confirmed risk factor for developing ClRreston, Kusumi et al. 1994h
addition,in vitro high-dose irradiation of myeloid cell lines induces the expressi@C-

ABL1 transcripts gnilar to CML (Deininger, Bose et al. 1998However, it is unlikely that
ionizing radiation is the sole initiag event. SincBCRABL1transcripts can be detected in

up to 3075% of normal healthy individua{8iernaux, Leos et al. 1995; Wong and Witte

2001) it has been suggested that fusBBDR ABL 1transcripts may be continuously

generated in hematopoietic systamd such detection is not specific for leukemia. Itis

unclear why a vast majority of these fusion events lead to a benign outcome, and it may be
reflective of the exceedingly low probability 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, eABL1. Why this dysregulation occurs, and the downstream consequences will be

the subject of the xé several sections.
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A closer look at ER-ABL 1 reveals that there are three breakpoint regions [minor
(m); major (M); micro ()] in thdBCRgene that gives rise to three variant86R-ABL1
differing in theamount of EER included in the fusion proteirrigure 1.4 (Groffen,
Stephenson et al. 1984he breakpointintheABLLgene wusually occurs 50
the introns between bl and al, ntoprocessingdfo t he
the primaryBCRABL1transcript almost always results iB&@ RABL1fusion point at the
beginning of exon a2. These threEMBABL1 proteins are named pl@eainstein, Marcelle
et al. 1987)in which the junction occurs between the el region@REBNd a2 region of
ABL1; p210 in which the juction occurs between b2/a2 or b3/a2 regions@RBnd ABL1,
respectively (Groffen, Stephenson et al. 198d4hd p230 in which the junction occurs
between e3/a2 regions oCR and ABL1 (Saglio, Guerrasio et al. 1990¢spectively
(Figure 1.4. p190 encompasses the oligomerization and SH2 domai€Rf 210 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 GFREChan, Karhi et al. 1987;

Kurzrock, Shtalrid et al. 1987; Quackenbush, Reuther et al. 2000)

Consistent with the differencestime content of BR, the three different forms of
BCRABL1are correlated with different types of RaukemiagMelo 1996; Okuda, Golub et
al. 1996) p210 is seen in up to 95% of CML patients, andtbird of PH ALL patients. In
contrast, p190 is associated with novaB-ALL and is detectable in twthirds of all PR
ALL patients (approximately 50%dult ALL cases and up to 80% pediatric ALL cases) and

in rare cases of CML and AML. p230 has a strong association with chronic

32



Chromosome 22

Chromosome 9

ol ) ) @ BE DEE6RH-
A A

B

E1a2 p190

b3a2 [ a2 [ [ [ T[] [P

e19a2 [ef ifae] [T LT [T ] Bri2so
C Y412

Ser/Thr kinase I GEF

Ber-Abl

Figure 1.4 - Schematic diagram showing thé8CR and ¢:ABL1 genes and the formation
of BCR-ABL1 variants

(A) Breakpoints location iBCRand cABL1 genes; (B) Composition of the chimeBER
ABL1mRNA transcripts; (C) Domain organization of p AOR-ABL1. Regulatory Ty412
is illustrated in red. NSL: Nuclear Localization Signal; DNA: Di¥fding domain; Actin:
Actin-binding domain [Modified fronflnokuchi, Dan et al. 200B)
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neutrophilic leukemia (CNL, segmented neutrophils and bands > 80% of total WBC),

which displays a much more slower clinical gmess compared to p2l@duced CML.

Structurally, BER-ABL1 contains multiple domains, as showrFigure 1.3 The
BCR regioncontributeghe CC oligomerization domain, S/T kinase domain, pleckstrin
homology (PH) domain, Dbl/cdc24 GEF homolatyymain,serine/threonine and tyrosine
phosphorylation sites, and binding sites for tH&.A SH2 domain and Grb@haffari,
Daley et al. 1999; Zhang, Wong et al. 2Q@ye to theN-terminal BCR fusion event, BER-
ABL1 lacks the regulatorydl e r mi n a | -ABLt, bup tbe SB8I3 andcSH2 domains, the

tyrosine kinase domain, and the largée@minal region are all preserved.

The fusion of EER sequences upstream eABL1 results ina constitutively active
tyrosine kinase and is essential faC®-ABL oncogenicity(McWhirter and Wang 1991;
Pendergast, Muller et al. 1991The CC oligomerization domain of R is required for
BCR-ABL1 kinase activatiofMcWhirter, Galasso et al. 83). Zhao et al. showed that
structurally,the first 72 amino acids of BCRRrm N-shaped monomers that dimerize through
the formation of an antiparallel caibil, and that two dimers associate to form tetramers
(Zhao, Ghaffari et al. 2@). Although BCRABL1 exhibits constitutive tyrosine kinase
activity, the kinase domain may retain some of the imtadecular constraints and inhibitory
interactions of AABL1 (Hantschel and Supeifiurga 2004)This observation is supported by
evidence from a nehiased mutagenesis screen perforeeidentify mutants of BCFRABL1
that induce imatinib resistan¢dzam, Latek et al. 2003)n addition to identifying residues
that directly contact imatinib, this assay also uncovered residues that map at the interface
between the kinase domain and the S#8 clamp peviously shown teegulate eABL1

kinase activityMayer and Baltimore 1994; Barila and Supétirga 1998; Brasher,
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Roumiantsev et al. 2001; Pluk, Dorey et al. 2002; Hantschel, Nagar et al. R0@3ations
at resdues predictetb disrupt eABLL1 inhibition also induce imatinib resistance in BCR
ABL1, it follows that mechanisms that dictateA@BL1 autoinhibition are likely intact

(Hantschel and Supeifiurga 2004)

Although SH3 negatively regulatesABL 1 kinase activity, when SH3 was deleted
from BCR-ABL1, BCR-ABL1 retained thebility to induce rapid fatal MPNsuggesting that
negative regulation by SH3 domain is not critigafoss, Zhang et al. 1999he addition of
BCR has been demanated to directly contribetdysregulated ABIL kinase activity. Two
structures of BCR are essential for constitutively increasedlAdiase activity. The N
terminal CC domain mediates tetramerizatioBGR-ABL1, which facilitate BCR-ABL1
autophosphorylation and heteghosphorydtion of downstream signaling such as SH2
containing phosphotyrosine phosphatdsi#2(Tauchi, Miyazawa et al. 1997peletion of
the CCdomain abolished the transforming abilityR€R-ABL1 in fibroblasts,
hematopoietic cells lines and bone marrow gdllsWhirter, Galasso et al. 1993uggesting
its essential role iIBCR-ABL1 induced malignancy. Howevehe CC dorainis necessary
but not sufficienfor BCR-ABL1 leukemogenesis, since mice transduced with CC demain

ABL 1 fused gene&lo notdevelop MM (Zhang, Subrahmanyam et al. 2001)

Dysregulated ABIL kinase activity ilBBCR-ABL1 confers thepotential to interact
with other signaling moleculesn examination of the literature suggests that many of the
majorsignaling pathways aiepactedoy BCR-ABL1 signalingin one cell context or
another. However, several downstream pathways play critical roBSRRABL1

leukemogenesis.



