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ABSTRACT

The BCR-ABL1 oncoprotein, resulting from t(9;22) Philadelphia chromosome
translocation, is the direct cause of chronic myeloid leukemia (CML) andi$oaisd in
some acute B-lymphoblastic leukemia {PRALL) patients. While allogenic stem cell
transplantation can cure Fleukemias, this procedure is risky, costly, and associated
with graft-versus-host-disease. The standard initial therapy for CMtasite kinase
inhibitors (TKIs), but they are ineffective in patients with advanced stagedibf Ph
B-ALL, or acquired TKI resistance. Furthermore, relapse frequentwrs after
discontinuation of TKIs, likely due to residual leukemia-initiating cellC&)l It is
therefore important to identify signaling pathways critical to the patlesigof the Ph
leukemias, as they represent potential novel therapeutic targets feuRmia and to

overcome resistance to TKIs.

To understand the functional role of NB-in BCR-ABL1-mediated myeloid and
lymphoid leukemogenesis in anvivo system, we engineered retroviruses co-expressing
BCR-ABLL1 with either a super-repressor mutant formx&d (IkBaSR) or kinase-
inactive forms of kB kinase (IKKaKM or IKK BKM) to inhibit NF-«B signaling with
BCR-ABLL1 using retroviral bone marrow transduction/transplantation mousesraide
Ph" leukemias. We observed that impaired RB-signaling prolongs the survival of
CML and B-ALL in mice suggesting that Né&B is activated by BCR-ABLL1 in part
through the canonical IKK pathway, and validating RE-and IKKs as therapeutic

targets for Phleukemias.



To interrogate the role of the nuclear, active forr-gatenin in leukemogenesis
mediated by BCR-ABL1in the development and maintenance of leukemia-ngtcails
(LICs) of CML in myeloid blast crisis, we co-expressed constitutiveliva-catenin
with BCR-ABL1 using several different strategies in the retroviral
transduction/transplantation model. We found that ateatenin impairs both myeloid
and lymphoid leukemogenesis mediated by BCR-ABL1. These results show that the
hematopoiesis defect resulting from expression of aftivatenin in normal progenitors

cannot be overcome or rescued by BCR-ABL1.

In summary, this thesis provides better understanding of the mechanistic
contributions of NF<B andp-catenin to BCR-ABL1-mediated leukemogenesis. The
data presented herein argue for &Fas a potential therapeutic target in thé Ph
leukemias and provides initial insight into the rolgafatenin in BCR-ABL1-mediated

leukemogenesis.
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Chapter 1.

General Introduction



1.1 THE BCR-ABL1 ONCOGENE

1.1.1 Discovery of BCR-ABL1

BCR-ABLL1 is a dysregulated tyrosine kinase resulting from fusion of the
breakpoint cluster regioBCR gene on chromosome 22 to Abelson murine leukemia
viral (v-abl) homolog 1 ABL1) gene on chromosome 9. Through years of studies, we
now know that BCR-ABLL is the direct cause of chronic myeloid leukemia (CML) and
can be found in ~20% of patients with B-acute lymphoblastic leukemia (B-ALLadt w
in1960 that Peter Nowell and David Hungerford first associated the expressishat a
abnormal G-group chromosome with CML (Nowell and Hungerford, 1960). Since this
discovery in the city of Philadelphia, the abnormal chromosome has been designated
the Philadelphia (Ph) chromosome, which was revealed later by Janet Rowethe
result of a balanced translocation between chromosomes 9 and 22, t(9;22) (Rowley,
1973). In 1980, Nora Heisterkamp, John Groffen and colleagues provided molecular
characterizations of the Ph chromosome, as they identified the genes involved in
translocation abnormality areABL 1 proto-oncogene on chromosome 9 &@Rgene
on chromosome 22 (de Klein et al., 1982; Groffen et al., 1984; Heisterkamp et al., 1983).
The fusion generated a new geBER-ABL1 whose transcript can be found across
patients with CML (Shtivelman et al., 1985; Stam et al., 1985). Furtheévo
experiments in 1990 demonstrated that BCR-ABL1 was a protein-tyrosine Wingse
et al., 1990) that is necessary and sufficient to induce CML, as lethally irchdiate
recipients mice transplanted with donor cells expressing BCR-ABL1 dede@idé-

like disease (Daley et al., 1990; Kelliher et al., 1990)



