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"A model is a lie that helps you see the truth.”
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ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

AP Advanced phase

BM Bone marrow

BP Blast phase

CLL Chronic lymphoblastic leukemia
CLP Common lymphoid progenitor
CML Chronic myeloid leukemia

CP Chronic phase

CSC Cancer stem cell

FTI Farnesyl protein transferase inhibitor
GH Growth hormone

GMP Granulocyte macrophage progenitor
HSC Hematopoietic stem cell

LIC Leukemia-initiating cell

LMPP Lymphoid multi-potential progenitor
LSC Leukemic stem cell

MEP Megakaryocyte erythrocyte progenitor
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Preface

Chronic myeloid leukemia (CML) is a myeloproliferative disorder arising from a
hematopoietic stem cell that has acquired the Philadelphia chromosome, which was
discovered in 1960 as the first chromosomal abnormality consistently associated with a
specific type of cancer. The fusion gene BCR/ABLI is transcribed from the breakpoint of
the Philadelphia chromosome and 40 years after its discovery, a targeted therapy
(imatinib), which inhibits the BCR/ABLI1 fusion protein, was introduced in the clinic.
Despite the remarkable success of imatinib and other tyrosine kinase inhibitors as therapy
for CML, the CML stem cells are insensitive to the treatment and following drug
discontinuation, a large proportion of the patients will experience relapse. Thus, an
improved understanding of the disease mechanisms and new therapeutic strategies will be
needed for complete cure of CML.

The aim of the work in this thesis was to study molecular mechanisms responsible for the
emergence of CML. For this, we used various models of CML and normal hematopoiesis
to assay the function of specific genes found to be upregulated in CML. This thesis is
divided into three sections, the first of which provides a background to the subject by
discussing normal hematopoiesis, CML, and the different experimental models available
for the study of CML. The second part describes the studies performed during the work
for the thesis and the conclusions we have drawn from them. The third and last part
constitutes the articles that this thesis is based upon.

Lund
October, 2013
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Summary in Swedish

Kroppens blodceller nybildas kontinuerligt ifran blodstamceller (hematopoetiska
stamceller) i benmirgen i en process som kallas hematopoes. Detta sker genom att
stamcellerna ger upphov till bide nya stamceller och till celler som mognar ut ¢ill olika
typer av blodceller. Blodstamcellerna bildar en rad olika mogna celltyper med olika
funktioner, s som syresittning av kroppens vivnader (roda blodkroppar, erytrocyter),
forméga att bekdmpa infektioner (vita blodkroppar, leukocyter) och for att hejda
blédningar (blodplittar, trombocyter). Cancer i den blodbildande benmirgen (leukemi)
drabbar varje ar ca 1200 personer i Sverige. Vid leukemi uppstéir en okontrollerad delning
av omogna blodceller, ofta i kombination med att dessa celler inte mognar ut eller dor
undan pa ett kontrollerat sitt. Nir detta sker uppstar brist pd normala blodceller, vilket i
sin tur bland annat kan leda till trocchet, blodningar, forstorad mjilte och 8kad kinslighet
for infektioner. Nir celler delar sig organiseras allt DNA i 46 kromosomer och en typ av
genetisk forindring som ir vanlig i leukemier ir sa kallade translokationer, som uppstir
nir tai kromosomer gir sonder och felakeigt liker samman med varandra. I
brytpunkterna mellan de olika kromosomdelarna, kan tva olika gener sammanfogas och
bilda en fusionsgen. En translokation mellan kromosomerna 9 och 22 kan skapa en
fusionsgen dir generna BCR och ABLI sammanfogas till BCR/ABLI, vilken cellen
oversitter till ett fusionsprotein som felaktigt aktiverar flera av cellens signalvigar. Om
fusionsgenen BCR/ABLI uppstir i en blodstamcell kan den orsaka kronisk myeloisk
leukemi (KML) som kinnetecknas av en forhdjd produktion av en typ av vita
blodkroppar benimnda "myeloida celler”. Ungefir 80 personer om dret insjuknar i KML
i Sverige och behandlas med likemedlet imatinib som blockerar BCR/ABLI. Imatinib har
inneburit dramatiske forbittrade utsikeer f6r patienter med KML och framhills idag som
ett av de bista exemplen dir biologisk kunskap om cancerceller har méjliggjort
utvecklingen av en malstyrd behandling. Behandlingen av KML i4r dock fortfarande
forknippat med problem eftersom alla patienter inte svarar pid behandlingen med
imatinib. Dessutom krivs i de flesta fallen en livsling behandling eftersom en majoritet av
patienterna iterfaller i KML om medicineringen avbryts. Detta beror sannolikt pé atc
leukemistamcellen i KML &verlever behandlingen.

Den overgripande mélsittningen med den hir avhandlingen har varit att 6ka kunskapen
om hur KML uppstir och hitta nya angreppspunketer fér malstyrd terapi. For att gora
detta har vi anvint olika leukemimodeller som méjliggdr detaljerade studier av
sjukdomsbiologin vid KML. Avhandlingens forsta delarbete (Article I) syftade till att
undersoka effekten av genen SOCS2 som ir uppreglerad hos KML-patienter. SOCS2-
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proteinet fungerar som en broms i cellens signalsystem och har dll uppgift att reglera
svaret pd specifika signalmolekyler. I delarbetet undersokte vi specifike ifall SOCS2 dven
paverkade signaleringen som BCR/ABLI startar i cellen. Fér att undersoka detta anvinde
vi benmirgsceller frin en mus som saknar Socs2 genen (Socs2 KO). Genom att
transplantera dessa celler till normala méss, fann vi att dven benmirgsstamceller utan
SOCS2 ger upphov till alla de celltyper som normalt bildas i benmirgen. Dessa resultat
tyder pd att SOCS2 inte ir viktigt fér normal hematopoes eller att andra gener kan
kompensera forlusten av SOCS2. Genom att uttrycka fusionsproteinet BCR/ABLLI i
normala och i Socs2 KO celler och sedan transplantera cellerna till normala méss, fann vi
att mossen utvecklade samma KML-liknande sjukdomsbild dven om de saknade SOCS2.
Dirfor kunde vi dra slutsatsen att SOCS2 sannolikt inte har nigon central betydelse for
utvecklingen av KML.

I det andra delarbetet (Article II) var malet att hitta ett protein pd cellytan som gar att
anvinda som markér for att skilja KML-stamceller fran normala stamceller och potentiellt
dven som mdltavla f6r behandling riktad mot KML-stamcellerna. Fér att gora det
anvinde vi en metod (microarray) som gor det mojligt att jamfdra uttrycket av ett stort
antal gener, till att underséka vilka gener som var hogt uttryckta pé cellytan av KML-
celler jimfort med normala celler. I arbetet identifierade vi ett 6kat uttryck av proteinet
ILIRAP pi cellytan av KML-celler jimfért med normala celler. ILIRAP ir ett protein
som utgdr en viktig del av det komplex pa cellytan som signalmolekylen IL1 binder dill.
Genom att anvinda antikroppar som binder till ILIRAP kunde vi dven visa att denna
cellytemarkér kan anvindas for att sortera ut och dirmed sirskilja KML-stamceller frin
normala stamceller. I arbetet kunde vi ocksd visa att KML-stamceller selektivt kunde
avdodas genom inbindning av en polyklonal antikropp riktad mot ILIRAP.

I det tredje delarbetet (Article III) undersékte vi vilken betydelse ILIRAP har f6r normal
hematopoes och for celler som uttrycker BCR/ABL1. Nir vi undersokte blodet i moss
som saknar [/Irap-genen (I/Irap KO méss), upptickte vi ligre nivder 4n normalt av
myeloida celltyper i blodet. Nir vi sedan anvinde virus for att uttrycka ILIRAP i normala
minskliga celler som sedan transplanterades till en typ av méss med mycket férsvagat
immunforsvar (immundefekta méss), sig vi att fler av de omogna humana cellerna med
IL1RAP utvecklades till myeloida typer av blodceller, 4n kontrollcellerna gjorde. Dirav
kunde vi dra slutsatsen att om omogna blodceller far forhojt utryck av ILIRAP, kan detta
paverka cellens forméga atc bli myeloida celler. Vi upptickte dven att de allra mest
primitiva cellerna hos KML patienter, som har mycket hogre nivier av ILIRAP pa
cellytan dn normala celler, reagerade kraftigt pa signalmolekylen IL1 medan normala
celler inte markbart paverkades. Detta tyder pé att de hoga nivaerna av ILIRAP pd KML-
stamceller har betydelse for sjukdomsutvecklingen av KML genom att paverka hur cellen
reagerar pa IL1. Dirfor dr det ocksd sannolikt att behandlingsstrategier som blockerar

IL1RAP kan komplettera imatinib i behandlingen av KML-patienter.

18



Sammanfattningsvis har studierna i den hir avhandlingen bidragit till en 6kad forstdelse
av de cellulira frindringarna som orsakar KML. Genom att undersoka tvi proteiner som
ir uppreglerade i KML-celler, har vi kunnat visa att ett den ena av dessa (ILIRAP)
sannolikt har betydelse for utvecklingen av KML, genom att bl.a. 6ka leukemicellernas
svar pa signalmolekylen IL1. Dirfér kan IL1IRAP vara ete limplige cellyteprotein att
blockera vid utvecklingen av nya behandlingsmetoder i KML.
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Introduction

Hematopoiesis

The gradual development of all mature blood cells from hematopoietic stem cells (HSCs)
is called hematopoiesis and a trillion (1,000,000,000,000) new cells of different types
migrate from the bone marrow (BM) into the peripheral blood (PB) every day (Ogawa
1993). During their lifetime, these cells are responsible for a wide variety of functions
such as oxygen transport by erythrocytes, blood clotting after vessel damage by
thrombocytes, production of antibodies by B-cells, killing of cells infected by virus or
potentially damaged cells by T-cells and NXK-cells, and innate immunity from
macrophage/monocytes and granulocytes. In order to produce this variety of cells, the
hematopoietic system is hierarchically organized with the self-renewing multi-potent
HSCs at the top of the hierarchy. According to the classical model of hematopoiesis,
HSCs differentiate into multi-potent progenitors (MPPs) that increase their proliferative
rate while losing self-renewal capacity (Reya et al. 2001). More lineage-committed
progenitors are gradually formed, and they have been defined based on the expression of
different transcription factors and surface markers. These progenitors are generally named
according to their potential to differentiate into different mature cell types, and some
well-studied progenitor types are: common lymphoid progenitors (CLPs), which
differentiate into B-cells, T-cells, and NK-cells; and granulocyte macrophage progenitors
(GMPs). These give rise to innate immune cells. The megakaryocyte erythrocyte
progenitors (MEPs) are precursors for thrombocytes and erythrocytes (Kondo et al. 1997;
Akashi et al. 2000; Reya et al. 2001).

The differentiation pathways and surface markers needed to identify the various
progenitor populations were first defined in the mouse, in the classical hematopoietic
model described in Figure 1 (Kondo et al. 1997; Akashi et al. 2000; Reya et al. 2001).
However, this model has been challenged after the identification of a lymphoid multi-
potential progenitor (LMPP), which can give rise to the lymphoid, granulocytic, and
monocytic lineages but not to erythroid cells (Adolfsson et al. 2005). This spurred further
detailed investigations and proposal of alternative models for murine hematopoiesis
(Giebel & Punzel 2008; Kawamoto et al. 2010). Human hematopoiesis was first believed
to be consistent with the classical model. However, the discovery of a human cell
population corresponding to the LMPP in the mouse prompted a revision of this model
(Doulatov et al. 2010; Doulatov et al. 2012). Furthermore, it has recently been suggested
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that the human hematopoietic model, established after the discovery of LMPPs, needs to
be revised further, as LMPPs only give rise to neutrophilic granulocytes, while other types
of granulocytes, macrophages, and erythrocytes develop from myeloid progenitors
(Gérgens et al. 2013).

Erythrocytes

Megacaryocytes/
Thrombocytes

Classical model

Monocytes
Neutrophils
B-cells
T-cells

NK-cells

Erythrocytes

Megacaryocytes/
Thrombocytes

Revised model

Monocytes
Neutrophils
B-cells
T-cells

NK-cells

Figure 1. The classical model of hematopoiesis and a revised model with the recently
described MLLPs and their possible differentiation pathways indicated. In the classical model
of hematopoiesis, self-renewing hematopoietic stem cells (HSCs) differentiate into multi-potent progenitors
MPPs, which lack self-renewal potential and produce common lymphoid progenitors (CLPs) and common
myeloid progenitors (CMPs). The CLPs give rise to B-cells, T-cells, and NK-cells, while the CMPs give rise
to megakaryocyte erythrocyte progenitors (MEPs) and granulocyte macrophage progenitors (GMPs). MEPs
give rise to erythrocytes and megakaryocytes while monocytes and neutrophils are produced by GMPs. The
discovery of lymphoid multi-potential progenitors (LMPPs) with lymphoid but also a limited myeloid lineage
potential, caused a revision of the hematopoietic model. However, it is still not fully understood which
subsets of myeloid cells LMPPs can give rise to and how these differentiation pathways are arranged.
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A major limitation of the hematopoietic models is that they are constructed through
functional evaluation of progenitor populations defined by expression of specific surface
markers. However, these surface markers are not necessarily relevant for the cellular
function of the progenitors and may not fully reflect gradual processes in the
differentiating progenitor cells. Thus, the apparently homogeneous progenitor
populations may be more heterogeneous than implied by the model and contain cells
with slightly different properties and lineage potentials. Characterization of global
molecular programs in order to better understand the differentiation process may be a
feasible way to overcome this limitation, but the efforts so far have still been hampered by
our inability to prospectively separate HSCs and progenitor cells without relying on
individual surface markers and flow cytometry.

Cytokine signaling in hematopoiesis

Hematopoietic progenitor cells are guided in their decisions to proliferate, differentiate,
and survive by external stimuli from cytokines. Each cytokine binds its specific receptor,
which is expressed differentially among cell types, and can thereby activate downstream
signaling pathways in a cell-specific manner. Despite numerous different receptors and
several downstream pathways, cell signaling is, however, characterized by crosstalk
between pathways, resulting in complex networks of intracellular signal transduction. A
few pathways relevant to this thesis are outlined below.

KIT recepror

One of the best-known cytokines that regulate hematopoietic stem and progenitor cells is
the stem cell factor (SCF), which signals through the KIT receptor (c-KIT) and can, by
itself, regulate maintenance of HSCs, although a proportion of HSCs are generated and
survive even in the absence of functional KIT (Li & Johnson 1994; Linnekin et al. 1995;
Thoren et al. 2008). Stimulation of hematopoietic stem and progenitor cells with SCF is
synergistic in combination with one of a number of other cytokines, for example
interleukin-3 (IL3), granulocyte colony-stimulating factor (GCSF), and thrombopoietin
(TPO) ( Bernstein et al. 1991; Metcalf & Nicola 1991; Kobayashi et al. 1996), allowing
in vitro expansion of progenitor cells and development of several myeloid cell types i vivo

(Broudy 1997).

JAKISTAT

Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling, is
another important pathway that can be activated by a number of different cytokines,
among others interleukin-6 (IL6) and erythropoietin (EPO). The JAK/STAT pathway is
normally activated by cytokines that bind and oligomerize cell-surface receptors, allowing
them to bind and facilitate cross-phosphorylation of JAK proteins (Dorritie et al. 2013).
Once JAK is activated, it phosphorylates STATSs, which are then able to enter the nucleus
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and initiate transcription of a number of target genes, including the suppressor of
cytokine signaling (SOCS) family. The SOCS family act like classical feedback inhibitors
of signaling (Krebs & Hilton 2001; Aaronson & Horvath 2002). The importance of
JAK/STAT proteins can be exemplified by STAT3, which is activated by several cytokines
including IL3 and GCSF (Duarte & Frank 2000). Furthermore, truncation of both
STATS5A and STAT5B genes in mice results in lower B-cell counts, reduces the cellular
response to erythropoietin, and may cause anemia (Teglund et al. 1998; Socolovsky et al.
1999; Sexl et al. 2000; Socolovsky et al. 2001), while complete deletion of the STATS
genes blocks development of several hematopoietic cell types and results in embryonic

lethality (Hoelbl et al. 2006).