SIGNALING PATHWAYS IN BCR-ABL1 L EUKEMOGENESIS

As mentioned in the section on cell biology, BBBL1 promotes leukemic
transformation through several mechanisms that include: 1) induction of constitutive
mitogenic signaling, 2) inductiorf growth-factor independence, 3) impairment of cell
adhesion properties, 4) promotion of resistance to apoptosis, and 5) disruption of the DNA
repair response mechanisrBER-ABL1 oncogenic potential reds on its constitutive
tyrosinekinase activity ands 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 GTiitinding protein, regulated by a GDP/GTP cycle.
RAS is active when bound to GTP, but itiae when bound to GDP. In opposition, the
GTPase activating protein (GAP) terminates the actiae of RAS by converting GTP to
GDP. Reactivation of RAS requires the remloof GDP by a GEF calledo® d Sevenless
(S0O9. The MAPK pathway (RS/RAF/MEK/ERK) is activated by many growth factors and
cytokines and has important mitogenic and aapioptotic roles in hematopoietic cells via
downstream transcription factors including-NB, CREB, HS-1, AP-1 and eMYC
(Chang, Steelman et al. 2003; Steelman, Pohnert et al. 2004; McCubrey, Steelman et al.

2007)

The primary signaling pathway downstream of RAS is activating mitagénated
protein kinase (MAPK) pathway, specifically MAPK/ERK through MAPKKK/RAF family
and MAPKK/MEK1/2(Repasky, Chenette et al. 2004he MAPKs are a family of S/T

kinases that are essential in linking signals from outside the cell to changes in the
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transcriptome. Other members of MAPK family that are also activated include-Jun N
terminad Kinase (JNK), p98°", and p39Geest and Coffer 2009Jhe activation of these
MAPK members induces the transcription of factors such a4 Edkso known as ternary
complex factor (TE), an ETSrelated transcription factor) and AP1 (a heterodimer complex
of c-:JUN and eFOS), which stimulate the cell cyqlRaitano, Halpern et al. 1995; Burgess,
Williamson et al. 1998) The MAPKSs also play critad 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 6tBhlines,

suggesting an epistatic relationship between BER 1 and MAPK signalindNguyen,

Rahmani et al. 2007)

Auto- or transphosphorylatiorof Y177 on BCRABL1 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 signalMgru and Witte 1991; Sawyers,
McLaughlin et al. 1995; Sattler, Mohi et al. 200R) addition to Y177, Y793 on BCR and
R552 on the ABIL SH2 domain were also reported to activafeSRCortez, Kadlec et al.
1995) Other adapter molecules such as SHC, CRKL, and SHP2 are also known substrates of
BCR-ABL1 andactivate RASTauchi, Boswell et al. 1994; Senechal, Halpern et al. 1996;
Tauchi, Miyazawa et al. 1997pOKp62, a negative regulator of RAS and MAPK activity,
opposes leukemogenesis of BABL1. Once phosphorylatedOKp62 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. 200 Bken together, these
observationsnidicate that BCFABL1 employs multiple domains/motifs and associates with

multiple adaptors to activate RAS and downstream effectors.
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Some of the first reports linkinCR-ABL1 to RAS showed that phosprylation of
Tyr-177 in the BCRportion ofBCR-ABL 1 generate a binding site forRB2 adapter protei
This in turn recruits the SC&hdinitiates RASactivation(Pendergast, Gishizky et al. 1993;
Puil, Liu et al. 1994; Goga, McLaughlin et al. 1995; Cortez, Stoiea 4096) The
importance of Twl77 forBCR-ABL1 oncogeicity has been widely debated point
mutation of tyrosine to phenylalanine (Y177F) abrogaté®3BL1 and QRB2 association
in vivo, impairs RAS activation, and reduces focus formatioBGR-ABLL1 in fibroblasts
(Pendergas Quilliam et al. 1993) However, this ER-ABL1 Y177F mutant efficiently
transforms primary hematopoietic cells, such as B&Mad, Liu et al. 1994)andactivates
RAS in hematopoietic cellortez, Kadlec et al. 1995uggesng the existence of aRB2
independent pathwés) thatstill allows activation of RAGhaffari, Daley et al. 1999)
Indeed, it was shown thBICR-ABL1 activates RAShrough another adapter molecule SHC
(Cortez, Kadlec et al. 1995; Pelicci, Lanfrancone et al. 19596¢a et al. denmstrated that
recruitment of SH®Y BCR-ABL1 requires the SH2 domain BCR-ABL1, while Cortez et
al. showed that this interaction also requiB&eR-ABL1 kinase activityCortez, Kadlec et
al. 1995; Goga, McLaughlin et al. 199%astly, BCR-ABL1 can activate RA®y binding
and phosphorylating CrkC3G adapter complgfOda, Heaney et al. 1994; Nosaka, Arai et
al. 1999) Interestingly, to illustrate the importance of this compleB@R-ABL1-induced
activation of the RA®athway, Oda et al. used a ggdirmeable CrkiSH3-domain blocking
peptide and showed that this peptide inhibits proliferation of blast cells from CML patients
(Oda, Heaney et al. 1994These findings have generated disagreement over the

physiological importance of Grb2 binding at Y177 &B-ABL1.
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The Y177 motif is also critical for BGRBL1 leukemogenesjsincethe BCR-ABL1
Y177 mutant was no lomg capable of inducing fdt&PN in amouse BMTmodel(Million
and Van Etten 2000; Zhang, Subrahmanyam et al. 2001; He, Wertheim et al.Q0f2)
phosphorylated, it recruits GRB2 protein and in turn links tyrosine kinases t@igAsing.
The BCRABL1-GRB2 interaction is required for activation of the R&&naling pathways
(Pendergast, Quilliam et al. 1993h addition, our group and otheskownthat \+Abl, a
GagADbl fusion protein produced by the Abelson murine leukemia virus, [aBB2G
binding and the mice exhibit greatly attenuated andfatat CML in +Abl recipients
(Million and Van Etten 200Q)Gross and Ren 20Q0Rrecently, it was alsshownthat
phospheY177 recruits GAB2 via a GRB2/GAB2 complex, which then associateshdgth
p85 regulatory subunit of type Iphosphatidyinositol3 kinase (F3K) andwith the tyrosine
phosphatas8HP2(Sattler, Mohi et al. 2002Recruitment of GAB2y Y177 is critical for
BCR-ABL1 oncogenesis sinaayeloid progenitocells isolated frontak2-deficient mice
were resistant transformationn vitro. However there are significant gaps in our current

knowledge regarding the downstream effects BB2 binding.