1.1.2 Variants of BCR-ABL1

Three variants of BCR-ABL1 named after the respective distinct malegidsses
of the resulting polypeptides have been identified, depending on the breakpoints region
within BCR gene. These variants include different transcriptional regiodB€ Bfbut
they all have ABL1-derived sequences starting from exon 2 (Figure 1.1kpBrets
within minor breakpoint cluster region (m-bcr) of BCR results in fusion of BGR éx
to ABL1 (ela2 mRNA), which generates a 190 kDa (p190) form of BCR-ABLL1 (also
referred to as p185 in some references). Breakpoints within the Major breaklpsiet
region (M-bcr) result in a p210 form of BCR-ABL1 (e13a2 or el4a2 fusion mRNASs,
containing exons 1-13 or -14 BCR), while the third break point cluster regianriicr)
generates a p230 isoform of BCR-ABL1 (e19a2 mRNA, derived from exons 1-19 of the
BCRgene). The p190 form of BCR-ABL1 is commonly found in two-thirds SfAtL
cases, while p230 BCR-ABL1 can be observed in patients with chronic neutrophilic
leukemia (CNL), a milder phenotypic variant of CML. This thesis will focus onesudi
involving the p210 form of BCR-ABL1, which is the direct cause of CML and can be

found in one-third of PhB-ALL patients (Goldman and Melo, 2003; Li et al., 1999a).
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Figure 1.1 Schematic representation dBCR and ABL1 genes and

the breakpoint cluster regions TheBCRgene contains 23 exons
while theABLL gene contains 11 exons. The three breakpoint cluster
regions (m-bcr, M-bcr and-bcr) are indicated. The combination of
breakpoints iBCRandABL1generates three different forms of BCR-
ABL1 polypeptides with different molecular masses. While m-bcr
breakpoints generate the p190 form of BCR-ABL1, M-bcr jatr
breakpoints give rise to the p210 and p230 forms of BCR-ABL1,

respectively. (Figure adapted from (Quintas-Cardama and Cortes,
2009)



1.1.3 Structure of BCR-ABL1

BCR

TheBCR(breakpoint cluster region) gene, located on chromosome 22, encodes a BCR
protein with 1271 amino acids and 160 kDa molecular mass. The protein is ubiquitously
expressed in the cytoplasm and does not have intrinsic oncogenic activity. The N-
terminal part of BCR contains a coiled-coil (CC) domain responsibleifgorokrization

of BCR-ABL1 (McWhirter et al., 1993) and a unique serine—threonine kinase activity
(Maru and Witte, 1991). The center part of the BCR protein contains a domain with
guanine nucleotide exchange factor (GEF) activity for Rho GTPase @4tdeminus of

BCR has GTPase activating protein (GAP) homology domain forBG@Rnull mice

have been generated and show no defect in development of hematopoietic tissues or in
lymphopoiesis. However, neutrophils isolated frBor null mice showed an increased

respiratory burst due to deregulation of Rac expression (Diekmann et al., 1991).

c-ABL1[

The ABL family of proteins belong to non-receptor tyrosine kinases, consisting of
c-ABL1 (Abelson tyrosine kinase, ABL1) and its homolog, ARG (Abl-related gene, or
ABL2). c-ABL1gene is the human homologue of thabl-oncogene, a fusion oncogene
betweergag gene of M-MuLV and mouse-Abl, carried by the Abelson murine

leukemia virus (A-MuLV) (Abelson and Rabstein, 1976)ABL1is located on human



chromosome 9 and contains 11 exons. Due to alternative splicing of 5’ exons, two
isoforms of c-ABL1 are encoded with molecular weight of 145 kDa (types la and Ib
ABL1, or types | and IV c-Abl in mice). Type Ib c-ABL1 is covalently moetifiby
myristoyl fatty acid at its NHterminal glycine residue (Jackson and Baltimore, 1989)
and expressed at higher level than type la, which is not myristoylated (QUar@ama

and Cortes, 2009).