Interlenkin-1 receptor

The Interleukin-1 receptor (IL1R)/Toll-like receptor (TLR) family includes both TLRs,
which are mainly expressed on immune cells, and the IL1Rs, which have mainly been
studied in the context of inflammation (O'Neill 2008). The two IL1 isoforms, IL1A/B,
can bind ILIR type 1, which then forms a complex with the IL1R accessory protein
(IL1RAP), resulting in recruitment of the adaptor protein MyD88 (Brikos et al. 2007).
Following this, the proteins IRAK1 and IRAK4 bind to this complex and become
phosphorylated, which in turn activates several downstream processes, leading to the
activation of the nuclear factor kappa-light-chain-enhancer of activated B-cells 1 (NFKB
or NF- kB) complex (O'Neill 2008). Although NFKB is a well-known transcription
factor mainly studied in the context of immune response and T-cell development, only a
few studies have been published on the role of NFKB signaling in hematopoiesis
(Gerondakis et al. 2012). At the HSC level, NFKB has been suggested to regulate HSC
self-renewal (Zhao et al. 2012a). Myelopoiesis may also be enhanced by NFKB through
cooperation with C/EBPA (Friedman 2007).
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Leukemia

Cancers, including leukemia, are caused by genetic aberrations that alter normal
mechanisms  regulating  self-renewal, cellular proliferation, differentiation, and
programmed cell death (apoptosis) (Hanahan & Weinberg 2011). The term leukemia
refers to malignancies affecting immature hematopoietic cells, and it has traditionally
been divided into acute and chronic leukemias, depending on various morphological and
clinical characteristics. Acute leukemias are typically manifested by an accumulation of
immature blast cells due to a block in differentiation, while chronic leukemias mainly
show an increase in mature cells in PB and BM due to increased proliferation among the
progenitors. Leukemias are subdivided further, based on which lineage(s) the cells
differentiate into. Thus, patients with expansion of myeloid cells can be divided into
having acute myeloid leukemia (AML) with immature myeloid blasts or chronic myeloid
leukemia (CML) with an expansion of myeloid cells at all stages of maturation and, for
the definition of CML, the presence of the BCR/ABLI fusion gene. The corresponding
classification for lymphoid (B- and T-cell) leukemia is acute lymphoblastic leukemia
(ALL) and chronic lymphoid leukemia (CLL). Currently, the classification of myeloid
leukemias and neoplasms into clinically and scientifically relevant entities is based on
genetic, morphological, cytochemical, and immuno-phenotypic characteristics with the
genetic alterations playing an increasingly important role for the diagnosis of these
malignancies (Vardiman et al. 2009). Myeloproliferative neoplasms and myelodysplastic
syndromes are other important disease entities that mainly affect the myeloid lineage and
that have the capacity to progress into AML (Vardiman et al. 2009).

Leukemia stem cells

It is still debated from which cell types different leukemias arise and are maintained.
Leukemic stem cells (LSCs) can be defined as cells that have the capacity to both self-
renew and propagate cell populations expanded in the leukemia (Reya et al. 2001; Dick
& Lapidot 2005). The discoveries leading to the current LSC concept were made by
transplantation experiments where primary AML cells were transplanted into
immunodeficeint mice (Lapidot et al. 1994; Bonnet & Dick 1997). Different AML cell
populations were sorted and transplanted into non-obese diabetic/severe combined
immunodeficiency disease (NOD/SCID) immune-incompetent mice to test whether only
specific cell populations were able to propagate the leukemia. The most primitive
CD34+CD38- fraction of cells was the only one that could reconstitute the leukemia, and
it was proposed that the LSCs in AML were transformed normal primitive cells (Bonnet
& Dick 1997). LSCs are not only found in AML, but they have also been found in
various other leukemias and malignant disorders. In MDS with 5q deletions, the cell of
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origin and the subsequent LSCs are found in the CD34+CD38- compartment (Nilsson et
al. 2000). In B-ALL, various B-cell progenitor and blast populations, including the
abnormal CD34+CD38-CD19+ population, have LSC activity (Cobaleda et al. 2000;
Castor et al. 2005; le Viseur et al. 2008). The nature of the LSCs in AML was questioned
a decade after their discovery, when Taussig et al. (2008) showed that the more mature
CD34+CD38+ cell population in AML patients also contained LSCs. Furthermore, AML
patients with NPM1 mutations even had their LSC activity in the CD34- cell population
(Taussig et al. 2010). Although controversy remains, many of the diverse results could be
explained by variations in the experimental systems used to study the LSCs; for example,
treating recipient mice with immunosuppressing antibodies allows engraftment of CD38+
AML cells (Taussig et al. 2008). In the end, it is still uncertain which cells propagate
AML, but there is a correlation between high engraftment potential and worse clinical
outcome (van Rhenen et al. 2005; Pearce et al. 2006; Gentles et al. 2010; Eppert et al.
2011). Interestingly, NFKB is activated in primitive AML LSCs, and inhibition of this
transcription pathway has led to successful eradication of CD34+CD38- cells in vitro
(Guzman et al. 2001; Guzman et al. 2002; Guzman et al. 2005; Kuo et al. 2013).

When the LSC concept was first used to define the cells propagating a leukemia, they
were termed LSCs, as they, like normal stem cells, have the potential for unlimited self-
renewal and the ability to drive the leukemogenesis (Reya et al. 2001). The LSC concept
does not, however, imply that the leukemic clone necessarily has to arise or share its
surface marker profile with a normal stem cell. In fact, there are several examples where
differentiated progenitors have been proven to regain self-renewal and become LSCs
(Cozzio et al. 2003; Huntly et al. 2004; Krivtsov et al. 2006). Perhaps much confusion
could have been avoided if another term, such as leukemia-propagating or leukemia-

initiating cells (LICs), had been used instead of LSCs.
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Chronic myeloid leukemia

In 1960, CML was the first cancer to be associated with a causative chromosomal
aberration, when a minute chromosome named the Philadelphia chromosome (Ph
chromosome), was discovered (Nowell & Hungerford 1960). The Ph chromosome is the
result of a reciprocal translocation, t(9;22), which forms the BCR/ABLI fusion gene at its
breakpoints (Rowley 1973; Heisterkamp et al. 1985; Shtivelman et al. 1985; Grosveld et
al. 1986; Mes-Masson et al. 1986). Later mouse studies established that the expression of
the BCR/ABLI fusion gene causes a CML-like disease in mice, and that the tyrosine
kinase activity of BCR/ABLLI is indispensable (Daley et al. 1990; Lugo et al. 1990).
Compared to AML, which is a heterogeneous disease caused by several different genetic
aberrations, CML is always initiated by the BCR/ABLI fusion gene. Since its original
discovery, CML and the disease-causing BCR/ABLI fusion gene have not only provided a
framework for the study of leukemia, but have also provided an important basis for the
study and dissection of several other tumor types. Several molecular and cellular
characteristics of CML are discussed in the sections below.

Clinical characteristics of chronic myeloid leukemia and current
treatment options

When diagnosed, CML often manifests in symptoms such as tiredness and clinical
findings of an enlarged spleen accompanied by elevated white blood cell counts (WBC).
However, today several cases are discovered accidentally from an elevated WBC count at a
routine check-up performed for other medical reasons (Randolph 2005). The actual
diagnosis of CML requires the presence of a t(9;22), or a confirmation that the
BCR/ABLI fusion gene is present'. If left untreated, CML typically progresses through
three phases. First, there is a chronic phase (CP), which manifests in an abnormal increase
in mature granulocytes in the peripheral blood. After 3—5 years, the CP progresses into an
accelerated phase (AP), with increasing numbers of immature myeloid progenitors.
Finally, a blast phase (BP) (also called blast crisis or BC) will occur, with a block in
differentiation that causes massive accumulation of immature blasts in both PB and BM
(Sawyers 1999; Jabbour & Kantarjian 2012).

! According to the Swedish national treatment recommendations from 2010. http://www.sthem.se/
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Depending on the accumulation of either myeloid blasts (representing about 70% of all
CML BP cases) or lymphoid blasts (30% of the cases), the BP is referred to as either
‘myeloid BP’ or ‘lymphatic BP’ (Randolph 2005; Jabbour & Kantarjian 2012). The blast
accumulation, with its severe side effects, will be lethal within a few weeks if left
untreated.

First-generation tyrosine kinase inhibitors

In 1996, a novel tyrosine kinase inhibitor (TKI) that blocks ABL1 activity was described
(Druker et al. 1996), and it was later shown to be a very effective new treatment for CML
(Druker et al. 2001). In long-term evaluations, this TKI called imatinib, has proved to
effectively suppress the disease and induce remission in most patients (Druker et al.
2006). Since then, imatinib (or other TKIs) has become the recommended standard for
the treatment of CP CML (Baccarani et al. 2013). The development of imatinib was
made possible by a detailed characterization of the BCR/ABLI fusion protein and the
ability of different chemical compounds to block the ABL1 kinase activity. To date,
imatinib most likely provides the best example of a truly targeted and successful therapy
of any malignant disorder. Despite the remarkable success of imatinib, the majority of
patients will experience relapse of the disease if the TKI treatment is discontinued, even
after achieving undetectable levels of BCR/ABLI in BM and PB (Merante et al. 2005;
Rousselot et al. 2007; Mahon et al. 2010). The most likely explanation for the recurrence
of CML in patients stopping treatment with imatinib after achieving complete molecular
remission, is a reservoir of residual CML stem cells that survive TKI treatment (Diamond

& Melo 2011).

So far, it has not been possible to predict when the TKI therapy can be safely
discontinued, but a fast decrease in BCR/ABLI-positive cells after initiation of therapy is
believed to indicate a lower risk of relapse (Hughes et al. 2010). Other trials have
indicated that in patients who achieve molecularly undetectable leukemia, which is
defined as less than 0.0032% (4.5 log) BCR/ABLI transcripts per ABLI transcript (as
detected by quantitative polymerase chain reaction (QPCR)) (Baccarani et al. 2013), for a
period of 2 years, between 50% and 60% will relapse after withdrawal of imatinib
(Mahon et al. 2010; Ross et al. 2013). Thus, despite the revolutionary improvements in
outcome following the introduction of TKIs in CML, additional therapeutic strategies are
needed to meet the ultimate goal of a cure.
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Second-generation tyrosine kinase inhibitors

Despite the success of imatinib in the treatment of CML, about 5% of patients in CP and
virtually all of the responding patients in BP, will relapse with disease (Druker et al. 2006;
Hochhaus et al. 2009). Relapses can have a number of explanations including
upregulation of BCR/ABLI, low intracellular concentration of imatinib due to poor
bioavailability or poor cellular uptake, other activated signaling pathways, or mutations at
the active site of ABL1 (Diamond & Melo 2011). Imatinib binds competitively to the
adenosine triphosphate (ATP) binding site on ABLI, thereby inhibiting the kinase
activity of the BCR/ABLI fusion protein (Schindler et al. 2000). Different point
mutations at the active site of ABL1 can therefore prevent binding of imatinib, and are
often found in relapse patients who have acquired resistance to therapy (Hochhaus et al.
2002). Today, several new small molecules have been developed with the aim of
inhibiting ABL1, and they enable treatment of patients with ABL1 mutations. Using one
of the second-generation TKIs (nilotinib or dasatinib) to treat relapsing patients, it is now
possible to overcome most mutations in BCR/ABLI except for T3151 (Shah et al. 2004;
Golemovic et al. 2005; Talpaz et al. 2006; Kantarjian et al. 2006). However, with the
introduction of ponatinib, it has recently become possible to successfully treat also
patients with the T315I mutation (O'Hare et al. 2009; Cortes et al. 2012).

Allogeneic stem cell transplantation

Before the introduction of TKI treatment in CML, allogeneic stem cell transplantation
(SCT) remained the only curative treatment option (Sawyers 1999). As referred to earlier,
this is likely to be still true in most cases, although a fraction of CML patients have been
off drug treatment for several years without detectable BCR/ABL1 transcripts (Mahon et
al. 2010). In patients diagnosed with BP CML or patients who develop resistance to
second-generation TKIs, allogeneic SCT is still the recommended treatment of choice
(Jain & van Besien 2011; Jabbour & Kantarjian 2012;). It is worth mentioning, however,
that allogeneic SCT is associated with high treatment-related mortality and risk of graft-
versus-host disease which, combined with the occurrence of relapse after transplant,
results in a five-year survival ranging from 30% to 90%, depending on various risk factors
(Jabbour et al. 2011; Kantarjian et al. 2012). Due to the risks associated with allogeneic
SCT, and the challenge to find suitable HSC donors, it is still difficult to treat CML at

advanced stages.
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Blast phase and known secondary genetic changes

The exact mechanism and cellular effects leading to progression of CML into BP remain
elusive, despite the fact that there have been several studies. Upregulation of BCR/ABLI
has been suggested as one factor contributing to disease progression, and BCR/ABLI is
known to increase the rate of mutagenesis (Nowicki et al. 2004). As might be expected,
CML cells in BC generally have a higher number of genetic aberrations than in CP
(Johansson et al. 2002; Mullighan et al. 2008). As a consequence, several genes (e.g.
RUNXI, ASXL1, WT1, NRAS, KRAS, and TET?2) are deleted or mutated in a proportion
of BP patients (Feinstein et al. 1991; Sill et al. 1995; Grossmann et al. 2011; Makishima
et al. 2011; Zhao et al. 2012b). In addition, deletion of the transcription factors IKZF1
and CEBPA, which are essential for differentiation into lymphoid and myeloid lineages,
respectively, provide examples of genetic aberrations that may contribute to induction of
the differentiation block required for lymphoid or myeloid blast formation (Wagner et al.
2006; Mullighan et al. 2008). Genetic events leading to gain of function of affected
proteins may also contribute to progression of CML. For instance, formation of a
secondary NUP9S8/HOXA9 or MSI2/HOXAY fusion gene have been found important for
the disease progression in CML (Yamamoto et al. 2000; Dash et al. 2002; Barbouti et al.
2003).

CML cells have an increased level of non-homologous end-joining, leading to increased
susceptibility to chromosomal aberrations (Chakraborty et al. 2012). As a possible result,
aberrations like +8, i(17q), and also an extra Philadelphia chromosome, are associated
with progression to BP (Mitelman et al. 1976). In addition to the existence of an extra
Philadelphia chromosome in patients with BP, increased BCR/ABLI expression in both
the bulk leukemic cells and in cells with a GMP phenotype is associated with progression
to BP (Gaiger et al. 1995; Jamieson et al. 2004). Cell line experiments have also shown
that higher BCR/ABLI expression reduces cell adherence and increases transforming
effects such as cytokine independence and migration (Barnes et al. 2005). These findings
indicate that upregulation of BCR/ABLI may be involved in the transformation of CML
to BP. Despite the finding of several genetic events that are associated with progression of
CML to BP, this process is not yet fully understood, but the introduction of massive
parallel sequencing will most likely give a more comprehensive view of the genetic
landscape of CML in BP. Moreover, it may well be true that the most frequent
cytogenetic changes observed in CML BP, i.e. trisomy 8 and isochromosome 17q, affect
the expression levels of multiple genes that contribute to the progression of CML CP into
BP.
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CML stem cells

The first indication that the LSC in CML is created by transformation of a normal HSC
was the finding that the BCR/ABLI gene is present not only in leukemic cells but also in
multiple lineages of hematopoietic cells (Fialkow et al. 1977; Fialkow et al. 1978).
Furthermore, experiments using transgenic mouse models closely mimic CML when
BCR/ABLI is expressed specifically in HSCs and progenitor cells (Koschmieder et al.
2005). It is generally believed that the CML stem cells, which are insensitive to imatinib
treatment, are the source of disease relapse in CML CP patients after withdrawal of
imatinib. Several mechanisms for the insensitivity of CML stem cells to TKIs have been
suggested, including high baseline expression of BCR/ABLI, protection of CML stem cells
by the BM microenvironment, and insensitivity because the CML stem cells are kinase-
independent, possibly due to cell cycle quiesence (Jiang et al. 2007; Corbin et al. 2011; B.
Zhang et al. 2013). Recent studies using transgenic mice where BCR/ABLI expression was
turned on and off after establishment of disease, strongly suggested that CML stem cells
are not addicted to BCR/ABLI, as leukemia reappears after re-induction of the
BCR/ABL1 expression (Hamilton et al. 2012). Thus, it seems unlikely that TKIs by
themselves would be able to provide an efficient cure for CML. In myeloid BP, CML
stem cells appear to be present both in the CD34+CD38- population and in the GMP
compartment (Jamieson et al. 2004), while in lymphoid BP, CML stem cells have been
found even among CD34-CD38+ BM cells (Tanizaki et al. 2010).

Signaling pathways in chronic myeloid leukemia

Fusion of BCR to ABLLI results in a constitutive activation of the ABLI tyrosine kinase
activity and leads to phosphorylation and activation of several downstream signaling
pathways. The network of signaling pathways activated by BCR/ABLI is very complex,
but a few main pathways that are very relevant to this thesis are described below and
summarized in Figure 2.