JAK/STAT PATHWAY

Another signaling cascade that playlarmge role in tumorigenesis is the Signal
Transducer and &ivator of Transcription (STApathway(lhle 2001) STATSs are
monomeric cytoplasmic tranggtion factors that require phosphorylation at a specific,
conserved Tyr residue for activatiomhich in turninduces oligomerization, nuclear
transport, and DNA bindingln this manner, they are able to convey external signals to the
nucleus and regulathe expression of their target gefiege 2001) STATs are knowrto be

activated downstream of receptor tyrosine kingg&€x-R or PDGFR), or recep&ithat
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recruits various cytophsmic tyrosine kinases (JAKor SFKs)lhle 1996; Leaman, Leung et

al. 1996) and as such are poisedégulate cell growth, survival and differentiation

Although there are seve&TAT family members (STATL, 2, 3, 4, 5A, 5B, 6), only
STAT1, STAT3andSTATS5 are known to be activated by B&ABL1 (Carlesso, Frank et al.
1996; Shuai, Halpern et al. 1996; Coppo, Dusaftent et al. 2003)The rok of STATL in
BCR-ABL1-induced transformation 8 challengesince disruption of th8 TAT1 gene in
mice leads tammunedysunction and interferomsensitivity(Durbin, Hackenmiller et al.
1996) FurthermoreBCR-ABL1-induced transforntan of 32Dcl3 murine myeloid cells
inducesa very robust activation @TATS5, leaving STATWweakly activated anTAT3

with no measurable activati¢hlieborowskaSkorska, Wasik et al. 1999)

STAT3 was shown to be constitutively active in BBBL1T expressing embryonic
stem (ES) cells and to promote sedhewal even in the absencelLtfF (Coppo,Dusanter
Fourt et al. 2003)This constitutive activation @TAT3 in ES cells is alsbEK kinase 1
dependenf{Nakamura, Yujiri et al. 2005More importantlyjts presencén primary
Ph+/ICD34 cells from CML patientssuggests that STAT®ight be involved in the
maintenance of an undifferentiated phenotype in CML stem (€tigpo, DusanteFourt et

al. 2003)

The importance o8 TATS activation in BCRABL1 leukemogenesis is supported by
multiple observations. &opic expression of a dominamégativeSTATS mutant decreases
BCR-ABL1-dependent deproliferation of Ba/F3 celland blocks BCRABL1-dependent
transformation of primary mouse bone marrow o@lieborowskaSkorska, Wasik et al.
1999; Sillaber, Gesbert et al. 20000 addition,STAT5 activation is consistently observed

in CML (Shuai, Halpern et al. 199énd itwas proposed to play a role in disease progression
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to blast crisigGutiérrezCastellanos, Cruz et al. 2004ctivation of STAT5 by BCRABL1
was shown to require both SH3 and SH2 domains of-BBR1 and to beJAK2-

independentllaria and Van Etten 1996; NieborowsE&orska, Wasik et al. 1999)

JAK2 is amember of the Janus kinase (JAEmily of nonreceptor tyosine kinases,
which are important regulators of cytokine growth factor receWesd, Touw et al. 2000)
Although JAK2 was not linked to the aication of STATSs in response to BGRBL1,
increasing evidengeoints to a role of JAR in BCR-ABL1 leukemogenesisin a series of
biochemical assays, it was shown that BEBL_1, via its Gterminus, binds JAK2 and
phosphorylates it at Tyr1007 in ankise and SH2dependent mannéXie, Wang et al.
2001) BCRABL1iinduced activation of JAK2 also results in the phosphorylation of
GABZ2, thus linking this process to3¥ and MAPK signalingSamanta, Lin et al. 2006)n
addition,JAK2 activation in BCRABL1 positive cells was linked to-Blyc protein
induction, a transcription factor required for B@BL1 transformation(Sawyers, Callahan
et al. 1992)Finally, the JAK2 inhibitor AG490 induced apoptosis in both 3210 and

K562 cells, suggesting that JAK2 may play a crucial role in Q®@amanta, Lin et al. 2006)

PI3K/AKT SIGNALING

The PBKs are a family of proteins that catalyze the transferptfosphate from ATP
to phosphoinosities that act as anchors for pleckstrin homology (PH) doeeitaining
proteins such as Akt or phosphoinositikpendent protein kinade(PDK1). The claskA

of PI3Ks are homodimers composed of a p85 regulatory and a p110 catalytic subunit.

BCR-ABL1 activates FB3K through the recruitment of the scaffoldin@B2/GAB2

protein complex to phospkh6177. GAB2 in turn interacts with the p85 regulatory subunit
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and induces BK activation(Varticovski, Daley et al. 1991; Skorski, Kanakaraj et al. 1995)
The BCRABL1-Y177F mutanexhibits decreased tyrosipbosphorylation of @B2 and
decreased BK activation(Sattler, Mohi et al. 2002)n addition, myeloid progenitors
derivedfrom Gab2"" mice are resistant to transformation by BEBL1, suggesting that
GAB?2 is a critical mediator of BCRRBL1-induced activation of BK (Sattler, Mohi et al.
2002) Additional scafftding proteins implicated in the activation of3Rl are ¢CBL, CrkL
and eCRK. Sattler et al. showed that B&MBL1 induces the formation of a multimeric
complex of signaling molecules that leads to the recruitment of p85. CrkCRKaecruits
BCR-ABL1 through their SH3 domains and t&Cbl through their SH2 domains, while p85
binds directly to €CBL through its SH3 and SH2 domaif®&attler, Salgia et al. 1996; Jain,

Langdon et al. 1997)