c-ABL1 shares many similarities with another non-receptor tyrosine ki6&e,
and with its homolog ARG. They both share SRC-homology 2 (SH2), SH3, and SH1
(catalytic) domains at N-terminus, but c-ABL1 has a nuclear-localizatgnal (NLS), a
nuclear-export signal (NES) and an actin-binding domain within its C+tesfVan
Etten et al., 1994). In response to physiological stimuli, c-ABL1 can shuttle back and
forth between the nucleus (Van Etten et al., 1989) and the cytoplasm to interdet with
actin cytoskeleton (Van Etten, 1999). While cytoplasmic c-ABL1 may plalearr
regulating cell adhesion and migration, several studies have pointed out the role of
nuclear c-ABL1 in regulating the cell cycle (Van Etten, 1999). Like BERBLL1 is
ubiquitously expressed in most tissues and does not have intrinsic oncogenic #stivity.
tyrosine kinase activity is tightly regulated by phosphorylation status okeggrosine
residues (Brasher and Van Etten, 2000; Plattner et al., 1999), N-terminal sedBérices
et al., 2002) and by other cellular inhibitors interacting with its SH3 domain (Rmastier

et al., 1991a; Wen and Van Etten, 1997) .

Two different strains o-Abl1 null mice were generated to study the physiological

function of c-Abl1 (Schwartzberg et al., 1991; Tybulewicz et al., 1991). The micetexhibi



poor postnatal viability, thymic and splenic atrophy. They seems to have normal
myelopoiesis but have defects in lymphopoiesis and spermatogenesis (Khatanda

1998)

BCR-ABL1

The structure of the p210 form of the BCR-ABL1 oncoprotein has been extensively
studied and is illustrated in Figure 1The coiled-coil (CC) domain at the N-terminal
part of the BCR region is preserved from the BCR protein and is responsible for
oligomerization of BCR-ABL1, which is required for autophosphorylation and
interrupting autoinhibition of BCR-ABL1 mediated by interaction between SRC-
homology 3 (SH3) and SH2 domain within ABL1 region (Smith et al., 2003). A critical
tyrosine residue (Y177) in the BCR portion of the fusion protein is responsible for
interacting with an adaptor protein, growth factor receptor-bound prot&@nb2)
(Pendergast et al., 1993b). Phosphoserine and phosphothreonine residues within the N-
terminal part of BCR are also important in recruiting SH2 domain containingrgote
(Pendergast et al., 1991b). The kinase domain within the ABL1 region, containing the
ATP binding site and a Tyr1294 residue required for autophosphorylation and activation
of BCR-ABL1, is the most critical part of oncoprotein (Pendergast et al., 1993a)
ProXXPro motifs downstream of kinase domain function as binding sites for SH3
domain-containing proteins, such as c-CRK and CRaller et al., 1994). The-
terminal actin-binding domain is responsible for regulating cell adhesioredimdatility

(Goldman and Melo, 2003; Quintas-Cardama and Cortes, 2009)
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Figure 1.2.Schematic representation of the structure of BC-ABL1 kinase. The
oncoprotein results from fusion of BCR (pink) to ABL1 (greditje BCR region
contains a coiled-coil domain (CC) for oligomerization, aftha GTP-GDP
exchange-factor (GEF) domain. Tyrosine 177 (Y177) and phosphoserine and
phosphotheronine (P-S/T) sequences at the N-terminal part of BCR are responsible
for recruiting Grb2 and other SH2 domain-containing adapter proteins. The SH3
domain of ABL1 plays a role in maintaining kinase in its inactive state, whichecan b
interrupted by oligomerization through CC domain followed by autophosphorylation
at Tyrosines 1127 and 1294 (Y1127, Y1294). DNA and actin binding domains from
original ABL1 are preserved at C-terminus of BCR-ABLL1.