RAS pathway

Autophosphorylation of the Tyr177 residue of BCR/ABLI allows binding of the GRB2
adaptor protein (Pendergast et al. 1993), which enables subsequent binding of SOS and
activation of the RAS/MAPK pathway (Druker et al. 1992; Tauchi et al. 1994; Cortez et
al. 1997). Activated RAS can also induce signaling through the JUN amino-terminal
kinase pathway (Raitano et al. 1995). RAS activity is essential in CML, and blocking of
the RAS pathway reverses transformation by BCR/ABLI (Sakai et al. 1994; Gishizky et
al. 1995; Sawyers et al. 1995), Moreover, the cell transforming activity of RAS is
dependent on a posttranslational modification, the addition of an isoprenoid group
catalyzed by farnesyl protein transferase, which allows RAS to associate with the cell
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Figure 2. Schematic overview of signaling pathways activated by BCR/ABL1. The tyrosine
kinase domain of ABLI activates JAK2 and STATS5, both leading to translocation of phosphorylated
STATS to the nucleus where it induces transcription of target genes. Phosphorylation of the Tyr177 in
BCR/ABLI allows binding of GRB2, which enables complex formation with SOS and GAB2 leading to
activation of the RAS/MAPK pathway and transcriptional activation. GAB2 also activates PI3K, a
signaling mediator with potential to cross-activate NFKB through AKT. The NFKB-complex is also
activated downstream from the IL1R, which is dependent on IL1IRAP for its activation. The focus of
Article I, in which the role of SOCS2 was investigated in normal and malignant BCR/ABL1-induced
hematopoiesis, is indicated with an asterix (*) in the figure. In Article II, ILIRAP was identified as
upregulated on candidate CML stem cells, indicated by **. The effects of the signaling through ILIRAP

were investigated in Article III, indicated by ***.

membrane (Hancock et al. 1990; Gibbs et al. 1994). Thus, farnesyl protein transferase
inhibitors (FTTs) were developed to inhibit both mutated RAS and normal RAS (Kato et
al. 1992; Nagasu et al. 1995; Sepp-Lorenzino et al. 1995). It was, however, established
later that RAS function could be partially maintained by alternative pathways and that
FTTIs had unspecific effects on a number of other farneslyated proteins (Downward 2003).
Nevertheless, these compounds had some anti-tumorigenic activity, and FTIs have been
tested in clinical trials as therapy for CML in CP, AP, and BP, but they only resulted in
transient responses in a minority of patients tested (Cortes et al. 2003; Borthakur et al.

2006)
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JAK2/STATS pathway

In CML, the JAK2/STAT5 pathway is directly activated by the BCR/ABL1 fusion
protein, but the question of whether only STATS or also JAK2 is important for the
BCR/ABLI-induced transformation is still being debated (Ilaria & Van Etten 1996;
Carlesso et al. 1996; Shuai et al. 1996). However, STATS was believed to be dispensable
in CML, given that BCR/ABL] transduction-transplantation experiments, using BM from
mice with a truncated form of STATS, was still able to induce a CML-like disease (Sexl et
al. 2000). Although STAT5 was truncated, these cells retained residual STATS activity
and when the experiment was repeated with BM cells from mice lacking the complete
STATS5A or A/B genes, BCR/ABLI1 was shown to be dependent on STATS (Hoelbl et al.
2006; Ye et al. 2006; Hoelbl et al. 2010).

Normally, STATS is activated through phosphorylation of tyrosine residues by the
upstream protein JAK2. Thus, it can be reasoned that because of a direct activation of
STATS5 by BCR/ABLI (Chai et al. 1997; Wilson-Rawls et al. 1997), JAK2 is redundant
in CML. However, it has been argued that inhibition of JAK2 reduces the transforming
effects of BCR/ABL1 and that JAK2 either cooperates with BCR/ABLI to activate
STAT5 or mediates cross-activation of other signaling pathways (Warsch et al. 2013).
One of the main proofs supporting involvement of JAK2 in CML is that inhibition of
JAK2 with a small-molecule inhibitor was shown to induce apoptosis in CML cells
(Samanta et al. 2009). However, several of the inhibitors used in similar experiments were
later shown to inhibit BCR/ABLI as well (Hantschel et al. 2012). Hence, although this is
still controversial, JAK2 now appears to be non-essential for the development of CML
but has been suggested to be essential in mediating cytokine signaling to allow CML stem
cells to survive TKI therapy (Warsch et al. 2013). In addition, it is quite possible that
JAK2 has a different role in CML BP.

Another member of the JAK2/STATS pathway is the suppressor of cytokine signaling 2
(8OCS2), whose main function is feedback inhibition of cytokine signaling (Endo et al.
1997; Naka et al. 1997). SOCS2 is upregulated upon STATS5 activation and although it is
a feedback inhibitor, high levels of SOCS2 have been reported to stimulate signaling,
possibly by inhibiting other inhibitors (Tannahill et al. 2005; Piessevaux et al. 2006). We
and other investigators have previously found that SOCS2 expression is upregulated in
CML (Schultheis et al. 2002; Hakansson et al. 2008). In Article 1, we used a Socs2-
deficient mouse strain to evaluate whether SOCS2 is a critical regulator of BCR/ABLI
signaling and important for the pathogenesis of CML. We showed that cells from Socs2-
deficient mice develop leukemia indistinguishable from wild-type cells upon
transplantation after transduction with BCR/ABLI. Our results indicate that SOCS2 is
not critical for the induction of CML and STAT5 phosphorylation by BCR/ABLI. In
myeloproliferative neoplasms, STATS5 phosphorylation is often achieved by mutations
activating JAK2, so SOCS2 may be of more importance in that setting (Quentmeier et al.
2008).
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NFKB pathway

BCR/ABLI activates NFKB in a tyrosine kinase- dependent fashion (Hamdane et al.
1997; Kirchner et al. 2003). However, it has also been suggested that RAS activation is
involved in transactivation of NFKB (Reuther et al. 1998). Thus, it is still possible that
multiple co-operating pathways contribute to the activation of NFKB in CML. NFKB is
known to enhance resistance to apoptosis and to increase proliferation in some forms of
cancer, and it is known to be activated in both CML and AML (Hamdane et al. 1997;
Reuther et al. 1998; Guzman et al. 2001; Karin et al. 2002; Kirchner et al. 2003),
possibly through crosstalk from the PI3K/AKT signaling pathway (Zhu et al. 2011).
Furthermore, inhibition of the NFKB complex by blocking of various proteins in the
signaling pathway suggests that NFKB may be a possible therapeutic target in CML
(Cilloni et al. 2006; Lounnas et al. 2009; Lu et al. 2010; Wei et al. 2013). IL1 is one
cytokine known to activate NFKB in several types of immune cells (Fitzgerald & O'Neill
2000). In addition, a study of microenviromental effects in CML showed that IL1 and
GCSF induce more proliferation of primitive CD34+CD38- CML cells than of
corresponding normal cells (Zhang et al. 2012). Furthermore, altered cytokine expression
in CML cells with an increase in IL1A, GCSF, and other cytokines provides a selective
advantage for the CML stem cells (Zhang et al. 2012). The intracellular mechanisms
underlying the growth advantage of primitive CML cells over normal HSCs after IL1
stimulation are unclear, but they could be an effect of additional NFKB activation. In
Article II, we found that expression of the IL1 receptor accessory protein (ILIRAP) was
upregulated in primitive CD34+CD38- CML cells compared to the corresponding
normal cells. ILIRAP is an essential component of the IL1 signaling pathway which
(among other effects) results in NFKB activation (Cullinan et al. 1998). Thus, in Article
III, we continued to investigate whether ILIRAP has a role in hematopoiesis and whether
upregulation of /LIRAP is sufficient to induce features of a myeloproliferative disease. We
demonstrated that //Irap-deficient mice have a reduction in myeloid cells in PB. We also
showed that CML CD34+CD38- BM cells, the population with the highest /LIRAP
expression compared to corresponding normal cells, are hypersensitive to IL1B, while
IL1B has limited effect on more mature CD34+ cells. It may be speculated that since
ILIRAP is essential for activation of the ILIR, the higher levels of ILIRAP on the cell
surface of CD34+CD38- CML cells may help to sensitize the receptor complex and

downstream signaling pathways to activation, leading to a CML-specific cell expansion.
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Experimental models of chronic myeloid leukemia

Cell culture

Immortalized leukemic cell lines are widely used in research and offer a system that is easy
to work with, is renewable, and has the benefit that experiments can be carried out at
multiple sites using the same cell model. Several CML cell lines are available, all of which
were established from PB or BM of patients in advanced BP, but there are no cell lines
that faithfully represent CML CP. Despite the convenience of using immortalized cell
lines, they have several drawbacks that limit their use. Cell lines have usually been
cultured extensively, leading to the acquisition and selection of new genetic alterations
and to genetic drift, when the cells adapt to in vitro culture (Drexler et al. 1999; Dirks et
al. 2010).

To overcome the drawbacks of immortalized cell lines, retrovirally transduced primary
cells are often used when studying the cellular and molecular effects of BCR/ABLI
expression. These cell cultures are believed to reflect leukemic cells more closely, as they
have not been immortalized and retain much of their intrinsic differentiation potential
and cytokine dependency. Compared to in vitro culture of primary leukemic cells,
retrovirally transduced cells have both benefits and drawbacks. While retroviral
transduction is often a way of ensuring access to sufficient numbers of cells for a
successful study (especially when rare genetic aberrations are studied), primary leukemia
cells often contain additional genetic and epigenetic changes that are difficult to mimic in
transduced cells.

Mouse models

Instead of culturing BCR/ABLI-transduced cells in vitro, it is possible to transplant
transduced mouse cells into mice of the same genetic background in order to study the
cellular functions in vive. Daley et al. (1990) established a mouse model of CML by
transducing mouse BM cells with a retrovirus expressing BCR/ABLI and transplanting
cells into irradiated recipients. These mice developed several different hematopoietic
malignancies, including macrophage tumors and lymphoid leukemia. Subsequently, the
transduction and transplantation model was gradually improved and better characterized
to give a disease more similar to CML (Zhang & Ren 1998; Li et al. 1999). These models
have been used successfully combined with KO strains, to investigate the role of specific
genes in CML, such as Sz#5 and Alox5 (Hoelbl et al. 2006; Ye et al. 2006; Chen et al.
2009). However, the transduction-transplantation model of CML still has a number of
limitations. The retroviral constructs target not only HSCs but also progenitor cells,
leading to massive progenitor proliferation that complicates the evaluation of
experiments. The irradiation of recipient mice and the variation in BCR/ABLI expression
levels may also increase the variability of the experiments. In addition, the retroviral
models typically show a very aggressive disease, with death occurring around three weeks
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after transplantation. Thus, studies investigating the contributions by various ‘associated
genes’ such as SOCS2 (Article 1) may not necessarily exclude the possibility that these
genes play a role in the pathogenesis of CML, as, due to its limitations, this mouse model
may fail to account for the function of that specific gene. An alternative way to model
CML that has been widely used is to generate transgenic BCR/ABLI mice (Koschmieder
& Schemionek 2011). Currently, the most elegant one is transgenic mice that express
BCR/ABLI from an HSC-specific tetracycline-inducible promoter (Huettner et al. 2003;
Koschmieder et al. 2005). This approach makes it possible to both induce and to reverse a
CML-like disease by removal or re-administration of tetracycline to the drinking water of
the mice, thereby allowing detailed in vivo studies of CML pathogenesis (Zhang et al.

2012). To date, this transgenic model is probably the most elegant and pure murine
model of CML.

Immunodeficient mouse models

Some immunodeficeint recipient mice, such as NOD/SCID mice, have impaired T-cell
and B-cell development and can therefore be engrafted by human cells (Prochazka et al.
1992; Lowry et al. 1996). Xenotransplantation of human cells into these mice have been
of great importance for the functional characterization of normal human hematopoiesis
and HSCs (Lowry et al. 1996; Doulatov et al. 2012). However, not only can normal
hematopoietic cells be transplanted into NOD/SCID mice, but CML cells also give long-
term engraftment (Lewis et al. 1998, Wang et al. 1998). Although they can be robustly
engrafted by BCR/ABLI-positive cells, none of the transplanted mice were reported to
have succumbed from development of a disease similar to CML.

Immunodeficient mouse models for xenotransplantation of human cells are still being
improved to allow higher engraftment levels and to better support differentiation of cells
into lineages. The NOD/SCID model has been improved by deletion of the IL2R gamma
chain, which leads to lack of functional NK-cells in these mice, commonly referred to as
NSG (Shultz et al. 2005). In Article III of this thesis, we used NSG mice to study the
effect of ILIRAP overexpression in human HSCs and progenitor cells. Clearance of
human donor cells by recipient immune cells is, however, not the only limiting factor for
xenotransplantation efficiency. Lack of cross-reactivity of some niche factors and
cytokines is also likely to limit the development of leukemic cells after
xenotransplantation. Mice transgenically expressing human SCF, granulocyte macrophage
colony-stimulating factor (GM-CSF), and IL3 have increased development of both
normal human hematopoietic cells and leukemic cells after transplantation (Feuring-
Buske et al. 2003; Nicolini et al. 2004).
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Recently, Wunderlich et al. (2010) crossed these mice with NSG mice to generate an
NSG strain expressing human SCF, granulocyte macrophage colony-stimulating factor
(GM-CSF), and IL3 (referred to as NSGS mice), which even better supports the
engraftment of human leukemic cells. As it has already been reported that CML cells
transplanted into NOD/SCID mice achieve higher engraftment after injections of human
SCF into the recipients (Lewis et al. 1998), it is quite possible that NSGS mice are more
permissive in allowing engraftment of primary CML cells.
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The present investigation

This section describes the aims of the present study and the articles included, a summary
and discussion of the main findings, and the conclusions arrived at. The experimental
procedures are based on well-known methods and will not be discussed in this chapter.
Instead, the reader is referred to the materials and methods sections of the original articles
(I-III), which are presented in the third section of this thesis.

Aims of the study

The overall aim of this study was to identify genes upregulated by the BCR/ABLLI fusion
protein and to use iz vitro and in vivo models to study their function in normal and
malignant hematopoiesis. More specifically, the aims were:

» To determine the function of SOCS2 in normal hematopoiesis and its role in
BCR/ABLI-induced cell signaling (Article I).

» To identify a cell-surface marker for primitive CML cells, allowing prospective
isolation of candidate CML stem cells (Article II).

» To study the function of ILIRAP in normal hematopoiesis and the consequences
of upregulation of /LIRAP in malignant hematopoiesis (Article III).
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Results and discussion

Article I

SOCS?2 is dispensable for BCR/ABL1-induced chronic myeloid leukemia-
like disease and for normal hematopoietic stem cell function.

Signaling cascades activated by BCR/ABLI elicit transcriptional gene expression
signatures that are thought to contribute to CML pathogenesis. Thus, not only may the
primary downstream mediators of BCR/ABL1 be important for the establishment of
CML, but also genes becoming upregulated as a result of signaling by BCR/ABL1. The
STAT5 signaling pathway is one important mediator of BCR/ABLI-induced
transformation. Activation of STATS is well known to induce expression of its feedback
inhibitor SOCS2, which had already been found to be highly expressed in primary BM
cells from patients with CML. However, at the outset of this study it had not been
established whether SOCS2 is involved in the pathogenesis of CML or whether it is
important for normal HSC function. In Article I, we demonstrated that although Socs2
was found to be preferentially expressed in long-term HSCs, Socs2-deficient HSCs were
indistinguishable from wild-type HSCs when challenged in competitive BM
transplantation experiments. Furthermore, by using a retroviral BCR/ABLI-induced
mouse model of CML, we showed that SOCS2 is dispensable for the induction and
propagation of the disease. The phosphorylation of STATS following BCR/ABLI
transduction was unaffected by SOCS2, suggesting that the SOCS2-mediated feedback
regulation of the JAK/STAT pathway is deficient in BCR/ABL1-induced CML.

Article 11

Isolation and killing of candidate chronic myeloid leukemia stem cells by
antibody targeting of IL-1 receptor accessory protein.

Therapeutic strategies aimed at cure of CML will most likely require full eradication of
the CML stem cells. In an attempt to find cell-surface markers useful for identification
and isolation of CML stem cells, we performed global gene expression analysis both on
primary CD34+ CML cells and umbilical cord blood (CB) cells transduced with
BCR/ABLI. The ILIR1 co-receptor ILIRAP was found to be selectively expressed on
CML cells and to become upregulated following expression of BCR/ABL in CB cells. To
determine whether ILIRAP expression would allow a prospective isolation of Ph-positive
and normal residual Ph-negative cells within the CML CD34+CD38- cell compartment,
we established a new protocol for FISH analysis on small numbers of sorted cells.
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Interestingly, we found that the CML CD34+CD38-IL1RAP+ cells were preferentially
Ph-positive, whereas CML CD34+CD38-1L1RAP- cells were almost exclusively normal.
We hypothesized that, being exposed on the cell surface of candidate CML stem cells,
ILIRAP could provide a target for a novel antibody-based therapy of CML. After
generating a polyclonal anti-ILIRAP antibody, we found that ILIRAP could be used to
induce antibody-dependent cell-mediated cytotoxicity (ADCC) of CD34+CD38- CML
cells. In summary, this study identified ILIRAP as the first specific marker for candidate
CML stem cells and also demonstrated that targeting of ILIRAP by an antibody-based
approach may open up new avenues in the treatment of CML.

Article III

ILIRAP promotes myelopoiesis and its upregulation on candidate CML
stem cells is associated with increased IL1 sensitivity.