PI3K kinase triggers KT activation, a nexus point for the regulatminvarious
transcription factors and ppoptotic molecules that have a critioale in BCRABL1
transformatior(Skorski, Bellacosa et al. 1997; Vivanco and Sawyers 206@) example,
AKT phosphorylates BAD and inhibits its papoptotic activity by inducing its cytoplasmic
sequestrationvith 143-33 (Brunet, Bonni et al. 1999; Salomoni, Condorelli et al. 2000)
(Salomoni et al., 2000; Brunet et al., 1999). In additiodkT Anhibits p53 tumor suppressor
function by phosphorylating MDM2, inducing itstoplasmic export from the nucleus and
promoting p53 ubiquitination and degradat{®eayo and Donner 2001; Zhou, Liao et al.
2001) Furthermore, KT phosphorylates inhibitor of NEB kinase (kB-kinaseU), which
in turn induces phosphorylation and proteasomal degradatiaBqfzes, Mayo et al.
1999; Silverman and Maniat&01) Degradation ofdB releases NfkB, freeing it to

translocatento the nucleuswvhere it functions as a transcription factor for an esp@ctrum
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of target genes that facilitate tumor progression, inflammation, cell survival, angiogenesis,

proliferation, and metastasjreviewed in Nishikori, 2005]

c-MYC PATHWAY

Overexpression or elevation oMY C is a widespread phenomenon in a largaety
of human tumors. Not surprisingly;MYC also plays an important role in the progression of
CML. The levels ot-MYCRNA are elevated iBCRABLI-transformed cells. Activation of
MYC by BCR-ABL1 requires its SH2 domain, and overexpression of domtinagative
forms of MYC efficiently blocked BCRABL1 transformationSawyers, Callahan et al.
1992; Sawyers 1993)The upregulation of-MYC is likely due to the modulation of E2F by
ABL proteins, but may also rel from STAT5(Nosaka, Arai et al. 1999Recently, BCR
was shown to be a novel regulator é#iY C (Mahon, Wang et al. 20033-MYC was
identified as a binding partner for BCR in both yeast and mammalian cells. BCR expression
inhibited activation of éMYC-responsive genes, suggesting tra function of BCR is to
limit the cMYC activity. Increased BCR expression also correlated with a reductien in ¢

MYC protein levels, suggesting that BCR may act by regulatihty € stability.

P53 PATHWAY

It would be remiss to review oncogenic signalpaghways without touching upon
p53. Mice with p53 gene disruption developed normally but are highly susceptible to
spontaneous tumor formatigponehower, Hargy 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 et® hypoxia, and other cellular stres@es and Prives



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 ofdasstipe regulators

(e.g., ARF). Mutations gh53 are very rare in CMICP but become more common (~30%)

in CML-BC (Ahuja, BarEli et al. 1989; Mashal, Shtalrid et al. 1990jhen CD34 CML

cells were treated with p53 antisense oligonucleotides, the number of cells that entered the
cell cycle significantly increasgtlanza, Bi et al. 1995uggesting that p53 is a negative
regulator of cell cycle proliferation and it functions through changes in cell cycle kinetics.
WhenBCRABLI-transgenic mie were crossed with53"' mice to generatBCRABLI-
transgenicp53™ mice, these mice died sooner tHBBRABLI-transgenicp53”* mice.

They also exhibited rapid proliferation of blast cells, which was preceded by clinical signs of

a MPN resemblingdman CML(Honda, Ushijima et al. 2000)

GAB FAMILY OF SCAFFOL DING PROTEINS

M EMBERS OF THE GAB FAMILY

The GAB (GRB2-associated binder) proteins, which include mammaliaB G
GAB2, GABS3, theC. elegandhromolog Socl (Suppressuoir Clear), and th®rosophila
homolog DOS (Daughter of Sevenless), constitute a family of scaffolding proteins closely
related to insulin receptor substrates ARSRS 2, IRS 3, IRS4), fibroblast growth factor
substrate (FRS2), linker of T cell (ALT and downstream of kinase (Dkjte 1997; Zhang
and Samelson 2000; Gu and Neel 2008)contrast to IRS proteins, which respond to a

limited set of receptors, &B proteins act downstream of both tyrosine kinase receptors (i.e.
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epidermal growh factor receptor and CSEH and nortyrosine kinase receptors (i.e.
receptors for interleuk#d and 6). @B1 was previously cloned as a binding partner of
Grb2(HolgadeMadruga, Emlet et al. 1996)GAB2 was dentified by a screen of binding
partners of the tyrosine phosphatase SHR2, Pratt et al. 199&nd during a search for
homologs of @B1 (Nishida, Yoshida et al. 1999; Zhao, Yu et al. 1998)GAB1
homology screen in humanumne cDNA libraries facilitated the cloning of Ga®olf,

Jenkins et al. 2002)

GAB proteins are evolutionarily conservebDrosophilaandC. elegan$ave only
one GAB-like protein(Raabe, Riesg&scovaret al. 1996) In Drosophilathe receptor
tyrosine kinas&evenless essential for development of R7 photoreceptor cells in the
drosophilaeye. BDSwas identified in a screen for suppressors of hyperactiaeednless
(Herbst, Carroll et al. 1996y independentlgloned as a binding partner for Corkscrew, the
Drosophila ortholog of SHPRaabe, Riesg&scovar et al. 1996)Binding of Corkscrew to
DOSdepends on the Corkscrew SH2 domains and is an essential step for signaling by
SevenlessTheC. Eleganortholog, $C-1 was cloned in a screen for suppressors of a
hyperactive EGLL5 (FGF receptor orthologpchutzman, Borland et al. 200130C-1 acts
with PTP2 C. elegansSHP2 homolog) to mediate the EGQB signaling cascade, which is

crucial for nematode development.

The moleculamassof unmodified G\B1 is 120 kDa, B2 is 97 kDa, and B3 is
90 kDa. The expression patterns of differeABS vary. AB1 is expressed ubiquitously,
whereas @B2 is highly expressed in hematopoietic cells, the heart, brain, lung aisd test
GABS3 is expressed in the thymus, spleen and many hematopoietic cefMamaasaki,

Nishida et al. 2001)



STRUCTURE OF GABS

All GAB family proteins share a common structure: a central proiaiedomain
(PRD) and multiple potential binding sites for the SH2 domains of pBX SHP2, PLEor
CrkL. There exist noticeable difference as well. SignificantBG& contains a unique

MET binding domain (MBD) that is absent in bothB2 and GA\B3.

The overall homology amongAB proteins is 4660%, but within the PH domain,
GAB proteins reveal greater than 60% homology, making it the most conserved region
among the @B proteins. The PH domain has been show to recognize phosphoinasitides
the membrane and to facilitate membrane targeting of prdtevmiswed in(DiNitto, Cronin
et al. 2003). In vivothe PH domain of &B1 binds specifically to the BK product,
phosphatidylinositol 3,4;&iphosphate (PIP3)Jsakoff, Cardozo et al. 1998 GAB1 is
essential for hepatocyte growth factor (H@fduced branching tubulogenesis in MDCK
epithelial cells. @B1 lacking a PH domain loses its ability to promote tubulogenesis and
localizes to the cytoplasm instead of at-oelll contacts ashiserved with wild type GB1
(Maroun, HolgadeMadruga 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 from8RC is sufficient for its membrane localization
and morphological response. Moreover, constitutive membrane targetirkBdf €dnverts
a nonmorphogenic, noninvasive response to EGF to a morphogenic invagikapro

through enhancement ofAR activity (Maroun, Naujokas et al. 2003)

In addition to regulation of morphologic responses, the PH domai\BflGnay

play a role in tumor suppression. During neoplastic pregrasn carcinogeitreated Syrian
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hamster embryo cells, the expression of a truncatddl3acking the Nterminal 103 amino
acids (corresponding to most of the PH domain) is increased along with enhanced EGF
dependent colony formation in soft aggameda, Risinger et al. 20Qindicating an
inhibitory role of the PH domain on the ability oAB1 to promote EGfevoked tumor

progression.