1.1.4 Downstream signaling of BCR-ABL1

Through interaction with its core proteins, BCR-ABL1 activates several signal
molecules and pathways in Plrukemia cells. As mentioned above, BCR-ABL1 Y177 is
stoichiometrically phosphorylated in leukemic cells, probably as a consequence of
autophosphorylation, and is responsible for recruiting adaptor peRBR-associated
binding protein 2 (GAB2) via Grb2/Gab2 complex (Sattler et al., 2002), which causes
activation of phosphatidylinositol 3-kinase (PI3K)/ AKT (Skorski et al., 1997; Skorski e
al., 1995). Grb2 can also recruit son of sevenless (SOS), a guanine nucleotide exchange
factor, resulting in activation of RAS and extracellular signal-reguilistease (ERK)
pathways (Cortez et al., 1997; Sawyers et al., 1995). On the other hand, activation of
SRC family kinases (SFKs) by BCR-ABL1 contributes to the pathogeneBis &-ALL
but not of CML (Hu et al., 2004b). Signal transducer and activation of transcription 5
(STATS) is a latent transcription factor that is phosphorylated and activptBGR-

ABL1 (llaria and Van Etten, 1996). Recent studies have demonstrated that abrogation of
STATS5 completely abolishes CML-like MPN in murine retroviral bone marrow
transduction/transplantation model of CML (Hoelbl et al., 2010; Walz et al., 2009). The
net outcome of deregulation of cellular signaling networking by BCR-ABLltsem
increased cell proliferation, reduced apoptosis and decreased adherendeud?hic

cells to bone marrow stroma, all of which are postulated to drive leukemaogygnBéi

patients.



1.2 CHRONIC MYELOID LEUKEMIA (CML) AND B-CELL ACUTE

LYMPHOBLASTIC LEUKEMIA  (B-ALL)

1.2.1 Pathological features of CML

CML, with overproduction of maturing neutrophils in blood, bone marrow and
peripheral tissues, affects 1 to 2 people per 100,000 and counts for 7-20% cases of
leukemia (Perrotti et al., 2010). In 1951, Dameshek first classified it as one of
myeloproliferative neoplasms (MPNs) along with polycythemia verg,(E3sential
thrombocythemia (ET), and primary myelofibrosis (PMF) (Dameshek, 1951)e Thes

disease share several common features:

e They are derived from hematopoietic stem cells or early progenitors

e They are characterized with normal differentiation of hematopoiesis but

with over production of specific lineage of mature myeloid cells
e The diseases share abnormalities of hemostasis and thrombosis.

e The diseases have tendency of progressing to acute leukemia

As described earlier, the transcription product of thecRlomosome, BCR-ABL1,
has been shown to be the direct cause of CML, but how thenRbmosome
translocation occurs in the first place remains unclear. Previous expo$iuga-dose
radiation increases the risk of developing CML, suggesting that DNA damgbée mi
predispose to the Plranslocation (Goldman and Melo, 2003; Preston et al., 1994). The
clinical course of CML has been characterized into three phases: chraeierated and

blast crisis. The chronic phase (CP) can last for months or years. Besigeermg such
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as increased circulating white blood cell (WBC) count due to massive expansion of
differentiated mature myeloid cells (median WBC 100,00p(Savage et al., 1997),
patients may present with fatigue, weight loss, unusually bleeding, saeeaisia,
splenomegaly, or platelet count above 600,000 to 700,.D0The peripheral blood

smear in patients with CML typically shows normal myelopoiesis from myaststo
mature neutrophils, with normal morphology. However, the neutrophils in CML patients
have reduced leukocyte alkaline phosphatase (LAP, or NAP). The LAP scoraulsrusef
distinguishing leukocytosis resulted from infection or polycythemia verh,dfothich

have higher LAP scores.

The disease is manageable at the chronic phase with standard theragestizee
1.4), but may progress to advanced stages including accelerated phase (BB3tand
crisis phases (BC), which are characterized as increasing undiiegzdrieukemic blasts
accumulating in peripheral blood or bone marrow. Patients at CML-AP have aniedi
2 year survival and are diagnosed with having one or more of the following symptoms

and laboratory abnormalities (Cortes et al., 2006):

e 5-19% blasts in the peripheral blood or bone marrow

e Peripheral blood basophits20%

e Platelets <100,000/mL, unrelated to therapy, or >1,000,000/mL, unresponsive to
therapy

e Progressive splenomegaly and increasing white cell count, unresponsive to
therapy

e Cytogenetic evolution with new chromosomal abnormalities besides Philadelphia

chromosome
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Patients may bypass CML-AP, and progress directly to the blast crises fpbiasthe
chronic phase. Blast crisis is the final phase in the evolution of CML, which is
characterized by the following criteria:

e >20% blast cells in the bone marrow
e Extramedullary infiltration of blasts in liver and/or spleen

e Large foci or clusters of blasts found in bone marrow biopsy

Patients in blast crisis are generally refractory to treatgpeoker et al., 2001a),
with a median survival of approximately 6 months (Perrotti et al., 2010). The leukemic
cells in most BC patients have a myeloblastic phenotype, but approximately 25% of

patients have pre-B lymphoblasts similar to B-ALL.