In addition to several progenitor populations, ILIRAP is expressed on candidate CML
stem cells and other myeloid malignancies (Article II; Barreyro et al. 2012; Askmyr et al.
2013). ILIRAP is an essential co-receptor for IL1IR1 and IL33R (ST2), mediating signals
from IL1 and IL33, respectively. However, little is known about the cellular consequences
of ILIRAP-mediated signaling in these cell types. In Article III, we found that //Irap-
deficient mice have reduced myeloid cell counts in peripheral blood at steady state, but
that IL1rap is dispensable for normal hematopoietic stem cell function, as assessed by
competitive SCTs. In xenotransplantation studies, enforced expression of ILIRAP in CB
CD34+ cells resulted in a myeloid lineage skewing with expansion of a CD33"*CD15+
cell population. We also determined whether CB cells with enforced ILIRAP expression
and primary CML cells showed a different sensitivity for cytokines signaling through
receptors known to associate with ILIRAP in other cell types. Whereas IL1B did not
support in vitro proliferation of normal CB CD34" cells, not even upon enforced ILIRAP
expression, primary CML CD34+CD38- cells expanded significantly in response to IL1B
stimulation. Furthermore, we found that CD34+ CML cells under stimulation by SCF
expanded more than the primitive CD34+CD38- population. This is in accordance with
a recent report showing differential sensitivity of CML cells to SCF (Corbin et al. 2013).
In summary, these results suggest that upregulation of ILIRAP may contribute to the
pathogenesis of myeloid neoplasms by increasing the sensitivity to IL1 signaling and
promoting myelopoeisis.
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Conclusions

The main findings of this thesis are presented below:

Article I
» SOCS2 is not required for normal hematopoiesis and HSC function.
» SOCS2 is not critical for BCR/ABLI to initiate disease.
» The direct activation of STAT5 by BCR/ABL1 probably by-passes the SOCS2-

mediated feedback inhibition of the JAK2/STAT5 pathway.

Article 11

» IL1RAP is a cell-surface marker for candidate CML stem cells and can be used to
prospectively isolate such cells.

» Antibodies to ILIRAP can be used to induce ADCC in candidate CD34+CD38-
CML stem cells, while sparing the corresponding normal cells.
Article III
» IL1RAP is dispensable for HSCs but promotes the myeloid lineage in vivo.
» Forced ILIRAP expression is insufficient to increase the sensitivity of CB cells to

IL1B, while primitive CML cells are hypersensitive and expand massively in vitro
upon IL1B stimulation.
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Concluding remarks and future
perspectives

Cancer is caused by a variety of genetic aberrations, resulting in loss or abnormal
activation of protein functions. Recent technological advancements have facilitated
genetic studies, with the sequencing of the human genome as an important landmark
(Lander et al. 2001; Venter et al. 2001). Since then, sequencing technology has improved
and has reduced costs further. Currently, massive parallel sequencing technology provides
large amounts of data describing the genetic landscape of cancer and leukemia (Cancer
Genome Atlas Research Network 2013a; Cancer Genome Atlas Research Network
2013b). The human genome project had great hopes of giving benefit to patients in the
clinic, but it has proven to be more difficult than expected to understand the functional
relevance, at the cellular and tissue levels, of the genetic findings. Several new functional
methods such as shRNA technology and refined mouse models are being developed to
facilitate experiments to understand the functional effects of the genetic findings.

The aim of this thesis was to improve our understanding of the functional effects of the
upregulation of SOCS2 and /LIRAP seen in CML cells. SOCS2 is known to be involved
in intracellular regulation of cytokine signaling, but as described in this thesis, SOCS?2 is
dispensable for BCR/ABL1 inducing disease iz wivo, as assessed in mice receiving
transplants with BCR/ABL1-transduced mouse BM cells. As referred to earlier, it is worth
noting that this retroviral CML model has several limitations; for example, the disease
observed is very aggressive with a short latency period, and as such it is difficult to entirely
rule out a role of SOCS?2 in the pathogenesis of CML. A relevant follow-up study would
be to cross Socs2-deficient mice with transgenic mice expressing BCR/ABLI from an
HSC-specific inducible promoter (Koschmieder et al. 2005). Interestingly, there have
been several publications indicating that SOCS2 is important in other tumor types,
including prostate cancer, and in MPDs with JAK2 mutation (Quentmeier et al. 2008;
Iglesias-Gato et al. 2013).

The current CML therapy is based on inhibition of BCR/ABL1 or stem cell
transplantation. However, as LSCs appear to be independent of the BCR/ABLI tyrosine
kinase activity, it is questionable whether ABL1 inhibitors would have the potential to be
highly curative in CML. In addition, TKIs have proven to be ineffective in advanced
stages of the disease (Pellicano et al. 2011). One way to overcome the TKI insensitivity is
to find alternative targets in the CML cells, such as proteins with a function that becomes
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critical after transformation by BCR/ABL1. One example of such a target in CML is
RAD52, which is involved in the repair of double-strand breaks (Cramer-Morales et al.
2013). TKI treatment of CML cells has also been shown to induce autophagy, a process
that leads to TKI resistance (Mishima et al. 2008; Kamitsuji et al. 2008). Inhibition of
autophagy increases leukemic cell death and significantly increases the elimination of
candidate CML stem cells in combination with a TKI (Mishima et al. 2008; Bellodi et al.
2009). Thus, autophagy may be a promising novel therapeutic target in CML.

The IL1RAP protein is an alternative target in CML that was discovered in a quest to find
a cell-surface marker specific for CML stem cells (Article II). Cell-surface proteins can be
used both to identify leukemic cells and as targets for different antibody-based therapies
(Morris & Waldmann 2009). One alternative to the ADCC-based approach using NK-
cells in Article IT is the cancer vaccine concept, where synthetic peptides from leukemia-
specific proteins induce T-cell-mediated cell killing (Dao & Scheinberg 2008). Based on
this concept, there have been several trials using various BCR/ABLI fusion peptides as
vaccines in CML treatment (Maslak et al. 2008; Casnici et al. 2011). Peptides of WT1
are another target of vaccines tested for AML, but they have recently also been used for
antibodies targeting the peptide when presented by human leukocyte antigen (HLA) in
Ph chromosome-positive ALL (Maslak et al. 2010; Dao et al. 2013). These approaches
might prove to be feasible ways to achieve an improved therapy of CML and Ph
chromosome-positive ALL. Most likely, however, targeting of cell-surface proteins will
turn out to be an easier and more effective approach, as exemplified by the successful
therapy of B-cell malignancies using anti-CD20 antibodies (e.g. Rituximab) (Barth et al.
2012).

In Article III, we studied the function of ILIRAP and found that mice deficient for //1rap
had fewer myeloid cells in PB and that forced expression of /LIRAP in human CB cells
resulted in myeloid skewing after transplantation into NSG mice. These findings indicate
that IL1IRAP has a functional role in promoting myelopoiesis by enabling cytokine
signaling in normal hematopoiesis. It should, however, be noted that in vitro cultures of
cells with forced expression of ILIRAP did not yield higher cell numbers after cytokine
stimulation with ILIRAP-dependent cytokines. Thus, the exact mechanism of ILIRAP
function in normal hematopoiesis is not yet understood, and should be further
investigated. In contrast, primitive CML CD34+CD38- cells with increased expression of
IL1RAP expanded significantly in response to IL1B stimulation (Article III; Zhang et al.
2012). This effect of IL1 in the primitive CML cell population supports the idea that
extrinsic microenviromental regulation, and in particular IL1, may be of importance to
the LSCs. IL1 signals through the ILIR1/ILIRAP complex and is known to result in
NFKB activation (Cullinan et al. 1998). It is also known that NFKB activation increases
the self-renewal of normal HSCs (Zhao et al. 2012a), which may indicate that
upregulation of ILIRAP combined with expression of IL1R leads to increased self-
renewal of the LSCs. However, our results with cell expansions after liquid cultures
suggest more of a proliferative expansion of the CD34+CD38- CML fraction. A detailed
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analysis of the consequences of IL1 signaling, regarding both gene expression response
and in terms of cellular response of primitive CML cells, will therefore be needed to
clarify how primitive CML cells respond to IL1. It may very well be that an ILIRAP-
based therapy would both inhibit IL1 signaling in the CML cells and target them for

immune-mediated killing in order to be effective.

Despite the fact that CML is always initiated by the formation of the BCR/ABLI fusion
gene, CML cells may evolve into separate heterogeneous sub-clones during disease
progression, which is indicated by the variation in mutations and genetic aberrations
found in CML cells (Grossmann et al. 2011; Makishima et al. 2011). Thus, it may be not
be enough to use only one therapeutic approach, but combinational therapy may be
needed in order to find cures for CML patients in the future. Given the heterogeneity of
most cancers, it may be that therapy could be based on the presence of specific target
molecules rather than the type of cancer. For example, ILIRAP is expressed in CML, and
also in a proportion of AML patients, and antibodies against ILIRAP are also capable of
inducing in vitro ADCC in cells from these patients (Barreyro et al. 2012; Askmyr et al.
2013). Perhaps a large panel of immune-based therapy targets, like anti-ILIRAP agents,
cancer vaccines, or therapies inhibiting the key driver mutations (like imatinib) will
eventually become the basis of cancer therapy, where treatment is selected by genome-
wide analysis to identify target proteins, enabeling individually selected drug
combinations irrespective of the tumor type.

45



46



Acknowledgements

I would like to express my sincere gratitude to many people for their help and support
during my thesis work. In particular, I would like to thank:

My excellent supervisor Thoas Fioretos, who is always kind and generous when
enthusiastically sharing his wisdom, knowledge, and experience in science and of life.
Thank you for letting me take part in your exciting research, and for encouraging me
whenever I needed it.

My co-supervisor Marcus Jirds, who has taught me so much and has always pushed me
to take one step further, improving my work a little more and never giving up or leaving
things only half finished. I would not have made it this far without your help.

Jonas Larsson and Johan Richter who have been my co-supervisors, for giving good
advice and sharing opinions and expert knowledge that helped me move the project
forward.

The founding father of the research environment at the Department of Clinical Genetics,
Felix Mitelman and all the senior scientists Bertil Johansson, Fredrik Mertens,
Nils Mandahl, David Gisselsson Nord, Kajsa Paulsson, and Anna
Andersson, for creating this excellent environment with its open and kind intellectual
atmosphere.

The postdocs Helena, Kristian, Maria, and Henrik, who worked with me and have
been very supportive both regarding the projects and in understanding the research field
in general, with countless discussions at meetings, in the lunch room, and at the lab
bench. The very skilled and helpful technicians Marianne Rissler, Sandra Gordon,
Carl Hégberg, and Carin Lassen, who made my work in the lab so much easier.
Also, thanks to Nina and the postdoctoral fellows Christina and Christine, who
recently joined the lab.

47



Present and former PhD students of the department: Alexandros, Anders, Axel,
Charles, Daniel, Elsa, Emely, Hammurabi, Gisela, Josef, Karolin, Kristina,
Linda, Mia, Niklas, Pablo, Setareh, and Ylva, who have been great companions
at coffee breaks and at conferences. I also want to thank you for all the good times and
interesting discussions. It would not have been the same without you.

Anette Welin, for your admirable work in keeping this department running and for
efficiently sorting out all kinds of administrative matters.

Also, thanks to Linda Magnusson, Jenny Nilsson, Andrea Biloglav, Helena
Sturesson, Eleanor Woodward, Jenny Karlsson, Linda Holmquist
Mengelbier, Rebeqa Gunnarsson, Kristina Lundin, Johnbosco Tayebwa,
Catarina Lundin and Margreth Isaksson for always being helpful.

All my co-workers at the Department of Clinical Genetics at the University Hospital, and
at BMC B13.

A big thank you to my wonderful friends Carolina, Kalle, and Allen, who have
always been there for some rock climbing, skiing, “fika”, or just a “walk and talk”. You
have all been a great support throughout the years. Daniel and Marianne, for sharing
dorm with me and staying good friends after we moved out, even though we may not be
able to meet as often as we used to.

Finally, I especially want to thank my entire family for their love and support. My parents
Bodil and Bosse, my brothers Erik and Olof, and my grandmother Disa, for always
encouraging me and believing in me. Nora, for all your support and for letting me enjoy
life with you!

48



References

Aaronson, D.S., and Horvath, C.M. (2002). A road map for those who don't know JAK-STAT.
Science 296, 1653—-1655.

Adolfsson, J., Minsson, R., Buza-Vidas, N., Hultquist, A., Liuba, K., Jensen, C.T, Bryder, D.,
Yang, L., Borge, O.-]., Thoren, L.A.M., Anderson, K., Sitnicka, E., Sasaki, Y., Sigvardsson,
M., and Jacobsen, S.E.W. (2005). Identification of Flt3+ lympho-myeloid stem cells
lacking erythro-megakaryocytic potential a revised road map for adult blood lineage
commitment. Cel/ 121, 295-306.

Akashi, K., Traver, D., Miyamoto, T., and Weissman, I.L. (2000). A clonogenic common myeloid
progenitor that gives rise to all myeloid lineages. Nature 404, 193-197.

Askmyr, M., Agerstam, H., Hansen, N., Gordon, S., Arvanitakis, A., Rissler, M., Juliusson, G.,
Richter, J., Jirds, M., and Fioretos, T. (2013). Selective killing of candidate AML stem cells
by antibody targeting of ILIRAP. Blood 121, 3709-3713.

Baccarani, M., Deininger, M.W., Rosti, G., Hochhaus, A., Soverini, S., Apperley, J.F., Cervantes,
F., Clark, R.E., Cortes, J.E., Guilhot, F., Hjorth-Hansen, H., Hughes, T.P., Kantarjian,
H.M., Kim, D.-W., Larson, R.A., Lipton, J.H., Mahon, F.-X., Martinelli, G., Mayer, J.,
Miiller, M.C., Niederwieser, D., Pane, F., Radich, J.P., Rousselot, P., Saglio, G., Saufiele,
S., Schiffer, C., Silver, R., Simonsson, B., Steegmann, J.-L., Goldman, ].M., and
Hehlmann, R. (2013). European LeukemiaNet recommendations for the management of
chronic myeloid leukemia: 2013. Blood 122, 872-884.

Barbouti, A., Héglund, M., Johansson, B., Lassen, C., Nilsson, P.-G., Hagemeijer, A., Mitelman,
F., and Fioretos, T. (2003). A novel gene, MSI2, encoding a putative RNA-binding protein
is recurrently rearranged at disease progression of chronic myeloid leukemia and forms a
fusion gene with HOXAY as a result of the cryptic «(7;17)(p15;q23). Cancer Research. 63,
1202-1206.

Barnes, D.J., Schultheis, B., Adedeji, S., and Melo, J.V. (2005). Dose-dependent effects of Ber-Abl
in cell line models of different stages of chronic myeloid leukemia. Oncogene 24, 6432~

6440.
Barreyro, L., Will, B., Bartholdy, B., Zhou, L., Todorova, T L., Stanley, R.F., Ben-Neriah, S.,

Montagna, C., Parekh, S., Pellagatti, A., Boultwood, J., Paietta, E., Ketterling, R.P., Cripe,
L., Fernandez, H.F., Greenberg, P.L., Tallman, M.S., Steidl, C., Mitsiades, C.S., Verma,

49



A., and Steidl, U. (2012). Overexpression of IL-1 receptor accessory protein in stem and
progenitor cells and outcome correlation in AML and MDS. Blood 120, 1290-1298.

Barth, M., Raetz, E., and Cairo, M.S. (2012). The future role of monoclonal antibody therapy in
childhood acute leukaemias. British journal of haematology 159, 3—17.

Bellodi, C., Lidonnici, M.R., Hamilton, A., Helgason, G.V., Soliera, A.R., Ronchetti, M.,
Galavortti, S., Young, K.W., Selmi, T, Yacobi, R., Van Etten, R.A., Donato, N., Hunter,
A., Dinsdale, D., Tirro, E., Vigneri, P., Nicotera, P., Dyer, M.]., Holyoake, T., Salomoni,
P., and Calabretta, B. (2009). Targeting autophagy potentiates tyrosine kinase inhibitor-
induced cell death in Philadelphia chromosome-positive cells, including primary CML
stem cells. The Journal of clinical investigation 119, 1109-1123.

Bernstein, 1.D., Andrews, R.G., and Zsebo, K.M. (1991). Recombinant human stem cell factor
enhances the formation of colonies by CD34+ and CD34+lin- cells, and the generation of
colony-forming cell progeny from CD34+lin- cells cultured with interleukin-3, granulocyte
colony-stimulating factor, or granulocyte-macrophage colony-stimulating factor. Blood 77,
2316-2321.

Bonnet, D., and Dick, J.E. (1997). Human acute myeloid leukemia is organized as a hierarchy
that originates from a primitive hematopoietic cell. Nature medicine 3, 730-737.