In a similar fashion to &B1, GAB2 is also phosphorylated upon HGF stiation
and is localized at cell membranes in MDCK cells. However, activa#diPGails to induce
morphologic changes in response to HG&ck, Maroun et al. 2002)Sequence analysis
identified 10 amino acids wiihh the MBD of GAB1, absent in @B2, as essential for the
association with HGF receptor (Met) and the ability &3 to induce tubulogenesfsock,
Maroun et al. 2002)These data indicate thatdB1 and G\B2 have divergent functions in

the Met signaling pathway.

GABZ2 plays a crucial role in the allergic respor{&, Saito et al. 2001)The PH
domain is required for the ractment of GAB2 to the phagocytic cup and for theyFc
receptormediated phagocytos{&u, Botelho et al. 2003)In a different context,
overexpression of 882 in Jurkat cells or T cell hybridomas leads to intoioi of NFAT
activation and IE2 production, and deletion of the PH domain impairs membrane
localization of G\B2 and abrogates its inhibitory functipriamasaki, Nishida et al. 2001)
However the PH doain of GAB2 is dispensable for EGIRduced DNA synthesis in rat
hepatocytegKkong, Mounier et al. 2003but EGFdependent tyrosine phosphorylation of
endogenous GB?2 is essential for this respon@&ng, Mourner et al. 2003) These results

confirm that the PH domain of AB1 and R\B2 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 pardf GAB proteins contains multiple PXXP motifs, which are

responsible for recruiting proteins containing SH3 domains. The aforementioned adaptor
molecule RB2 is constitutively associated with alAB proteins(HolgadeMadruga, Emlet

et al. 1996; Gu, Pratt et al. 1998; Wolf, Jenkins et al. 2082psequent characterizatiof

the PRDs in @B1 and R\B2 has revealed a canonicaRB2 SH3 binding motif

(PXXPXR) as well as an atypical binding motif (§P%.KP) (Schaeper, Gehring et al.

2000)

GAB1 contains a unique region (amino acié@8-%32) within the PRD, called the
Met-binding domain (MBD), which is responsible for interacting with actiETNeceptors,
and is absent from otherAB proteins. A 13 amino acid sequence with the MBD {489)
is responsible for direct association@AB1 with Met(Lock, Royal et al. 2000)Since this
sequence is not found in otheAB proteins, most BB-receptor interactions are dhated
indirectly through other signaling molecules such &B@& The SH2 domain of B2 then
directs the ®B2-GAB2 complex to phosphotyrosines on the inthata domain of
receptors where &8s become phosphorylated. ARB82 binding on GB1 is also required
for optimal interaction with MetNguyen, HolgadéMladruga et al. 1997)The role of ®RB2
sites is furtheconfirmed by deleting the B2 binding sites on &B1, leading to reduction
of its interaction with NET (Lock et al., 2002). When these residues were introduced into
GAB2, they restored-Met binding in RAB2, but were unable to promote epithklia

morphogenesi@.ock, Maroun et al. 2002)
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In some signaling pathways, thé&k82-GAB2 protein complex is recruited to cell
surface receptors through other intermediates. 4 @M-CSF/IL-5 signaling, the common
Bc chain lacks direct 882 binding sites, but contains a binding site (Y577) for the PTB
domain of $IC (Gu, Maeda et al. 2000Mutation of Y577 leads to diminished HiBduced
tyrosine phosphorylation of &2. SHC contains several binding motifs for the SH2 domain
of GRB2. Mutations of these binding sites oHGeliminate he phosphorylation of 882,
indicating that in the I3 signaling pathway, &B2 phosphorylation requires botiS and
GRB2, and that @B2 recruitment to the commdit chain is mediated by thdHE€-GRB2-
GAB2 complex(Gu, Maeda et al. 2000)Similarly, in FGF signaling, SB1 interacts with
the FGFR through another adaptor FRS2. FRS2 binds faxteanembrane region of FGFRI
via its PTB domair{Xu, Lee et al. 1998)Upon FGF stimulation, FRS2 becomes tyrosine
phosphorylated. The SH2 domain dRB2 binds to phosphorylated tyrosines on FRS2, and

brings along GBI which is constitutively associated witrRB2 (Ong, Hadari et al. 2001)

SH2DOMAIN -CONTAINING BINDING PARTNERS OF GAB2
PI3K

All GABs contain the motif YXXM that recruits the Sidamain of the p85
regulatory subunit of PI3K. There are three p85 binding motifs present in mammaAks) G
but only one site in DSand 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 ofttis site on @Sor SOC-1 does not lead to any significant defects in
PI3K pathway(Herbst, Zhang et al. 1999; Bausenw&ichmidt et al. 2000Based on a
yeast twehybrid screen, GB2 recruitment of p85/BK is mediated by Y452, Y476 and

Y584 (Crouin, Arnaud et al. 2001)
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SHP2
In addition to the PRD and PH domain#&proteins are rapidly phosphorylated on

tyrosine residues in response to growthdastimulation, creating docking sites for SH2
domaircontaining proteins. The &B proteins contain at least one consensus binding site
for SHP2 (YXXIN/L) at the Gterminus, which is conserved froth elegango mammals
(Raabe, Riesg&scovar et al. 1996; Gu, Pratt et al. 1998; Schutzman, Borland et al. 2001;
Cunnick, Meng et al. 2002; Wolf, Jenkins et al. 200@AB proteins in mammals and
Drosophila, but no€. elegansalso contain a second binding site for SHP2. A ye&sti?id
study shows thaBAB2 interaction with SHP2 depends exclusively on Y@rbuin,

Arnaud et al. 2001)

Other partners

GABs also associate with PCSHIP (SH2 domaktontaining inositol
phosphatase), andRK (GarciaGuzman, Dolfi et al. 1999; Bausenwein, Schmidt et al. 2000;
Bone and Welham 2000; Xie, Ambudkar et al. 200R)ltiple binding motifs, YXXP, in
GABI and GAB2, bind to the H2 domains of Crk and PLyCThese motifs are absent in
GAB3, again reinforcing the functional differences amodgBGroteins. ®RK family
adapters contain both SH2 and SH3 domains. They activd®eaRd 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 onAB2 (Crouin, Arnaud et al. 2001)ndependent of RK
binding, a RO GTPase activating protein, GGAP, interacts with GB1 and G\B2 (Zhao,
Ma et al. 2003)making the intriguing contention tha®®1 and GAB2 may regulate RC1

andCDCA42 activity through GEGAP.