1.2.2 Pathological features of PhB-ALL

Patients with B-ALL or CML at the stage of lymphoid blast crisis shardasimi
characteristics with overgrowth of immature lymphoid cells in bone marra@2t>are
blasts), blood and lymphoid organs and extrameduallary infiltration (Retratt, 2010;
Wong and Witte, 2004). Patients typically have other symptoms such as fever, anemia,
thrombocytopenia, fatigue, spontaneous bleeding, and infections. Some patientsomay al
exhibit hepatomegaly, splenomegaly, and lymphadenopathy. Since CML-lymphoid blast
crisis (CML-LBC) is the disease transition from myeloid lineage to lyntptisease, the
presence of overproduction of myeloid cells (40%) along with significant amount of
lymphoid blasts (60%) in bone marrow or peripheral blood aspirate from patients is

usually used to distinguish whether patients haveBRALL or CML-LBC.
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About 25% of B-ALL patients have the Ph chromosome. While one-third of
patients express the p210 form of BCR-ABLL1, the other two-third of patients have the
p190 form of BCR-ABL1. Recent studies showed a high proportion oBR&LLs have
mutation of thdKZF1 or Pax5genes, both of which are transcription factors regulating

normal B-cell development (lacobucci et al., 2010; Mullighan et al., 2008).

1.2.3 Detection of the Plckhromosome

Although patients with Pheukemias can be diagnosed with a peripheral blood smear or
bone marrow biopsy, advanced techniques such as cytogenetic analysis pkagyoty
fluorescence in situ hybridization (FISH) analysis, or reverse tratiscripolymerase

chain reaction (RT-PCR) are used to further confirm the expressBGR{ABLIfusion

gene or transcript. These detection methods are also used to evaluate tloé effec

therapies (see section 1.4.1).

1.3MOUSE MODELS TO STUDY PH* LEUKEMIAS

Although severain vitro studies have provided much knowledge regarding the
molecular biology of BCR-ABL1, the complex nature of leukemia cannot be adgquate
modeled in cell culture systems. In order to have complete understanding of
pathophysiology of BCR-ABL1-meidated leukemias, expression of the oneayéme
hematopoietic system of a living organism is required. Therefore, threedpsouse
models to study BCR-ABL1-induced leukemias have been developed: BCR-ABL1
transgenic mouse models, xenotransplantation of human leukemia cells, and retroviral

bone marrow transduction/transplantation mouse models.
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1.3.1 Transgenic mouse models

The first transgenic mouse model of BCR-ABL1, which developed acute myeloid
or lymphoid leukemia, was first generated in 1990 using the p190 form of BCR-ABL1,
(Heisterkamp et al., 1990). The development of transgenic models using the p210 form
of BCR-ABL1 was initially hindered by embryonic lethality caused by trenst
expression of BCR-ABL1 controlled IBCRpromoter (Heisterkamp et al., 1991). This
hurdle was later overcome by the replaceme®@Rpromoter with metallothionein
(MT) promoter/enhancer (Honda et al., 1995) and the development of BCR-ABL1
inducible transgenic mice using a conditional tet-off system (Huettraér, €000).

However, both modifications result in mice that develop B-lymphoblastic leukemia but
not myeloid leukemia. To develop transgenic mice with CML, Honda et al. replaced the
MT promoter with the promoter aécgene (cytoplasmic kinase preferentially expressed
in hematopoietic precursor cells) to drive expression of BCR-ABL1 (Honda £9648),

while Huettner and colleagues developed BCR-ABL1-inducible transgenic ntice wi
control of enhancer from thaurine stem cell leukemi@CL)gene. In both approaches,
CML-like myeloproliferative disease can be observed in transgenic progenies

(Koschmieder et al., 2005).