Borthakur, G., Kantarjian, H., Daley, G., Talpaz, M., O'Brien, S., Garcia-Manero, G., Giles, F.,
Faderl, S., Sugrue, M., and Cortes, J. (20006). Pilot study of lonafarnib, a farnesyl
transferase inhibitor, in patients with chronic myeloid leukemia in the chronic or
accelerated phase that is resistant or refractory to imatinib therapy. Cancer 106, 346-352.

Brikos, C., Wait, R., Begum, S., O'Neill, L.A.]., and Saklatvala, J. (2007). Mass spectrometric
analysis of the endogenous type I interleukin-1 (IL-1) receptor signaling complex formed
after IL-1 binding identifies IL-1RAcP, MyD88, and IRAK-4 as the stable components.
Molecular & cellular proteomics 6, 1551-1559.

Broudy, V.C. (1997). Stem cell factor and hematopoiesis. Blood 90, 1345-1364.

Cancer Genome Atlas Research Network (2013a). Genomic and epigenomic landscapes of adult
de novo acute myeloid leukemia. The New England journal of medicine 368, 2059-2074.

Cancer Genome Atlas Research Network (2013b). The Cancer Genome Atlas Pan-Cancer analysis
project. Nature genetics 45, 1113-1120.

Carlesso, N., Frank, D.A., and Griffin, ].D. (1996). Tyrosyl phosphorylation and DNA binding
activity of signal transducers and activators of transcription (STAT) proteins in
hematopoietic cell lines transformed by Ber/Abl. The Journal of experimental medicine 183,
811-820.

50



Casnici, C., Volpe, G., Crotta, K., Panuzzo, C., Lattuada, D., Cabras, C.A., Longhi, R., Saglio,
G., and Marelli, O. (2011). Characterization of a monoclonal antibody specific for novel
Bcr/Abl out-of-frame fusion proteins. Hybridoma 30, 261-269.

Castor, A., Nilsson, L., Astrand-Grundstrom, 1., Buitenhuis, M., Ramirez, C., Anderson, K.,
Strombeck, B., Garwicz, S., Békdssy, A.N., Schmiegelow, K., Lausen, B., Hokland, P.,
Lehmann, S., Juliusson, G., Johansson, B., and Jacobsen, S.E.W. (2005). Distinct patterns
of hematopoietic stem cell involvement in acute lymphoblastic leukemia. Nature medicin

11, 630-637.

Chai, S.K., Nichols, G.L., and Rothman, P. (1997). Constitutive activation of JAKs and STATs in
BCR-Abl-expressing cell lines and peripheral blood cells derived from leukemic patients.
Journal of immunology 159, 4720-4728.

Chakraborty, S., Stark, J.M., Sun, C.-L., Modi, H., Chen, W., O'Connor, T.R., Forman, S.].,
Bhatia, S., and Bhatia, R. (2012). Chronic myelogenous leukemia stem and progenitor cells
demonstrate chromosomal instability related to repeated breakage-fusion-bridge cycles
mediated by increased nonhomologous end joining. Blood 119, 6187-6197.

Chen, Y., Hu, Y., Zhang, H., Peng, C., and Li, S. (2009). Loss of the Alox5 gene impairs leukemia
stem cells and prevents chronic myeloid leukemia. Nazure genetics 41, 783-792.

Cilloni, D., Messa, F., Arruga, F., Defilippi, I., Morotti, A., Messa, E., Carturan, S., Giugliano,
E., Pautasso, M., Bracco, E., Rosso, V., Sen, A., Martinelli, G., Baccarani, M., and Saglio,
G. (2006). The NF-kappaB pathway blockade by the IKK inhibitor PS1145 can overcome
imatinib resistance. Leukemia 20, 61-67.

Cobaleda, C., Gutiérrez-Cianca, N., Pérez-Losada, J., Flores, T., Garcia-Sanz, R., Gonzilez, M.,
and Sdnchez-Garcfa, 1. (2000). A primitive hematopoietic cell is the target for the leukemic
transformation in human philadelphia-positive acute lymphoblastic leukemia. Blood 95,
1007-1013.

Corbin, A.S., Agarwal, A., Loriaux, M., Cortes, J., Deininger, M.W., and Druker, B.J. (2011).
Human chronic myeloid leukemia stem cells are insensitive to imatinib despite inhibition
of BCR-ABL activity. The Journal of clinical investigation 121, 396-409.

Corbin, A.S., O'Hare, T., Gu, Z., Kraft, I.L., Eiring, A.M., Khorashad, J.S., Pomicter, A.D.,
Zhang, T.Y., Eide, C.A., Manley, P.W., Cortes, J.E., Druker, B.]J., and Deininger, M.W.
(2013). KIT signaling governs differential sensitivity of mature and primitive CML
progenitors to tyrosine kinase inhibitors. Cancer research 73, 5775-86.

Cortes, J., Albitar, M., Thomas, D., Giles, F., Kurzrock, R., Thibault, A., Rackoff, W., Koller, C.,
O'Brien, S., Garcia-Manero, G., Talpaz, M., and Kantarjian, H. (2003). Efficacy of the
farnesyl transferase inhibitor R115777 in chronic myeloid leukemia and other hematologic
malignancies. Blood 101, 1692-1697.

51



Cortes, J.E., Kantarjian, H., Shah, N.P., Bixby, D., Mauro, M.J., Flinn, 1., O'Hare, T., Hu, S.,
Narasimhan, N.I., Rivera, V.M., Clackson, T., Turner, C.D., Haluska, F.G., Druker, B.].,
Deininger, M.W.N., and Talpaz, M. (2012). Ponatinib in refractory Philadelphia
chromosome-positive leukemias. The New England journal of medicine 367, 2075-2088.

Cortez, D., Reuther, G., and Pendergast, A.M. (1997). The Bcr-Abl tyrosine kinase activates
mitogenic signaling pathways and stimulates G1-to-S phase transition in hematopoietic
cells. Oncogene 15, 2333-2342.

Cozzio, A., Passegué, E., Ayton, P.M., Karsunky, H., Cleary, M.L., and Weissman, I.L. (2003).
Similar MLL-associated leukemias arising from self-renewing stem cells and short-lived
myeloid progenitors. Genes & development 17, 3029-3035.

Cramer-Morales, K., Nieborowska-Skorska, M., Scheibner, K., Padget, M., Irvine, D.A.,,
Sliwinski, T, Haas, K., Lee, J., Geng, H., Roy, D., Slupianek, A., Rassool, F.V., Wasik,
M.A., Childers, W., Copland, M., Miischen, M., Civin, C.I., and Skorski, T. (2013).
Personalized synthetic lethality induced by targeting RAD52 in leukemias identified by
gene mutation and expression profile. Blood 122, 1293-1304.

Cullinan, E.B., Kwee, L., Nunes, P., Shuster, D.]J., Ju, G., Mclntyre, K.W., Chizzonite, R.A., and
Labow, M.A. (1998). IL-1 receptor accessory protein is an essential component of the IL-1
receptor. Journal of immunology 161, 5614-5620.

Daley, G.Q., Van Etten, R.A., and Baltimore, D. (1990). Induction of chronic myelogenous
leukemia in mice by the P210bcr/abl gene of the Philadelphia chromosome. Science 247,
824-830.

Dao, T., and Scheinberg, D.A. (2008). Peptide vaccines for myeloid leukaemias. Best practice &
research. Clinical haemarology 21, 391-404.

Dao, T., Yan, S., Veomett, N., Pankov, D., Zhou, L., Korontsvit, T., Scott, A., Whitten, J.,
Maslak, P., Casey, E., Tan, T., Liu, H., Zakhaleva, V., Curcio, M., Doubrovina, E.,
O'Reilly, R.]., Liu, C., and Scheinberg, D.A. (2013). Targeting the intracellular WT1
oncogene product with a therapeutic human antibody. Science translational medicine

176ra33.

Dash, A.B., Williams, I.R., Kutok, J.L., Tomasson, M.H., Anastasiadou, E., Lindahl, K., Li, S.,
Van Etten, R.A., Borrow, J., Housman, D., Druker, B., and Gilliland, D.G. (2002). A
murine model of CML blast crisis induced by cooperation between BCR/ABL and
NUP98/HOXAO. Proceedings of the National Academy of Sciences of the United States of
America 99, 7622-7627.

Diamond, J.M., and Melo, J.V. (2011). Mechanisms of resistance to BCR-ABL kinase inhibitors.
Leukemia & lymphoma 52 Suppl 1, 12-22.

52



Dick, J.E., and Lapidot, T. (2005). Biology of normal and acute myeloid leukemia stem cells.
International journal of hematology 82, 389-396.

Dirks, W.G., MacLeod, R.A.F., Nakamura, Y., Kohara, A., Reid, Y., Milch, H., Drexler, H.G.,
and Mizusawa, H. (2010). Cell line cross-contamination initiative: an interactive reference
database of STR profiles covering common cancer cell lines. International journal of cancer

126, 303-304.

Dorritie, K.A., McCubrey, J.A., and Johnson, D.E. (2013). STAT transcription factors in
hematopoiesis and leukemogenesis: opportunities for therapeutic intervention. Leukemia

Epub ahead of print.

Doulatov, S., Notta, F., Eppert, K., Nguyen, L.T., Ohashi, P.S., and Dick, J.E. (2010). Revised
map of the human progenitor hierarchy shows the origin of macrophages and dendritic
cells in early lymphoid development. Nature immunology 11, 585-593.

Doulatov, S., Notta, F., Laurenti, E., and Dick, J.E. (2012). Hematopoiesis: a human perspective.
Cell Stem Cel[ 10, 120-136.

Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. Nature reviews Cancer
3,11-22.

Drexler, H.G., Dirks, W.G., and MacLeod, R.A. (1999). False human hematopoietic cell lines:
cross-contaminations and misinterpretations. Leukemia 13, 1601-1607.

Druker, B., Okuda, K., Matulonis, U., Salgia, R., Roberts, T, and Griffin, ].D. (1992). Tyrosine
phosphorylation of rasGAP and associated proteins in chronic myelogenous leukemia cell
lines. Blood 79, 2215-2220.

Druker, B.J., Guilhot, F., O'Brien, S.G., Gathmann, ., Kantarjian, H., Gattermann, N.,
Deininger, M.W.N., Silver, R.T., Goldman, J.M., Stone, R.M., Cervantes, F., Hochhaus,
A., Powell, B.L., Gabrilove, J.L., Rousselot, P., Reiffers, J., Cornelissen, J.J., Hughes, T,
Agis, H., Fischer, T., Verhoef, G., Shepherd, J., Saglio, G., Gratwohl, A., Nielsen, J.L.,
Radich, J.P., Simonsson, B., Taylor, K., Baccarani, M., So, C., Letvak, L., Larson, R.A.,
IRIS investigators (2006). Five-year follow-up of patients receiving imatinib for chronic
myeloid leukemia. 7he New England journal of medicine 355, 2408-2417.

Druker, B.J., Talpaz, M., Resta, D.J., Peng, B., Buchdunger, E., Ford, J.M., Lydon, N.B.,
Kantarjian, H., Capdeville, R., Ohno-Jones, S., and Sawyers, C.L. (2001). Efficacy and
safety of a specific inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid leukemia.
The New England journal of medicine 344, 1031-1037.

Druker, B.J., Tamura, S., Buchdunger, E., Ohno, S., Segal, G.M., Fanning, S., Zimmermann, J.,

and Lydon, N.B. (1996). Effects of a selective inhibitor of the Abl tyrosine kinase on the
growth of Ber-Abl positive cells. Nature medicine 2, 561-566.

53



Duarte, R.F., and Frank, D.A. (2000). SCF and G-CSF lead to the synergistic induction of
proliferation and gene expression through complementary signaling pathways. Blood 96,
3422-3430.

Endo, T.A., Masuhara, M., Yokouchi, M., Suzuki, R., Sakamoto, H., Mitsui, K., Matsumoto, A.,
Tanimura, S., Ohtsubo, M., Misawa, H., Miyazaki, T., Leonor, N., Taniguchi, T., Fujita,
T., Kanakura, Y., Komiya, S., and Yoshimura, A. (1997). A new protein containing an
SH2 domain that inhibits JAK kinases. Nature 387, 921-924.

Eppert, K., Takenaka, K., Lechman, E.R., Waldron, L., Nilsson, B., van Galen, P., Metzeler,
K.H., Poeppl, A., Ling, V., Beyene, J., Canty, A.]., Danska, ].S., Bohlander, S.K., Buske,
C., Minden, M.D., Golub, T.R., Jurisica, I., Ebert, B.L., and Dick, J.E. (2011). Stem cell
gene expression programs influence clinical outcome in human leukemia. Nature medicine
17, 1086-1093.

Feinstein, E., Cimino, G., Gale, R.P., Alimena, G., Berthier, R., Kishi, K., Goldman, J., Zaccaria,
A., Berrebi, A., and Canaani, E. (1991). p53 in chronic myelogenous leukemia in acute
phase. Proceedings of the National Academy of Sciences of the United States of America 88,
6293-6297.

Feuring-Buske, M., Gerhard, B., Cashman, J., Humphries, R.K., Eaves, C.]., and Hogge, D.E.
(2003). Improved engraftment of human acute myeloid leukemia progenitor cells in beta 2-
microglobulin-deficient NOD/SCID mice and in NOD/SCID mice transgenic for human
growth factors. Leukemia 17, 760-763.

Fialkow, P.J., Denman, A.M., Jacobson, R.]., and Lowenthal, M.N. (1978). Chronic myelocytic
leukemia. Origin of some lymphocytes from leukemic stem cells. The Journal of clinical
investigation 62, 815-823.

Fialkow, P.]., Jacobson, R.J., and Papayannopoulou, T. (1977). Chronic myelocytic leukemia:
clonal origin in a stem cell common to the granulocyte, erythrocyte, platelet and
monocyte/macrophage. The American journal of medicine 63, 125-130.

Fitzgerald, K.A., and O'Neill, L.A. (2000). The role of the interleukin-1/Toll-like receptor
superfamily in inflammation and host defence. Microbes and infection 2, 933-943.

Friedman, A.D. (2007). Transcriptional control of granulocyte and monocyte development.
Oncogene 26, 6816-6828.

Gaiger, A., Henn, T., Hérth, E., Geissler, K., Mitterbauer, G., Maier-Dobersberger, T., Greinix,
H., Mannbhalter, C., Haas, O.A., Lechner, K., and Lion, T. (1995). Increase of bcr-abl
chimeric mRNA expression in tumor cells of patients with chronic myeloid leukemia
precedes disease progression. Blood 86, 2371-2378.

54



Gentles, A.J., Plevritis, S.K., Majeti, R., and Alizadeh, A.A. (2010). Association of a leukemic stem
cell gene expression signature with clinical outcomes in acute myeloid leukemia. The

Journal of the American Medical Association 304, 2706-2715.

Gerondakis, S., Banerjee, A., Grigoriadis, G., Vasanthakumar, A., Gugasyan, R., Sidwell, T., and
Grumont, R.J. (2012). NF-«B subunit specificity in hemopoiesis. /mmunological reviews
246, 272-285.

Gibbs, J.B., Oliff, A., and Kohl, N.E. (1994). Farnesyltransferase inhibitors: Ras research yields a
potential cancer therapeutic. Cell 77, 175-178.

Giebel, B., and Punzel, M. (2008). Lineage development of hematopoietic stem and progenitor
cells. Biological chemistry 389, 813—824.

Gishizky, M.L., Cortez, D., and Pendergast, A.M. (1995). Mutant forms of growth factor-binding
protein-2 reverse BCR-ABL-induced transformation. Proceedings of the National Academy of
Sciences of the United States of America 92, 10889-10893.

Golemovic, M., Verstovsek, S., Giles, F., Cortes, J., Manshouri, T., Manley, P.W., Mestan, J.,
Dugan, M., Alland, L., Griffin, J.D., Arlinghaus, R.B., Sun, T, Kantarjian, H., and Beran,
M. (2005). AMN107, a novel aminopyrimidine inhibitor of Bcr-Abl, has in vitro activity
against imatinib-resistant chronic myeloid leukemia. Clinical cancer research 11, 4941—

4947.

Gérgens, A., Radtke, S., Méllmann, M., Cross, M., Diirig, J., Horn, P.A., and Giebel, B. (2013).
Revision of the human hematopoietic tree: granulocyte subtypes derive from distinct
hematopoietic lineages. Cell Reports 3, 1539-1552.

Grossmann, V., Kohlmann, A., Zenger, M., Schindela, S., Eder, C., Weissmann, S., Schnittger, S.,
Kern, W., Miiller, M.C., Hochhaus, A., Haferlach, T., and Haferlach, C. (2011). A deep-
sequencing study of chronic myeloid leukemia patients in blast crisis (BC-CML) detects
mutations in 76.9% of cases. Leukemia 25, 557-560.

Grosveld, G., Verwoerd, T., van Agthoven, T, de Klein, A., Ramachandran, K.L., Heisterkamp,
N., Stam, K., and Groffen, J. (1986). The chronic myelocytic cell line K562 contains a
breakpoint in ber and produces a chimeric ber/c-abl transcript. Molecular and cellular

biology 6, 607-616.