5C



SIGNAL TRANSDUCTION T HROUGH GABS

GAB1 and AB2 are also tyrosine phosphorylated by other kinases as C
(Podar, Mostoslavsky et al. 2004)SEA (Ischenko, Petrenko et al. 2008CR-ABL1
(Sattler, Mohi et al. 2002and TELI-ABL1 (Million et al., 2004). Once the &B proteins are
localized to cell membrarend 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 & MAPK pathway
Cells derived fronGablknockout mice fail to actiate ERK in response to EGF,

plateletderived growth factor (PDGF), HGF, and-@L(ltoh, Yoshida et al. 2000Yhe
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 itaédminal SH2 dmain. Once the SH2 domain of SHP2
binds to a phosphotyrosine (i.e., on ABsmolecule), the inhibition is removed, leading to

strong activation of its phosphatase activity.

A report on AB1 mutants in EGF and lysophosphatidic acid (LPA) signaling
revealed that the SHP2 binding sites oABA are essential for EGRediated ERK
activation, whereas the PH domain is required for {ifhiced ERK activatiofCunnick,
Dorsey et al. 20000verexpression of aAB1 mutant lacking SHP2 binding sites impairs
activation of ERK in response to glial cell line derived neurotrophic factor (GDWN&gda,
Murakami et al. 2004and hepatocyte growth factor (HGSchaeper, Gehring et al. 2000)
EGFmediated ERK activation requires the physical interaction of SHP2 and Gabl because in

cells expressing aAB1 mutant lacking SHRBinding sites (BB1FF), constitutively active
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SHP2 (SHP2N) fails to rescue defectidERK activation. In contrast a chimera cAB1FF
fused to SHP2N constitutively activates ERKCunnick, Mei et al. 2001) Subgrate
trapping experiments using a catalytically inactive SHP2 mutant show A&t G a SHP2
substrat¢Cunnick, Mei et al. 2001) There are two potential mechanisms to explain how
SHP2 interacts with &B1 to rggulate ERK activation. &B1 phosphorylation could be
regulated by SHP2 or SHP2 could utilize th&B3a PH domain to target SHP2 to the cell
membrane. To address this question, tA8G PH domain was fused to SHAR and
studies indicate the PH domailore is sufficient for active SHP2 to constitutively activate
MEK1 and ERK2(Cunnick, Meng et al. 2002Thus, SHP2 appears to utilize thAEBPH
domain b localize to the plasma membrane where it presumably dephosphorylates an

unknown substrate needed fOARERK activation.

Recently, experimental evidence has elucidated a possible mechanism by which
SHP?2 activates RS. Y317 on Q\BI was identified tdoe a major docking site forAB-GAP
and a putative SHP2 targ@dlontagner, Yart et al. 2005)RAS-GAP is a negative regulator
of RAS; by stimulating the GTPase activity oS, it converts RS into its inactive form,
which in turn blocks ERK activation. AB-GAP contains two SH2 domains, which is able to
recognize the Y317 phosphorylatedXP motif found in GAB1. This leads to localization
of RAS-GAP to the cell membrane, where it is able to exert its inhibitory functiorAs R
activation. SHP2 acts in opposition tA&GAP by dephosphorylating Y317. These studies
characterize @B1 Y317 as a negative regulatory site f&k& Therefore, SHP2 may
promote ERK activation by a mechanism involving both membrane targetingh84 @nd
dephosphorylation of 81 Y317. However, in FGF signaling pathway&Eil is not

essential foERK activation(Lamote, Yamada et al. 2004)
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Overexpression of aAB2 mutant lacking SHP2 binding sites also leads to defective
ERK activation in response to several stinfLiu, Jenkins et al. 2001Mast cells and
macrophages fror@ab2knockout mice show reduced ERK activation in response to stem
cell factor (SCF)Nishida, Yoshida et al. 1999 aradoxically, overexpression oAB2
enhances ERK activation and reduces ERé&diated EIK transcription activityZhao, Yu et

al. 1999) It is unknown how BB2 mediates this uncoupling of ERrom its targets.

Regulation of PI3K pathway
For receptors without p85 binding sitesAB proteins provide a major pathway to

PI3K activation. In FGF signaling,AB1 is essential for AKT activatiofLamothe, Yamada
et al. 2004) GAB1 overexpression promotes AKT activation in response to FGF,
consistently the mutant laclgrp85 binding decreases AKT activati@ng, Hadari et al.
2001) GAB2 is involved in P3K activation in response to 48/GM-CSF/IL-5 and 198 Gu,
Maeda et al. 2000; Gu, Saito et al. 20@) the other hand, foeeceptors with p85 binding
sites, Q\Bs can recruit FBK to amplify the activity. @B 1-mediated P3K activation
promotes NGFmediated cell survivgHolgadeMadruga, Moscatello et al. 199ahd a
GAB1 mutant lacking pB binding sites abolishes the aapoptotic capacity of NGF. AB
proteins are also involved irn3K activation for EET (Maeda, Murakami et al. 2004hd T

cell receptor (TCRfYamasaki, Nishida et al. 2001)

Other signaling pathways through GABs
Two other signaling pathways demand a brief treatment. Firsty Bib@ing sites on

GAB1 are not required for HGIRduced scattering, but are required for H@&uced
tubulogenesigGu, Maeda et al. 2000%econd, EK-GAB1 interaction correlates with
HGF-stimulated JNK activatiofGarciaGuzman, Dolfi et al. 1999MET-induced JNK

activation has been implicated inBMI-mediated transformation. Overexpression 882 in
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the rat basophilic leukemia 2H3 cell line inhibits antigathuced p38 and JNK activation
(Xie, Ambudkar et al. 2002)ndicating that @B2 may be a negative regulator foryR¢-
mediated p38 and JNK phosphorylation. However, for RANKL siggalzAB2 is essential
for INK activation(Wada, Nakashima et al. 2009hese results indicate thahBs may

regulate the JNK pathway differentially in different scenarios.