Although transgenic mice of CML are easy to produce by breeding and they
express BCR-ABL1 at physiological relevant level, a few drak$atill exist, making
them less suitable for some types of studies. First, the diseasa takggr time to
develop in this model, making them more cumbersome for some therapeutic evaluations.

In addition, new transgenic lines need to be made in order to study the leukemaogfenesis
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different mutant forms of BCR-ABLL1. Besides, it will be difficult to use genet
approaches to verify downstream target proteins of BCR-ABL1 and theit effeh

leukemogenesis.

1.3.2 Xenotransplantation of human leukemia cells into NOD/SCID mice

To monitor leukemogenesis of human CML cells in physiological conditions,
CD34 cells were purified from the peripheral blood or bone marrow of patients with
CML and transplanted into sublethally irradiated NOD/SCID mice (Hidyesa al.,

1999; Wang et al., 1998). Both normal and leukemic cells were found to successfully
repopulate recipient mice. Although these recipient mice did not develop lethalikML
disease, this model allows the evaluation of the effect of pharmacolodidators on
primitive human leukemic cells in a physiological environment (Heaney, @0410). It is
not clear why human leukemic cells do not induce lethal disease in recipienbuatice
residual immunity in recipient mice might control disease progression ofrhienleemic
cells. NOD/SCID mice have relatively low levels of natural killer {Nlls and are
deficient in T and B cells. Other lines of immuodeficient mice have beeredreat
reduce host immunity and improve engraftment potential of human cells.
NOD/SCID/IL2Ry™" mice were developed recently, lacking functional common IL-2
receptory chain (Shultz et al., 2005). This line of immuodeficient mouse does not have
mature lymphocytes, NK cells and have severed impairments in innate immuaeldt
be interesting to see if using NOD/SCID/ILZ¥' mice as the recipient would improve

disease development by human leukemic cells in mice.
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1.3.3 Retroviral bone marrow transduction/transplantation mouse model of Ph

leukemia

To have a more complete understanding of BCR-ABL1-mediated leukemias, our
laboratory and others have established retroviral bone marrow
transduction/transplantation mouse models to faithfully study the pathogenksimari
CML or PH B-ALL in mice. The initial efforts date from 1990 (Daley et al., 1990), with
subsequent several modifications to improve efficiency to induce CML-like MPN in
mice, including changing the retroviral vector backbone, improving the titetroviral
vectors, and changing conditions for bone marrow transduction (Li et al., 1999a; Pear et

al., 1998).

When 5-FU-pretreated donor bone marrow is transduced with a retrovirus
expressing BCR-ABLL1 in the presence of myeloid cytokines, transducedarejimg
BCR-ABL1—expressing retroviral provirus can initiate CML-IiN following transfer
into irradiated recipient mice within 4-7 weeks after transplantatiguy& 1.3) (Li et al.,
1999a; Van Etten, 2002). The disease that develops in mice shares many pathologic
features of human CML, with elevated white blood cell count, splenomegaly angaenass
expansion of Gr-1land Mac-1 cells in bone marrow, spleen, liver, and peripheral blood
of diseased mice. After serial transplantation, the original CML-likeadis observed in
primary recipients can progress into acute myeloid or lymphoid leukemia in secondar
and tertiary recipients (Daley et al., 1991; Pear et al., 1998). Severatdtadeslater

provided evidence that it is BCR-ABL1 expressing HSCs, but not committed myeloid
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progenitors, that initiate CML-like disease in this CML mouse model (Hu et al., 2006;

Huntly et al., 2004; Naka et al., 2010).

Even though the retroviral bone marrow transduction/transplantation model induces
CML-like MPN sharing several similarities with human CML-CP, theme several
features of murine CML that are dissimilar to human CML. While pulmonary
hemorrhage is a rare complication in human CML, it is often the cause of death in murine
CML. Unlike human CML that is monoclonal, murine CML-like MPN is polyclonal
disease. The difference in clonality contribute to the rapid and lethasdipeagression
seen in this model, which can be prolonged in recipients transplanted with feRer BC

ABL1-transduced donor cells (Jiang et al., 2003).