Guzman, M.L., Neering, S.J., Upchurch, D., Grimes, B., Howard, D.S., Rizzieri, D.A., Luger,
S.M., and Jordan, C.T. (2001). Nuclear factor-kappaB is constitutively activated in
primitive human acute myelogenous leukemia cells. Blood 98, 2301-2307.

Guzman, M.L., Rossi, R-M., Karnischky, L., Li, X., Peterson, D.R., Howard, D.S., and Jordan,

C.T. (2005). The sesquiterpene lactone parthenolide induces apoptosis of human acute
myelogenous leukemia stem and progenitor cells. Blood 105, 4163-4169.

55



Guzman, M.L., Swiderski, C.F., Howard, D.S., Grimes, B.A., Rossi, R.M., Szilvassy, S.]., and
Jordan, C.T. (2002). Preferential induction of apoptosis for primary human leukemic stem
cells. Proceedings of the National Academy of Sciences of the United States of America 99,
16220-16225.

Hamdane, M., David-Cordonnier, M.H., and D'Halluin, J.C. (1997). Activation of p65 NE-
kappaB protein by p210BCR-ABL in a myeloid cell line (P210BCR-ABL activates p65
NF-kappaB). Oncogene 15, 2267-2275.

Hamilton, A., Helgason, G.V., Schemionek, M., Zhang, B., Myssina, S., Allan, E.K., Nicolini,
F.E., Miiller-Tidow, C., Bhatia, R., Brunton, V.G., Koschmieder, S., and Holyoake, T.L.
(2012). Chronic myeloid leukemia stem cells are not dependent on Bcr-Abl kinase activity
for their survival. Blood 119, 1501-1510.

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next generation. Ce// 144,
646-674.

Hancock, J.F., Paterson, H., and Marshall, C.J. (1990). A polybasic domain or palmitoylation is
required in addition to the CAAX motif to localize p21ras to the plasma membrane. Cel/
63, 133-139.

Hantschel, O., Warsch, W., Eckelhart, E., Kaupe, 1., Grebien, F., Wagner, K.-U., Superti-Furga,
G., and Sexl, V. (2012). BCR-ABL uncouples canonical JAK2-STATS signaling in chronic
myeloid leukemia. Nature chemical biology 8, 285-293.

Hakansson, P., Nilsson, B., Andersson, A., Lassen, C., Gullberg, U., and Fioretos, T. (2008).
Gene expression analysis of BCR/ABL1-dependent transcriptional response reveals
enrichment for genes involved in negative feedback regulation. Genes Chromosomes Cancer

47,267-275.

Heisterkamp, N., Stam, K., Groffen, J., de Klein, A., and Grosveld, G. (1985). Structural
organization of the ber gene and its role in the Ph' translocation. Nature 315, 758-761.

Hochhaus, A., Kreil, S., Corbin, A.S., La Rosée, P., Miiller, M.C., Lahaye, T., Hanfstein, B.,
Schoch, C., Cross, N.C.P., Berger, U., Gschaidmeier, H., Druker, B.J., and Hehlmann, R.
(2002). Molecular and chromosomal mechanisms of resistance to imatinib (STI571)
therapy. Leukemia 16, 2190-2196.

Hochhaus, A., O'Brien, S.G., Guilhot, F., Druker, B.]., Branford, S., Foroni, L., Goldman, J.M.,
Miiller, M.C., Radich, J.P., Rudoltz, M., Mone, M., Gathmann, 1., Hughes, T.P., Larson,
R.A., IRIS investigators (2009). Six-year follow-up of patients receiving imatinib for the
first-line treatment of chronic myeloid leukemia. Leukemia 23, 1054—1061.

Hoelbl, A., Kovacic, B., Kerenyi, M.A., Simma, O., Warsch, W., Cui, Y., Beug, H.,

Hennighausen, L., Moriggl, R., and Sexl, V. (2006). Clarifying the role of Stat5 in
lymphoid development and Abelson-induced transformation. Blood 107, 4898-4906.

56



Hoelbl, A., Schuster, C., Kovacic, B., Zhu, B., Wickre, M., Hoelzl, M.A., Fajmann, S., Grebien,
F., Warsch, W., Stengl, G., Hennighausen, L., Poli, V., Beug, H., Moriggl, R., and Sexl,
V. (2010). Stat5 is indispensable for the maintenance of ber/abl-positive leukaemia. EMBO
molecular medicine 2, 98—110.

Huettner, C.S., Koschmieder, S., Iwasaki, H., Iwasaki-Arai, J., Radomska, H.S., Akashi, K., and
Tenen, D.G. (2003). Inducible expression of BCR/ABL using human CD34 regulatory
elements results in a megakaryocytic myeloproliferative syndrome. Blood 102, 3363-3370.

Hughes, T.P., Hochhaus, A., Branford, S., Miiller, M.C., Kaeda, ].S., Foroni, L., Druker, B.].,
Guilhot, F., Larson, R.A., O'Brien, S.G., Rudoltz, M.S., Mone, M., Wehrle, E., Modur,
V., Goldman, J.M., Radich, J.P., IRIS investigators (2010). Long-term prognostic
significance of early molecular response to imatinib in newly diagnosed chronic myeloid
leukemia: an analysis from the International Randomized Study of Interferon and STI571

(IRIS). Blood 116, 3758-3765.

Huntly, B.J.P., Shigematsu, H., Deguchi, K., Lee, B.H., Mizuno, S., Duclos, N., Rowan, R.,
Amaral, S., Curley, D., Williams, I.R., Akashi, K., and Gilliland, D.G. (2004). MOZ-
TIF2, but not BCR-ABL, confers properties of leukemic stem cells to committed murine
hematopoietic progenitors. Cancer Cell 6, 587-596.

Iglesias-Gato, D., Chuan, Y.-C., Wikstrém, P., Augsten, S., Jiang, N., Niu, Y., Seipel, A.,
Danneman, D., Vermeij, M., Fernandez-Perez, L., Jenster, G., Egevad, L., Norstedt, G.,
and Flores-Morales, A. (2013). SOCS2 mediates the crosstalk between androgen and
growth hormone signaling in prostate cancer. Carcinogenesis Epub ahead of print.

Ilaria, R.L., and Van Etten, R.A. (1996). P210 and P190(BCR/ABL) induce the tyrosine
phosphorylation and DNA binding activity of multiple specific STAT family members.
The Journal of biological chemistry 271, 31704-31710.

Jabbour, E., and Kantarjian, H. (2012). Chronic myeloid leukemia: 2012 update on diagnosis,
monitoring, and management. American journal of hematology 87, 1037-1045.

Jabbour, E., Cortes, J., Santos, F.P.S., Jones, D., O'Brien, S., Rondon, G., Popat, U., Giral, S.,
Kebriaei, P., Jones, R.B., Kantarjian, H., Champlin, R., and de Lima, M. (2011). Results
of allogeneic hematopoietic stem cell transplantation for chronic myelogenous leukemia
patients who failed tyrosine kinase inhibitors after developing BCR-ABLI kinase domain
mutations. Blood 117, 3641-3647.

Jain, N., and van Besien, K. (2011). Chronic myelogenous leukemia: role of stem cell transplant in
the imatinib era. Hematology/oncology clinics of North America 25, 1025-1048.

Jamieson, C.H.M., Ailles, L.E., Dylla, S.J., Muijtjens, M., Jones, C., Zehnder, J.L., Gotlib, J., Li,
K., Manz, M.G., Keating, A., Sawyers, C.L., and Weissman, I.L. (2004). Granulocyte-
macrophage progenitors as candidate leukemic stem cells in blast-crisis CML. The New
England journal of medicine 351, 657-667.

57



Jirés, M., Johnels, P., Hansen, N., Agerstam, H., Tsapogas, P., Rissler, M., Lassen, C., Olofsson,
T., Bjerrum, O.W., Richter, J., and Fioretos, T. (2010). Isolation and killing of candidate
chronic myeloid leukemia stem cells by antibody targeting of IL-1 receptor accessory
protein. Proceedings of the National Academy of Sciences of the United States of America 107,
16280-16285.

Jiang, X., Zhao, Y., Smith, C., Gasparetto, M., Turhan, A., Eaves, A., and Eaves, C. (2007).
Chronic myeloid leukemia stem cells possess multiple unique features of resistance to BCR-
ABL targeted therapies. Leukemia 21, 926-935.

Johansson, B., Fioretos, T., and Mitelman, F. (2002). Cytogenetic and molecular genetic
evolution of chronic myeloid leukemia. Acta Haematol. 107, 76-94.

Kamitsuji, Y., Kuroda, J., Kimura, S., Toyokuni, S., Watanabe, K., Ashihara, E., Tanaka, H., Yui,
Y., Watanabe, M., Matsubara, H., Mizushima, Y., Hiraumi, Y., Kawata, E., Yoshikawa, T.,
Maekawa, T., Nakahata, T., and Adachi, S. (2008). The Bcr-Abl kinase inhibitor INNO-
406 induces autophagy and different modes of cell death execution in Ber-Abl-positive
leukemias. Cell death and differentiation. 15, 1712-1722.

Kantarjian, H., Giles, F., Wunderle, L., Bhalla, K., O'Brien, S., Wassmann, B., Tanaka, C,,
Manley, P., Rae, P., Mietlowski, W., Bochinski, K., Hochhaus, A., Griffin, J.D., Hoelzer,
D., Albitar, M., Dugan, M., Cortes, J., Alland, L., and Ottmann, O.G. (2006). Nilotinib
in imatinib-resistant CML and Philadelphia chromosome-positive ALL. The New England
Jjournal of medicine 354, 2542-2551.

Kantarjian, H., O'Brien, S., Jabbour, E., Garcia-Manero, G., Quintds-Cardama, A., Shan, J., Rios,
M.B., Ravandi, F., Faderl, S., Kadia, T., Borthakur, G., Huang, X., Champlin, R., Talpaz,
M., and Cortes, J. (2012). Improved survival in chronic myeloid leukemia since the
introduction of imatinib therapy: a single-institution historical experience. Blood 119,
1981-1987.

Karin, M., Cao, Y., Greten, F.R., and Li, Z.-W. (2002). NF-kappaB in cancer: from innocent
bystander to major culprit. Nature reviews Cancer 2, 301-310.

Kato, K., Cox, A.D., Hisaka, M.M., Graham, S.M., Buss, J.E., and Der, C.J. (1992). Isoprenoid
addition to Ras protein is the critical modification for its membrane association and
transforming activity. Proceedings of the National Academy of Sciences of the United States of
America 89, 6403—-6407.

Kawamoto, H., Ikawa, T., Masuda, K., Wada, H., and Katsura, Y. (2010). A map for lineage
restriction of progenitors during hematopoiesis: the essence of the myeloid-based model.
Immunological reviews, 238, 23-36.

Kirchner, D., Duyster, J., Ottmann, O., Schmid, R.M., Bergmann, L., and Munzert, G. (2003).

Mechanisms of Bcr-Abl-mediated NF-kappaB/Rel activation. Experimental hematology 31,
504-511.

58



Kobayashi, M., Laver, ].H., Kato, T, Miyazaki, H., and Ogawa, M. (1996). Thrombopoietin
supports proliferation of human primitive hematopoietic cells in synergy with steel factor
and/or interleukin-3. Blood 88, 429-436.

Kondo, M., Weissman, L.L., and Akashi, K. (1997). Identification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cel/ 91, 661-672.

Koschmieder, S., and Schemionek, M. (2011). Mouse models as tools to understand and study
BCR-ABL1 diseases. American journal of blood research 1, 65-75.

Koschmieder, S., Géttgens, B., Zhang, P., Iwasaki-Arai, J., Akashi, K., Kutok, J.L., Dayaram, T.,
Geary, K., Green, A.R., Tenen, D.G., and Huettner, C.S. (2005). Inducible chronic phase
of myeloid leukemia with expansion of hematopoietic stem cells in a transgenic model of
BCR-ABL leukemogenesis. Blood 105, 324-334.

Krebs, D.L., and Hilton, D.J. (2001). SOCS proteins: negative regulators of cytokine signaling.
Stem Cells 19, 378-387.

Krivtsov, A.V., Twomey, D., Feng, Z., Stubbs, M.C., Wang, Y., Faber, J., Levine, J.E., Wang, J.,
Hahn, W.C,, Gilliland, D.G., Golub, T.R., and Armstrong, S.A. (2006). Transformation
from committed progenitor to leukaemia stem cell initiated by MLL-AF9. Nature 442,
818-822.

Kuo, H.-P., Wang, Z., Lee, D.-F., Iwasaki, M., Duque-Afonso, J., Wong, S.H.K,, Lin, C.-H.,
Figueroa, M.E., Su, J., Lemischka, I.R., and Cleary, M.L. (2013). Epigenetic Roles of MLL
Oncoproteins Are Dependent on NF-«xB. Cancer Cell.

Lander, E.S., Linton, L.M., Birren, B., Nusbaum, C., Zody, M.C., Baldwin, J., Devon, K.,
Dewar, K., Doyle, M., FitzHugh, W., Funke, R., Gage, D., Harris, K., Heaford, A,
Howland, J., Kann, L., Lehoczky, J., LeVine, R., McEwan, P., McKernan, K., Meldrim, J.,
Mesirov, J.P., Miranda, C., Morris, W., Naylor, J., Raymond, C., Rosetti, M., Santos, R.,
Sheridan, A., Sougnez, C., Stange-Thomann, N., Stojanovic, N., Subramanian, A.,
Wyman, D., Rogers, J., Sulston, J., Ainscough, R., Beck, S., Bentley, D., Burton, J., Clee,
C., Carter, N., Coulson, A., Deadman, R., Deloukas, P., Dunham, A., Dunham, I.,
Durbin, R., French, L., Gratham, D., Gregory, S., Hubbard, T., Humphray, S., Hunt, A.,
Jones, M., Lloyd, C., McMurray, A., Matthews, L., Mercer, S., Milne, S., Mullikin, J.C.,
Mungall, A., Plumb, R., Ross, M., Shownkeen, R., Sims, S., Waterston, R.H., Wilson,
R.K., Hillier, L.W., McPherson, J.D., Marra, M.A., Mardis, E.R., Fulton, L.A., Chinwalla,
A.T., Pepin, K.H., Gish, W.R., Chissoe, S.L., Wendl, M.C., Delehaunty, K.D., Miner,
T.L., Delehaunty, A., Kramer, J.B., Cook, L.L., Fulton, R.S., Johnson, D.L., Minx, P.]J.,
Clifton, S.W., Hawkins, T., Branscomb, E., Predki, P., Richardson, P., Wenning, S.,
Slezak, T., Doggett, N., Cheng, J.F., Olsen, A., Lucas, S., Elkin, C., Uberbacher, E.,
Frazier, M., Gibbs, R.A., Muzny, D.M., Scherer, S.E., Bouck, J.B., Sodergren, E.J.,
Worley, K.C., Rives, C.M., Gorrell, J.H., Metzker, M.L., Naylor, S.L., Kucherlapati, R.S.,
Nelson, D.L., Weinstock, G.M., Sakaki, Y., Fujiyama, A., Hattori, M., Yada, T, Toyoda,
A, Ttoh, T., Kawagoe, C., Watanabe, H., Totoki, Y., Taylor, T., Weissenbach, J., Heilig,

59



R., Saurin, W., Artiguenave, F., Brottier, P., Bruls, T., Pelletier, E., Robert, C., Wincker,
P., Smith, D.R., Doucette-Stamm, L., Rubenfield, M., Weinstock, K., Lee, H.M., Dubois,
J., Rosenthal, A., Platzer, M., Nyakatura, G., Taudien, S., Rump, A., Yang, H., Yu, J.,
Wang, J., Huang, G., Gu, J., Hood, L., Rowen, L., Madan, A., Qin, S., Davis, RW.,
Federspiel, N.A., Abola, A.P., Proctor, M.J., Myers, R-.M., Schmutz, J., Dickson, M.,
Grimwood, J., Cox, D.R., Olson, M.V., Kaul, R., Raymond, C., Shimizu, N., Kawasaki,
K., Minoshima, S., Evans, G.A., Athanasiou, M., Schultz, R., Roe, B.A., Chen, F., Pan,
H., Ramser, J., Lehrach, H., Reinhardt, R., McCombie, W.R., la Bastide, de, M., Dedhia,
N., Blocker, H., Hornischer, K., Nordsiek, G., Agarwala, R., Aravind, L., Bailey, J.A,,
Bateman, A., Batzoglou, S., Birney, E., Bork, P., Brown, D.G., Burge, C.B., Cerutt, L.,
Chen, H.C., Church, D., Clamp, M., Copley, R.R., Doerks, T., Eddy, S.R., Eichler, E.E.,
Furey, T.S., Galagan, J., Gilbert, J.G., Harmon, C., Hayashizaki, Y., Haussler, D.,
Hermjakob, H., Hokamp, K., Jang, W., Johnson, L.S., Jones, T.A., Kasif, S., Kaspryzk, A.,
Kennedy, S., Kent, W.]., Kitts, P., Koonin, E.V., Korf, I, Kulp, D., Lancet, D., Lowe,
T.M., McLysaght, A., Mikkelsen, T., Moran, J.V., Mulder, N, Pollara, V.]., Ponting,
C.P., Schuler, G., Schultz, J., Slater, G., Smit, A.F., Stupka, E., Szustakowski, J., Thierry-
Mieg, D., Thierry-Mieg, J., Wagner, L., Wallis, J., Wheeler, R., Williams, A., Wolf, Y.I.,
Wolfe, K.H., Yang, S.P., Yeh, R.E., Collins, F., Guyer, M.S., Peterson, J., Felsenfeld, A.,
Wetterstrand, K.A., Patrinos, A., Morgan, M.],, de Jong, P., Catanese, J.J., Osoegawa, K.,
Shizuya, H., Choi, S., Chen, Y.J., Szustakowki, ]., International Human Genome
Sequencing Consortium (2001). Initial sequencing and analysis of the human genome.
Nature 409, 860-921.