Feedback regulation of GAB proteins
As GAB proteins positively regulate growth factoduced PI3K and ERK pathways,

these downstream kinases in turn regulad@B@unctions via feedback loops. In HGF
signaling, activated ERK phosphorylateAEl and inceases the affinity of p85 forAB1,
thereby promoting PI3K activatiqiYu, Roshan et al. 2001However, in EGF signaling,
inhibition of activated ERK with a specific MEhibitor, U0126, increases tyrosine
phosphorylation of @B1 and association of 8K with GAB1, indicating a negative role of
ERK on GAB1-mediated PI3K activatiofiru, Liu et al. 2002) Phosphopeptide mapping
and matrix assisted laser desorption ionization mass spectrométtyp( -MS) reveal that
insulin-activated ERK phosphorylatesAB 1 at S454, S58I, S597, and T476, which are
adjacent to the SH2 binding motifs (Y447, Y472, Y6I9) of P(BkEhr, Kotzka et al. 2004)
EGFmediated PI3K activation is also negatively regulated by SHP2, which

dephosphorylates the p85 binding sites &B& (Zhang, Tsiaras et al. 2002)

GAB?2 is also subject to similar feedback regulation. Two sites of serine
phosphorylation have been identified. First, AKT phosphorylateBZon S159 and inhibits
heregulirinduced tyrosing@hosphorylation of Gab2. An S159AAB2 mutant exhibits
increased @GB2 tyrosine phosphorylation and AKT activation, suggesting a negative

feedback loop for &B2-mediated AKT activatioifLynch and Daly 2002)Second, ERK
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phosphorylates B2 on S623, which is located between Y6I4 and Y643, the putahRr2
binding sites. The phosphorylation of S623 reduces the SHE2 interaction by
electrostatic repulsion, thus dampening the effect ERK activation. In this manner, ERK
negatively regulates its own activatihrnaud, Crouin et al. 2004Dverall, each step of the
different signaling pathways has been precisely regulated to the balance of activation and

inactivation.
FUNCTIONS OF GAB PROTEINS

Recent reports o@abknockout mice demonstrate importamtvivoroles for GAB
proteins and argue against functional redunda@eyn1knockout causes embryonic lethality
of mice due to developmental defects in the heart, placenta andtskinyoshida et al.
2000) A different group reported th@&ab1” mice exhibit muscle, liver and placental
defects that are largely attributed to defectiie Msignaling(Sachs, Brohnmann et al. 2000)
Since GAB1 functions downstream of PDGF, HG&nd other growth factors, the phenotype
of Gab1” micemay result from the combined defects in these signaling pathwaaysis
of irradiated mice reconstituted with fetal liver cells fr@ab1” mice demonstrates that
GABL is not required for hematopoiesis, but is a negative regulator of the thymus
independent antige® response of marginal zone B céltsh, Itoh et al. 2002)Consistent
with its positive regulatory effect on ERK signaling, the epiderm@ab1’ embryos
displays lower levels of activieas and MAPK, and more differentiated célsi, Nishidaet
al. 2002) GABL1 has conflicting effects on survivalAB1 is required for NGfelepemlent
survival(HolgadeMadruga, Moscatello et al. 199Hut is also needed for UMduced JNK
activation and apoptos{Sun, Yuan et al. 2004)GAB1 has been found to have a role in

glucose homeostasis. LivepecificGablknockout (LGKO) nice show reduced ERK



activity, which leads to reduced phosphorylation on S612 ofl IR®I increased IRS
tyrosine phosphorylation in response to insulin. In turns, AKT activation is enhanced. As a
consequence hepatic insulin sensitivity and glucoseatoderare improved. ThusAB 1

enhances ERK activity to attenuate insulin signals.

Gab2knockout mice are viable but show specific defects in mast cell differentiation
and have an abnormal allergic respoftse, Saito et al. 2001; Nishida, Wang et al. 2002)
GAB?2 is required foFFcyR-mediated phagocytosis by mast cé@i, Botelho et al. 2003)
Gab2" mice show specific defects in RANKinduced JNK, AKT and N#B activation,
which leads to abnormal osteoclast differentiation, reduced bone resorption, and
osteopetrosi§Wada, Nakashima et al. 2005y heinteraction between &2 and SHP2
seems to play a critical role for macrophage differentiation because a SHP2 binding site
mutant of QB2 (Y604F and Y633F) is defective in C8Fmediated differentiation of FDC
P1 cells(Liu, Jenkins et al. 2001)AlthoughGab2” mice exhibit normal baseline
hematopoiesis, thekit'Lin' Scal* (KLS) cell population has a profoumiéfect in cytokine
response, presumably related to defects &KRInd MAPK signalingZhang, DiazFlores et
al. 2007) The functional consequence of this defect in early stem/progenitor cells manifests
itself in competitive repopulation assaysGeb2” cells made a severely decreased

contribution to peripheral blood leukocyte chimerism.

Although both AB2 and G\B3 have been implicated in facilitating G3Fmediated
macrophage differentiation in the FER1 cell line(Liu, Jenkins et al. 2001%ab3knockout
mice exhibit normal baseline hematopoidSisiffert, Custodio et al. 2003Since @B2 is
highly expressed in the hematopoietic system, it may compens&eali@deletion.

Thereforemice withdouble knockoubf Gal?2 andGab3may help to address the
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redundancy. In addition the authors only examiGeth3” mice for hematopoietic defects.

Other physiologic defects may exist@ab3" that have yet to be uncovered.

Role in oncogenesis
Due to its association withRB2, GAB2 appears tplayacrucial role inBCR-ABL1

induced transformatio(Sattler, Mohi et al. 2002)Bone marrow myeloid progenitors

derived fromGab2”" mice are resistant ®CR-ABL1 induced transformatioim vitro
concomitant with reduced ERK and AKT activatiobymphoid transformation bBCR-

ABL1 is also impairedlue to increased apoptasigloreover, increased apoptosis is detected
in Gab2" cells when they are treatedtivthe MEK inhibitor UOI26 and the PI3K inhibitor
LY294002. This indicates that the survival signal provided by the PI3K/AKT and MEK/ERK
pathways requires &B2 (Sattler, Mohi et al. 2002 aken together, these results suggest
that recruitment of the BB2/GAB2 complex aty 177 of BCR-ABLL1 is a critical event in

BCR-ABL1-inducedMPN.