Lapidot, T., Sirard, C., Vormoor, J., Murdoch, B., Hoang, T., Caceres-Cortes, J., Minden, M.,
Paterson, B., Caligiuri, M.A., and Dick, J.E. (1994). A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature 367, 645—648.

le Viseur, C., Hotfilder, M., Bomken, S., Wilson, K., Réttgers, S., Schrauder, A., Rosemann, A.,
Irving, J., Stam, R.-W., Shultz, L.D., Harbotg, J., Jiirgens, H., Schrappe, M., Pieters, R.,
and Vormoor, J. (2008). In childhood acute lymphoblastic leukemia, blasts at different
stages of immunophenotypic maturation have stem cell properties. Cancer Cell 14, 47-58.

Lewis, I.D., McDiarmid, L.A., Samels, L.M., To, L.B., and Hughes, T.P. (1998). Establishment
of a reproducible model of chronic-phase chronic myeloid leukemia in NOD/SCID mice
using blood-derived mononuclear or CD34+ cells. Blood 91, 630-640.

Li, C.L., and Johnson, G.R. (1994). Stem cell factor enhances the survival but not the self-renewal
of murine hematopoietic long-term repopulating cells. Blood 84, 408—414.

Li, S., Ilaria, R.L., Million, R.P., Daley, G.Q., and Van Etten, R.A. (1999). The P190, P210, and
P230 forms of the BCR/ABL oncogene induce a similar chronic myeloid leukemia-like
syndrome in mice but have different lymphoid leukemogenic activity. The Journal of
experimental medicine 189 1399-1412.

60



Linnekin, D., Keller, J.R., Ferris, D.K., Mou, S.M., Broudy, V., and Longo, D.L. (1995). Stem
cell factor induces phosphorylation of a 200 kDa protein which associates with c-kit.
Growth Factors 12, 57-67.

Lounnas, N., Frelin, C., Gonthier, N., Colosetti, P., Sirvent, A., Cassuto, J.-P., Berthier, F.,
Sirvent, N., Rousselot, P., Dreano, M., Peyron, ].-F., and Imbert, V. (2009). NF-kappaB
inhibition triggers death of imatinib-sensitive and imatinib-resistant chronic myeloid
leukemia cells including T3151 Ber-Abl mutants. International journal of cancer 125, 308—
317.

Lowry, P.A., Shultz, L.D., Greiner, D.L., Hesselton, R.M., Kittler, E.L., Tiarks, C.Y., Rao, S.S.,
Reilly, J., Leif, J.H., Ramshaw, H., Stewart, F.M., and Quesenberry, P.J. (1996). Improved
engraftment of human cord blood stem cells in NOD/LtSz-scid/scid mice after irradiation
or multiple-day injections into unirradiated recipients. Biology of blood and marrow
transplantation 2, 15-23.

Lu, Z., Jin, Y., Chen, C,, Li, J., Cao, Q., and Pan, J. (2010). Pristimerin induces apoptosis in
imatinib-resistant chronic myelogenous leukemia cells harboring T315I mutation by
blocking NF-kappaB signaling and depleting Bcr-Abl. Molecular cancer 9, 112.

Lugo, T.G., Pendergast, A.M., Muller, A.]., and Witte, O.N. (1990). Tyrosine kinase activity and
transformation potency of ber-abl oncogene products. Science 247, 1079-1082.

Mahon, F.-X., Rea, D., Guilhot, J., Guilhot, F., Huguet, F., Nicolini, F., Legros, L., Charbonnier,
A., Guerci, A., Varet, B., Etienne, G., Reiffers, J., Rousselot, P., Intergroupe Frangais des
Leucémies Myéloides Chroniques (2010). Discontinuation of imatinib in patients with
chronic myeloid leukaemia who have maintained complete molecular remission for at least

2 years: the prospective, multicentre Stop Imatinib (STIM) trial. The lancet oncology 11,
1029-1035.

Makishima, H., Jankowska, A.M., McDevitt, M.A., O'Keefe, C., Dujardin, S., Cazzolli, H.,
Przychodzen, B., Prince, C., Nicoll, J., Siddaiah, H., Shaik, M., Szpurka, H., Hsi, E.,
Advani, A., Paquette, R., and Maciejewski, ]J.P. (2011). CBL, CBLB, TET2, ASXL1, and
IDH1/2 mutations and additional chromosomal aberrations constitute molecular events in
chronic myelogenous leukemia. Blood 117, ¢198—¢206.

Manz, M.G., Miyamoto, T., Akashi, K., and Weissman, I.L. (2002). Prospective isolation of
human clonogenic common myeloid progenitors. Proceedings of the National Academy of
Sciences of the United States of America 99, 11872-11877.

Maslak, P.G., Dao, T., Gomez, M., Chanel, S., Packin, J., Korontsvit, T., Zakhaleva, V., Pinilla-
Ibarz, J., Berman, E., and Scheinberg, D.A. (2008). A pilot vaccination trial of synthetic
analog peptides derived from the BCR-ABL breakpoints in CML patients with minimal
disease. Leukemia 22, 1613-1616.

61



Maslak, P.G., Dao, T., Krug, L.M., Chanel, S., Korontsvit, T., Zakhaleva, V., Zhang, R.,
Wolchok, J.D., Yuan, J., Pinilla-Ibarz, J., Berman, E., Weiss, M., Jurcic, J., Frattini, M.G.,
and Scheinberg, D.A. (2010). Vaccination with synthetic analog peptides derived from
WT1 oncoprotein induces T-cell responses in patients with complete remission from acute

myeloid leukemia. Blood 116, 171-179.

Merante, S., Orlandi, E., Bernasconi, P., Calatroni, S., Boni, M., and Lazzarino, M. (2005).
Outcome of four patients with chronic myeloid leukemia after imatinib mesylate
discontinuation. Haematologica 90, 979-981.

Mes-Masson, A.M., McLaughlin, J., Daley, G.Q., Paskind, M., and Witte, O.N. (1986).
Overlapping cDNA clones define the complete coding region for the P210c-abl gene
product associated with chronic myelogenous leukemia cells containing the Philadelphia
chromosome. Proceedings of the National Academy of Sciences of the United States of America
83, 9768-9772.

Metcalf, D., and Nicola, N.A. (1991). Direct proliferative actions of stem cell factor on murine
bone marrow cells in vitro: effects of combination with colony-stimulating factors.
Proceedings of the National Academy of Sciences of the United States of America 88, 6239—
6243.

Mishima, Y., Terui, Y., Mishima, Y., Taniyama, A., Kuniyoshi, R., Takizawa, T., Kimura, S.,
Ozawa, K., and Hatake, K. (2008). Autophagy and autophagic cell death are next targets
for elimination of the resistance to tyrosine kinase inhibitors. Cancer Science. 99, 2200~
2208.

Mitelman, F., Levan, G., Nilsson, P.G., and Brandt, L. (1976). Non-random karyotypic evolution
in chronic myeloid leukemia. /nternational journal of cancer 18, 24-30.

Morris, J.C., and Waldmann, T.A. (2009). Antibody-based therapy of leukaemia. Expert reviews in
molecular medicine 11, €29.

Mullighan, C.G. (2013). Genome sequencing of lymphoid malignancies. Blood Epub ahead of
print.

Mullighan, C.G., Miller, C.B., Radtke, I, Phillips, L.A., Dalton, J., Ma, J., White, D., Hughes,
T.P., Le Beau, M.M,, Pui, C.-H., Relling, M.V., Shurtleff, S.A., and Downing, J.R.
(2008). BCR-ABL1 lymphoblastic leukaemia is characterized by the deletion of Tkaros.
Nature 453, 110-114.

Nagasu, T., Yoshimatsu, K., Rowell, C., Lewis, M.D., and Garcia, A.M. (1995). Inhibition of

human tumor xenograft growth by treatment with the farnesyl transferase inhibitor B956.
Cancer research 55, 5310-5314.

62



Naka, T., Narazaki, M., Hirata, M., Matsumoto, T., Minamoto, S., Aono, A., Nishimoto, N.,
Kajita, T., Taga, T, Yoshizaki, K., Akira, S., and Kishimoto, T. (1997). Structure and
function of a new STAT-induced STAT inhibitor. Nature 387, 924-929.

Nicolini, F.E., Cashman, J.D., Hogge, D.E., Humphries, R.K., and Eaves, C.]J. (2004).
NOD/SCID mice engineered to express human IL-3, GM-CSF and Steel factor
constitutively mobilize engrafted human progenitors and compromise human stem cell
regeneration. Leukemia 18, 341-347.

Nilsson, L., Astrand-Grundstrom, 1., Arvidsson, 1., Jacobsson, B., Hellstrom-Lindberg, E., Hast,
R., and Jacobsen, S.E. (2000). Isolation and characterization of hematopoietic
progenitor/stem cells in 5q-deleted myelodysplastic syndromes: evidence for involvement at
the hematopoietic stem cell level. Blood 96, 2012-2021.

Nowell, P.C., and Hungerford, D. (1960). A minute chromosome in human granulocytic
leukemia. Science 132, 1497.

Nowicki, M.O., Falinski, R., Koptyra, M., Slupianek, A., Stoklosa, T, Gloc, E., Nieborowska-
Skorska, M., Blasiak, J., and Skorski, T. (2004). BCR/ABL oncogenic kinase promotes
unfaithful repair of the reactive oxygen species-dependent DNA double-strand breaks.
Blood 104, 3746-3753.

O'Hare, T., Shakespeare, W.C., Zhu, X., Eide, C.A., Rivera, V.M., Wang, F., Adrian, L.T., Zhou,
T., Huang, W.-S., Xu, Q., Metcalf, C.A., Tyner, J.W., Loriaux, M.M., Corbin, A.S.,,
Wardwell, S., Ning, Y., Keats, J.A., Wang, Y., Sundaramoorthi, R., Thomas, M., Zhou,
D., Snodgrass, J., Commodore, L., Sawyer, T.K., Dalgarno, D.C., Deininger, M.W.N.,
Druker, B.J., and Clackson, T. (2009). AP24534, a pan-BCR-ABL inhibitor for chronic
myeloid leukemia, potently inhibits the T315] mutant and overcomes mutation-based
resistance. Cancer Cell 16, 401—412.

O'Neill, L.A.J. (2008). The interleukin-1 receptor/Toll-like receptor superfamily: 10 years of
progress. Immunological reviews. 226, 10—18.

Ogawa, M. (1993). Differentiation and proliferation of hematopoietic stem cells. Blood 81, 2844—
2853.

Pearce, D.J., Taussig, D., Zibara, K., Smith, L.-L., Ridler, C.M., Preudhomme, C., Young, B.D.,
Rohatiner, A.Z., Lister, T.A., and Bonnet, D. (2006). AML engraftment in the
NOD/SCID assay reflects the outcome of AML: implications for our understanding of the
heterogeneity of AML. Blood 107, 1166-1173.

Pellicano, F., Sinclair, A., and Holyoake, T L. (2011). In search of CML stem cells' deadly
weakness. Current hematologic malignancy reports 6, 82—87.

Pendergast, A.M., Quilliam, L.A., Cripe, L.D., Bassing, C.H., Dai, Z., Li, N., Batzer, A., Rabun,
K.M., Der, C.J., and Schlessinger, J. (1993). BCR-ABL-induced oncogenesis is mediated

63



by direct interaction with the SH2 domain of the GRB-2 adaptor protein. Cel/ 75, 175—
185.

Piessevaux, J., Lavens, D., Montoye, T., Wauman, J., Catteeuw, D., Vandekerckhove, J., Belsham,
D., Peelman, F., and Tavernier, J. (2006). Functional cross-modulation between SOCS
proteins can stimulate cytokine signaling. The Journal of biological chemistry 281, 32953~
32966.

Prochazka, M., Gaskins, H.R., Shultz, L.D., and Leiter, E.H. (1992). The nonobese diabetic scid
mouse: model for spontaneous thymomagenesis associated with immunodeficiency.
Proceedings of the National Academy of Sciences of the United States of America. 89, 3290—
3294.

Quentmeier, H., Geffers, R., Jost, E., Macleod, R.A.F., Nagel, S., Réhrs, S., Romani, J., Scherr,
M., Zaborski, M., and Drexler, H.G. (2008). SOCS2: inhibitor of JAK2V617F-mediated
signal transduction. Leukemia 22, 2169-2175.

Raitano, A.B., Halpern, J.R., Hambuch, T.M., and Sawyers, C.L. (1995). The Bcr-Abl leukemia
oncogene activates Jun kinase and requires Jun for transformation. Proceedings of the
National Academy of Sciences of the United States of America 92, 11746-11750.

Randolph, T.R. (2005). Chronic myelocytic leukemia--Part I: History, clinical presentation, and
molecular biology. Clinical laboratory science 18, 38—48.

Reuther, J.Y., Reuther, G.W., Cortez, D., Pendergast, A.M., and Baldwin, A.S. (1998). A
requirement for NF-kappaB activation in Ber-Abl-mediated transformation. Genes &
development. 12, 968-981.

Reya, T., Morrison, S.J., Clarke, M.F., and Weissman, I.L. (2001). Stem cells, cancer, and cancer
stem cells. Nature 414, 105-111.

Ross, D.M., Branford, S., Seymour, J.F., Schwarer, A.P., Arthur, C., Yeung, D.T., Dang, P.,
Goyne, J.M., Slader, C,, Filshie, R.J., Mills, A.K., Melo, J.V., White, D.L., Grigg, A.P.,
and Hughes, T.P. (2013). Safety and efficacy of imatinib cessation for CML patients with
stable undetectable minimal residual disease: results from the TWISTER study. Blood 122,
515-522.

Rousselot, P., Huguet, F., Rea, D., Legros, L., Cayuela, ].M., Maarek, O., Blanchet, O., Marit,
G., Gluckman, E., Reiffers, J., Gardembas, M., and Mahon, F.-X. (2007). Imatinib
mesylate discontinuation in patients with chronic myelogenous leukemia in complete
molecular remission for more than 2 years. Blood 109, 58-60.

Rowley, J.D. (1973). Letter: A new consistent chromosomal abnormality in chronic myelogenous

leukaemia identified by quinacrine fluorescence and Giemsa staining. Nature 243, 290—
293.

64



Sakai, N., Ogiso, Y., Fujita, H., Watari, H., Koike, T, and Kuzumaki, N. (1994). Induction of
apoptosis by a dominant negative H-RAS mutant (116Y) in K562 cells. Experimental cell
research 215, 131-136.

Samanta, A.K., Chakraborty, S.N., Wang, Y., Kantarjian, H., Sun, X., Hood, J., Perrotti, D., and
Arlinghaus, R.B. (2009). Jak2 inhibition deactivates Lyn kinase through the SET-PP2A-
SHP1 pathway, causing apoptosis in drug-resistant cells from chronic myelogenous
leukemia patients. Oncogene 28, 1669-1681.

Sawyers, C.L. (1999). Chronic myeloid leukemia. The New England journal of medicine 340,
1330-1340.

Sawyers, C.L., McLaughlin, J., and Witte, O.N. (1995). Genetic requirement for Ras in the
transformation of fibroblasts and hematopoietic cells by the Ber-Abl oncogene. The Journal
of experimental medicine. 181, 307-313.

Schindler, T., Bornmann, W., Pellicena, P., Miller, W.T., Clarkson, B., and Kuriyan, J. (2000).
Structural mechanism for STI-571 inhibition of abelson tyrosine kinase. Science 289,
1938-1942.

Schultheis, B., Carapeti-Marootian, M., Hochhaus, A., Weisser, A., Goldman, J.M., and Melo,
J.V. (2002). Overexpression of SOCS-2 in advanced stages of chronic myeloid leukemia:
possible inadequacy of a negative feedback mechanism. Blood 99, 1766-1775.

Sepp-Lorenzino, L., Ma, Z., Rands, E., Kohl, N.E., Gibbs, J.B., Oliff, A., and Rosen, N. (1995).
A peptidomimetic inhibitor of farnesyl:protein transferase blocks the anchorage-dependent
and -independent growth of human tumor cell lines. Cancer research 55, 5302-5309.

Sexl, V., Piekorz, R., Moriggl, R., Rohrer, J., Brown, M.P., Bunting, K.D., Rothammer, K.,
Roussel, M.F., and Ihle, J.N. (2000). Stat5a/b contribute to interleukin 7-induced B-cell

precursor expansion, but abl- and ber/abl-induced transformation are independent of stat5.
Blood 96, 2277-2283.

Shah, N.P., Tran, C,, Lee, F.Y., Chen, P., Norris, D., and Sawyers, C.L. (2004). Overriding
imatinib resistance with a novel ABL kinase inhibitor. Science 305, 399—401.

Shtivelman, E., Lifshitz, B., Gale, R.P., and Canaani, E. (1985). Fused transcript of abl and ber
genes in chronic myelogenous leukaemia. Nazure 315, 550-554.

Shuai, K., Halpern, J., Hoeve, ten, J., Rao, X., and Sawyers, C.L. (1996). Constitutive activation
of STAT5 by the BCR-ABL oncogene in chronic myelogenous leukemia. Oncogene 13,
247-254.

Shultz, L.D., Lyons, B.L., Burzenski, L.M., Gott, B., Chen, X., Chaleff, S., Kotb, M., Gillies,

S.D., King, M., Mangada, J., Greiner, D.L., and Handgretinger, R. (2005). Human
lymphoid and myeloid cell development in NOD/LtSz-scid IL2R gamma null mice

65



engrafted with mobilized human hemopoietic stem cells. Journal of immunology 174, 6477—
6489.

Sill, H., Goldman, J.M., and Cross, N.C. (1995). Homozygous deletions of the p16 tumor-
suppressor gene are associated with lymphoid transformation of chronic myeloid leukemia.
Blood 85, 2013-2016.

Socolovsky, M., Fallon, A.E., Wang, S., Brugnara, C., and Lodish, H.F. (1999). Fetal anemia and
apoptosis of red cell progenitors in Stat5a-/-5b-/- mice: a direct role for Stat5 in Bel-X(L)
induction. Cel/ 98, 181-191.

Socolovsky, M., Nam, H., Fleming, M.D., Haase, V.H., Brugnara, C., and Lodish, H.F. (2001).
Ineffective erythropoiesis in Stat5a(-/-)5b(-/-) mice due to decreased survival of early
erythroblasts. Blood 98, 3261-3273.

Talpaz, M., Shah, N.P., Kantarjian, H., Donato, N., Nicoll, J., Paquette, R., Cortes, J., O'Brien,
S., Nicaise, C., Bleickardt, E., Blackwood-Chirchir, M.A., Iyer, V., Chen, T.-T., Huang,
F., Decillis, A.P., and Sawyers, C.L. (2006). Dasatinib in imatinib-resistant Philadelphia
chromosome-positive leukemias. 7he New England journal of medicine 354, 2531-2541.

Tanizaki, R., Nomura, Y., Miyata, Y., Minami, Y., Abe, A., Hanamura, A., Sawa, M., Murata, M.,
Kiyoi, H., Matsushita, T, and Naoe, T. (2010). Irrespective of CD34 expression, lineage-
committed cell fraction reconstitutes and re-establishes transformed Philadelphia
chromosome-positive leukemia in NOD/SCID/IL-2Rgammac-/- mice. Cancer science. 101,

631-638.

Tannahill, G.M,, Elliott, J., Barry, A.C., Hibbert, L., Cacalano, N.A., and Johnston, J.A. (2005).
SOCS2 can enhance interleukin-2 (IL-2) and IL-3 signaling by accelerating SOCS3
degradation. Molecular and cellular biology 25, 9115-9126.

Tauchi, T., Boswell, H.S., Leibowitz, D., and Broxmeyer, H.E. (1994). Coupling between
p210bcr-abl and Shc and Grb2 adaptor proteins in hematopoietic cells permits growth
factor receptor-independent link to ras activation pathway. The Journal of experimental
medicine 179, 167-175.

Taussig, D.C., Miraki-Moud, F., Anjos-Afonso, F., Pearce, D.]., Allen, K., Ridler, C., Lillington,
D., Oakervee, H., Cavenagh, J., Agrawal, S.G., Lister, T.A., Gribben, J.G., and Bonnet, D.
(2008). Anti-CD38 antibody-mediated clearance of human repopulating cells masks the
heterogeneity of leukemia-initiating cells. Blood 112, 568-575.

Taussig, D.C., Vargaftig, J., Miraki-Moud, F., Griessinger, E., Sharrock, K., Luke, T, Lillington,
D., Oakervee, H., Cavenagh, ]J., Agrawal, S.G., Lister, T.A., Gribben, ]J.G., and Bonnet, D.
(2010). Leukemia-initiating cells from some acute myeloid leukemia patients with mutated
nucleophosmin reside in the CD34(-) fraction. Blood 115, 1976-1984.

66



Teglund, S., McKay, C., Schuetz, E., van Deursen, J.M., Stravopodis, D., Wang, D., Brown, M.,
Bodner, S., Grosveld, G., and Thle, J.N. (1998). Stat5a and Stat5b proteins have essential
and nonessential, or redundant, roles in cytokine responses. Cel/ 93, 841-850.

Thoren, L.A,, Liuba, K., Bryder, D., Nygren, ].M,, Jensen, C.T., Qian, H., Antonchuk, ]., and
Jacobsen, S.E.W. (2008). Kit regulates maintenance of quiescent hematopoietic stem cells.
Journal of immunology 180, 2045-2053.

van Rhenen, A., Feller, N., Kelder, A., Westra, A.H., Rombouts, E., Zweegman, S., van der Pol,
M.A., Waisfisz, Q., Ossenkoppele, G.J., and Schuurhuis, G.J. (2005). High stem cell
frequency in acute myeloid leukemia at diagnosis predicts high minimal residual disease
and poor survival. Clinical cancer research 11, 6520-6527.

Vardiman, ]J.W., Thiele, J., Arber, D.A., Brunning, R.D., Borowitz, M.J., Porwit, A., Harris,
N.L., Le Beau, M.M., Hellstrém-Lindberg, E., Tefferi, A., and Bloomfield, C.D. (2009).
The 2008 revision of the World Health Organization (WHO) classification of myeloid
neoplasms and acute leukemia: rationale and important changes. Blood 114, 937-951.

Venter, J.C., Adams, M.D., Myers, E.-W., Li, P.W., Mural, R.J., Sutton, G.G., Smith, H.O.,
Yandell, M., Evans, C.A., Holt, R.A., Gocayne, J.D., Amanatides, P., Ballew, R M.,
Huson, D.H., Wortman, J.R., Zhang, Q., Kodira, C.D., Zheng, X.H., Chen, L., Skupski,
M., Subramanian, G., Thomas, P.D., Zhang, J., Gabor Miklos, G.L., Nelson, C., Broder,
S., Clark, A.G., Nadeau, J., McKusick, V.A., Zinder, N., Levine, A.]., Roberts, R.J.,
Simon, M., Slayman, C., Hunkapiller, M., Bolanos, R., Delcher, A., Dew, 1., Fasulo, D.,
Flanigan, M., Florea, L., Halpern, A., Hannenhalli, S., Kravitz, S., Levy, S., Mobarry, C,,
Reinert, K., Remington, K., Abu-Threideh, J., Beasley, E., Biddick, K., Bonazzi, V.,
Brandon, R., Cargill, M., Chandramouliswaran, I., Charlab, R., Chaturvedi, K., Deng, Z.,
Di Francesco, V., Dunn, P., Eilbeck, K., Evangelista, C., Gabrielian, A.E., Gan, W., Ge,
W., Gong, F., Gu, Z., Guan, P., Heiman, T.J., Higgins, M.E., Ji, R.R., Ke, Z., Ketchum,
KA, Lai, Z., Lei, Y., Li, Z,, Li, J., Liang, Y., Lin, X., Lu, F., Merkulov, G.V., Milshina,
N., Moore, H.M., Naik, A.K., Narayan, V.A., Neelam, B., Nusskern, D., Rusch, D.B.,
Salzberg, S., Shao, W., Shue, B., Sun, J., Wang, Z., Wang, A., Wang, X., Wang, J., Wei,
M., Wides, R., Xiao, C., Yan, C., Yao, A,, Ye, J., Zhan, M., Zhang, W., Zhang, H., Zhao,
Q., Zheng, L., Zhong, F., Zhong, W., Zhu, S., Zhao, S., Gilbert, D., Baumhueter, S.,
Spier, G., Carter, C., Cravchik, A., Woodage, T., Ali, F., An, H., Awe, A., Baldwin, D.,
Baden, H., Barnstead, M., Barrow, ., Beeson, K., Busam, D., Carver, A., Center, A.,
Cheng, M.L., Curry, L., Danaher, S., Davenport, L., Desilets, R., Dietz, S., Dodson, K.,
Doup, L., Ferriera, S., Garg, N., Gluecksmann, A., Hart, B., Haynes, J., Haynes, C.,
Heiner, C., Hladun, S., Hostin, D., Houck, ]J., Howland, T., Ibegwam, C., Johnson, J.,
Kalush, F., Kline, L., Koduru, S., Love, A., Mann, F., May, D., McCawley, S., Mclntosh,
T., McMullen, L., Moy, M., Moy, L., Murphy, B., Nelson, K., Pfannkoch, C., Pratts, E.,
Puri, V., Qureshi, H., Reardon, M., Rodriguez, R., Rogers, Y.H., Romblad, D., Ruhfel, B.,
Scott, R., Sitter, C., Smallwood, M., Stewart, E., Strong, R., Suh, E., Thomas, R., Tint,
N.N,, Tse, S., Vech, C., Wang, G., Wetter, J., Williams, S., Williams, M., Windsor, S.,
Winn-Deen, E., Wolfe, K., Zaveri, J., Zaveri, K., Abril, J.F., Guigé, R., Campbell, M.].,
Sjolander, K.V, Karlak, B., Kejariwal, A., Mi, H., Lazareva, B., Hatton, T, Narechania,

67



A., Diemer, K., Muruganujan, A., Guo, N, Sato, S., Bafna, V., Istrail, S., Lippert, R.,
Schwartz, R., Walenz, B., Yooseph, S., Allen, D., Basu, A., Baxendale, J., Blick, L.,
Caminha, M., Carnes-Stine, J., Caulk, P., Chiang, Y.H., Coyne, M., Dahlke, C., Mays, A.,
Dombroski, M., Donnelly, M., Ely, D., Esparham, S., Fosler, C., Gire, H., Glanowski, S.,
Glasser, K., Glodek, A., Gorokhov, M., Graham, K., Gropman, B., Harris, M., Helil, J.,
Henderson, S., Hoover, J., Jennings, D., Jordan, C., Jordan, J., Kasha, J., Kagan, L., Kraft,
C., Levitsky, A., Lewis, M., Liu, X., Lopez, J., Ma, D., Majoros, W., McDaniel, J.,
Murphy, S., Newman, M., Nguyen, T., Nguyen, N., Nodell, M., Pan, S., Peck, J.,
Peterson, M., Rowe, W, Sanders, R., Scott, J., Simpson, M., Smith, T, Sprague, A,
Stockwell, T., Turner, R., Venter, E., Wang, M., Wen, M., Wu, D., Wu, M,, Xia, A,
Zandieh, A., and Zhu, X. (2001). The sequence of the human genome. Science 291, 1304—
1351.

Wagner, K., Zhang, P., Rosenbauer, F., Drescher, B., Kobayashi, S., Radomska, H.S., Kutok, J.L.,
Gilliland, D.G., Krauter, J., and Tenen, D.G. (2006). Absence of the transcription factor
CCAAT enhancer binding protein alpha results in loss of myeloid identity in ber/abl-
induced malignancy. Proceedings of the National Academy of Sciences of the United States of
America 103, 6338—6343.

Wang, J.C., Lapidot, T., Cashman, J.D., Doedens, M., Addy, L., Sutherland, D.R., Nayar, R.,
Laraya, P., Minden, M., Keating, A., Eaves, A.C., Eaves, C.J., and Dick, J.E. (1998). High
level engraftment of NOD/SCID mice by primitive normal and leukemic hematopoietic
cells from patients with chronic myeloid leukemia in chronic phase. Blood 91, 2406-2414.

Warsch, W., Walz, C., and Sexl, V. (2013). JAK of all trades: JAK2-STATYS as novel therapeutic
targets in BCR-ABL1+ chronic myeloid leukemia. Blood 122, 2167-2175.

Wei, W., Huang, H., Zhao, S., Liu, W., Liu, C.-X,, Chen, L., Li, ].-M., Wu, Y.-L., and Yan, H.
(2013). Alantolactone induces apoptosis in chronic myelogenous leukemia sensitive or
resistant to imatinib through NF-«B inhibition and Bcr/Abl protein deletion. Apoptosis 18,
1060-1070.

Wilson-Rawls, J., Liu, ., Laneuville, P., and Arlinghaus, R.B. (1997). P210 Ber-Abl interacts with
the interleukin-3 beta ¢ subunit and constitutively activates Jak2. Leukemia 11 Suppl 3,
428-431.

Yamamoto, K., Nakamura, Y., Saito, K., and Furusawa, S. (2000). Expression of the
NUP98/HOXA9 fusion transcript in the blast crisis of Philadelphia chromosome-positive
chronic myelogenous leukaemia with t(7;11)(p15;p15). British journal of haematology 109,
423-426.

Wunderlich, M., Chou, F.-S., Link, K.A., Mizukawa, B., Perry, R.L., Carroll, M., and Mulloy,

J.C. (2010). AML xenograft efficiency is significantly improved in NOD/SCID-IL2RG
mice constitutively expressing human SCF, GM-CSF and IL-3. Leukemia 24, 1785-1788.

68



Ye, D., Wolff, N., Li, L., Zhang, S., and Ilaria, R.L. (2006). STATS5 signaling is required for the
efficient induction and maintenance of CML in mice. Blood 107, 4917—4925.

Zhang, B., Ho, Y.W., Huang, Q., Maeda, T, Lin, A,, Lee, S.-U., Hair, A., Holyoake, T.L.,
Huettner, C., and Bhatia, R. (2012). Altered microenvironmental regulation of leukemic
and normal stem cells in chronic myelogenous leukemia. Cancer Cell 21, 577-592.

Zhang, B., Li, M., McDonald, T., Holyoake, T.L., Moon, R.T., Campana, D., Shultz, L., and
Bhatia, R. (2013). Microenvironmental protection of CML stem and progenitor cells from
tyrosine kinase inhibitors through N-cadherin and Wnt-B-catenin signaling. Blood 121,
1824-1838.

Zhang, X., and Ren, R. (1998). Bcr-Abl efficiently induces a myeloproliferative disease and
production of excess interleukin-3 and granulocyte-macrophage colony-stimulating factor
in mice: a novel model for chronic myelogenous leukemia. Blood 92, 3829-3840.

Zhao, C., Xiu, Y., Ashton, ]., Xing, L., Morita, Y., Jordan, C.T., and Boyce, B.F. (2012a).
Noncanonical NF-kB signaling regulates hematopoietic stem cell self-renewal and
microenvironment interactions. Stem Cells 30, 709-718.

Zhao, L.-]., Wang, Y.-Y,, Li, G., Ma, L.-Y., Xiong, S.-M., Weng, X.-Q., Zhang, W.-N., Wu, B.,
Chen, Z., and Chen, S.-]J. (2012b). Functional features of RUNXI1 mutants in acute
transformation of chronic myeloid leukemia and their contribution to inducing murine

full-blown leukemia. Blood 119, 2873—-2882.

Zhu, X., Wang, L., Zhang, B., Li, J., Dou, X., and Zhao, R.C. (2011). TGF-betal-induced
PI3K/Akt/NF-kappaB/MMP?9 signalling pathway is activated in Philadelphia

chromosome-positive chronic myeloid leukaemia hemangioblasts. Journal of biochemistry,

149, 405-414.

69




 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     Always
     1
     1
            
       D:20130204111345
       677.4803
       G5 169x239
       Blank
       479.0551
          

     1
     Tall
     722
     245
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     Always
     1
     1
            
       D:20130204111345
       677.4803
       G5 169x239
       Blank
       479.0551
          

     1
     Tall
     722
     245
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     Always
     1
     1
            
       D:20130204111345
       677.4803
       G5 169x239
       Blank
       479.0551
          

     1
     Tall
     722
     245
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.654 x 9.409 inches / 169.0 x 239.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20130204111345
       677.4803
       G5 169x239
       Blank
       479.0551
          

     Tall
     1
     0
     No
     771
     335
    
     None
     Down
     28.3465
     0.0000
            
                
         Both
         68
         AllDoc
         82
              

       CurrentAVDoc
          

     Uniform
     42.5197
     Left
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     0
     113
     112
     113
      

   1
  

 HistoryList_V1
 qi2base