Although mainly studied in immune cellsAB2 was recently found ovexxpressed
in a subset dbreast cancer cell lines (mainly ER+), where it was phosphorylated in response
to growth factofRTK (including ERB-B family) stimulation, and induced by estrogens
(Daly, Gu et al. 2002)Engineered overexpression oAB2 in MCF10A breast epithelial
cells was shown to enhance cell proliferation in thtieeensional culturéBentiresAlj, Gil
et al. 2006; Brummer, Schramek et al. 20@8)d aGab2deletion suppressed metastasis in

an ERB-B2-driven (MMTV-Neu) mouse model of breast can@i¢e, Wu et al. 2007)

M OUSE M ODELS
Althoughin vitro studies have generated a wealth of knowledge regaBify

ABL1 biology,theyare often celcontext dependemindgenerate conflicting results. Since
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BCR-ABL1 is the known molecular cause GML, faithful mouse modelare necessarpr
acomprehensive unaggtanding of BCRABL1 induced leukemogenesiSome 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 esrabhic CML in mice.

TRANSGENIC MODEL

The fundamental goal of transgenic models is to generate mice expressing the three
major forms of BCRABL1 (p190, p210, or p230) under the control of a promoter. These
promoters include ji=(Hariharan, Harris et al. 1989YIPSV-LTR (Hariharan, Harris et al.
1989) the metalllothionein (MT) promotéHeisterkamp, Jenster et al. 1990; Voncken,
Griffiths et al. 1992; Voncken, Kaartinen et al. 1995R (Heisterkamp, Jenster et al. 1991;
Castellanos, Pintado et al. 199(&c(Honda, Oda et al. 1998nd MSCVLTR (Inokuchi,

Dan et al. 2003) Notably, the transgene will be present in eachof¢he animal, and not

just the hematopoietic lineage. These mouse models have collectively built the case for a
critical role of BCRABLL1 in disease initiation, while also facilitating the study of the
molecular pathogenesis of CML. Transgenics asg &aproduce by breeding and may
express BCRABL1 at more physiological levels. However, there are drawbacks to
transgenics that make them unsuitable for certain applications. Although uUBEBf a
promoter would be expected to best mimic human disdas&CRABL1transgenic is in

fact embryonic lethalHeisterkamp, Jenster et al. 199Mice expressing BCRRBL1 under
contrd of the MT promoter develop leukemia, but these were primarily lymphoeiiL(Bor
T-ALL) and not myeloidHeisterkamp, Jenster et al. 1990; Voncken, Griffiths et al. 1992;

Voncken, Kaartinen et al. 1995However, restricted expression of B@ABL1 under
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control of thetecgene did generatepmogeny mouse exhibitingarked granulocyte
expansionthrombocytosisand was diagnosed aglonalMPN after a long latencgHonda,

Oda et al. 1998) This long diseaslatency, 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 assessrogenicity 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-ii¢ $gstem
(Huettner, Zhang et al. 2000While single transgenics confirm the importance of BCR
ABL1 in the initiation of leukemia, an inducible system could potentially address the
guestion of whether BGRBL1 is required for the maintence of the disease. These mice
are double transgenics, with an MMAM R promoter controlling the expression of tTA
(tetracycline transactivateBCR-ABL1. This allows for induction of BCRABL1
expression upon withdrawal of tetracycline form drinkindevaf the mice. As a
consequence, all mice developARL that is durable to multiple rounds of induction and
reversion of BCRABL1 expression, thus confirming the requirement of BEBL_1 in both
the induction and maintenance of leukelfHaettner, Zhang et al. 2000Jse of the
MMTV -LTR promoter restricts expression of B@BL1 to B220 B-lymphoid cells, so
myeloid disease was not observed. T4 regulatory elemeihias also been used to drive
transgene expression, witle hope of driving BCRABL1 expressionn HSC, CMP, and
MEP (Huettner, Koschmieder et al. 20038Jthough nyeloid expansion was not observed,

the mice did develop a megakaryocytic type of MPMe most recent modification of this
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approach is the utilization stem cell leukemia (SCL) regulatory elemefigoschmieder,
Gottgens et al. 2005)vhich is expresseid myeloid lineages including erythroid cells, mast
cells, megakamycytes, and multipotent progenitor cellBhese SCLITA/BCRABL1 mice
developed neutrophilia, leukocytosis, splenomegaly, and extramedullary hematopoiesis,
resembling chronic phasé CML. Surprisingly, this disease was not transplantable in
NOD/SCID recpient mice, calling in to question the stem cell origin of this particular
disease. Life span of these mice, because of their rsixath background, showed
tremendous variability @47 weeks). From a clinical standpoint, this is the most faithful
trangenic 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 irradie@€1D mice(Sirard, Lapidot et al. 1996;
Wang, Lapidot et al. 1998)These mice are eventually repopulated with®h34
neoplastic cells, which provide a useful tool for studying the human disease in mice.
Interestingly, the leukera 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
aninadequate number of injected cells. Recent development of a humanized NOD/SCID

(Shultz, Lyons et al. 2003hayfacilitate further development of this mouse model of CML.

RETROVIRAL BONE MARRO W TRANSDUCTION /TRANSPLANTATION
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The first efforts to establish a BEABL1 retroviral mouse model began two decades
ago(Daley, Van Etten et al. 1990Early effortswere characterized by inefficient disease
induction, as evidenced by the low incidence (~25%) of & MPN (Elefanty, Hariharan
et al. 1990; Kelliher, McLaughlin et al. 199@yresumably due to either low viral titers or
inefficient viral transduction Sulsequently several approaches have been taken to improve
theretroviral transduction system and developediicient retrovial BMT model system
(Pear, Miller et al. 1998; Zhang and Ren 1998; Li, llaria et al. 19DI9¢se improvements
include modification of the retroviral vector backbone, use of a transient retroviral packaging
system, and improving the bone marrow transduction condititees, Miller et al. 1998;
Zhang and Ren 1998; Li, llaria et al. 199®Briefly, BCR-ABLL is retrovirally introduced
into 5-flurouracil (5FU) treated BM cellslonor Balb/c mice, and subsequently injected into
a syngeneic donor mic€igurel.5. After 46 weeks, 100% of the mice develapapidy
fatal MPN resulting in massive expansion of mature myeloid cells, mainly neutrophés.
disease originates from HS@3u, Swerdlow et al. 2006; Neering, Bushnell et al. 207)
transplantable (confirming selénewal), and can progress to acute leukemia resembling

blast crisigDaley, Van Etten et al. 1991, Pear, Miller et al. 1998)
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Figure 1.5 - Retroviral BM transduction/transplantation model of BCR-ABL1-induced
CML -like MPN

TheBCRABL1L oncogene is cloned in the MSCYV retroviral vector, whiclexpresses green
fluorescent protein (GFP) from an internal ribosome entry site (IRES). For induction of
CML-like disease, donors are primed witfr8, BM is harvested and transduced ex vivo in
the presence of myeloid cytokines, followed by transplantation into irradiated syngeneic
recipient mice. All recipients develop falPN within 5 weeks, characterized by
leukocytosis with maturing neutrophils (blood smear) and hepatosplenomegaly.
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