We have also developed a mouse model to study leukemogenesisBefARh in
mice. When bone marrow from donors who have not been treated with 5-FU is
transduced with retrovirus expressing BCR-ABL1, transduced donor cells cateiBi
ALL in irradiated recipient mice within 5-7 weeks (Figure 1.4). Diseased mith B-
ALL are characterized by circulating malignant BRihd B220 cells in peripheral
blood, lymphadenopathy, moderate splenomegaly and hemorrhagic malignant pleural
effusion (Roumiantsev et al., 2001; Van Etten, 2002). Hu et al. further showed that BCR-

ABL1-expressing pro-B cells are the cells that initiate B-ALL icer(Hu et al., 2006).

Both retroviral bone marrow transduction/transplantation models of CML and B-
ALL provide several advantages to study Riukemias. By replacing wild type with
mutant forms of BCR-ABL1 lacking specific domains or carrying point trarns, we

now have a better understanding of how individual domains/residues contribute to Ph
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leukemogenesis (Li et al., 1999a; Million and Van Etten, 2000; Roumiantsev et al., 2001,
Smith et al., 2003). In addition, the presenc&RESin the retroviral vector allows for
simultaneous expression of BCR-ABL1 and other genes of interest to study their
relationship in leukemogenesis. The pathological effects of BCR-ABL1 apdritser

proteins can also be studied by using donor or recipient bone marrow from mice with
targeted genetic mutations, which has been used to determine internal roal eetfect

of specific signaling molecule (Krause et al., 2006). Finally, the relahioe latency and
efficient induction of Phleukemias in this mouse model provide a platform to evaluate
the effect of immunological (Krause et al., 2006) or pharmacological (ChanzaHl)

regimens in treating Pheukemias.
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Figure 1.3. Retroviral bone marrow trasnsduction/transplantaion mouse moel

of CML. (A) To induce CML-like MPN in mice, bone marrow from donor mice

treated with 5-FU was harvested and transduced with retrovirus expresstig BC
ABL1/GFP in the presence of myeloid cytokines, followed by transplantation into
irradiated syngeneic mice. Recipients usually develop CML-like MRNin4-7

weeks, with several symptoms such as lung hemorrhage (C) and massive expansion of
myeloid (Gr-I and Mac-1) cells in peripheral blood (E, F). Photomicrograph of
H&E-stained lung section (B, C) and peripheral blood smear (D, E, Wrightdaiem

stain) of normal mouse (B, D) or recipient with CML-like MPN (C, (). FACS

analysis of leukemic cells in peripheral blood of representative mouse withli€&/L-

MPN, showing the majority of leukemic cells (GFRvere also Gr-1and Mac-1.
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Figure 1.4.Retroviral bone marrow transduction/ transplantation mouse

model of Ph" B-ALL. (A) Bone marrow from donors without 5-FU pretreatment
was harvested and transduced with retrovirus expressing BCR-ABL1/GFP.
Transduced marrow was transplantation into syngeneic irradiated micpieReci
usually develop B-ALL within 5-7 week&) FACS analysis of leukemic cells in
pleural effusion from mice that developed B-ALL, showing leukemic cells ([GFP

were also B-1" anc B22C".
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1.4CURRENT TREATMENT FOR BCR-ABL1" LEUKEMIA

1.4.1 Measuring response to treatment

Three criteria have been used to measure the effect of therapies irspaitilent
Ph" leukemia. Complete hematologic remission (CHR), defined as normalization of the
patients’ peripheral white blood cell count (WBC), platelet count, and hematdbet is
earliest and easiest way to measure patients’ response to therapyeteayiagenetic
response (CCyR) is defined as the absence of Ph chromosome in cytogenetis gnaly
20 metaphases) from bone marreviich is the current “gold standard” of treatment
response. The third level of response measurement, complete molecular réSptRke
is based on quantitative polymerase chain reaction to measure the emai&CR-
ABL1mRNA transcript. This is the most sensitive tool to assess the presencof B

ABL1 (Radich, 2011).

1.4.2 Treatment before development of tyrosine kinase inhibitors

The myelosuppressive chemotherapy agents busulfan and hydroxyurea, which
globally inhibit both normal and leukemic cells undergoing proliferation, were the
standard initial treatment for CML. Even though hydroxyurea induces bkmgagl
responses in patients in CML-CP, they were unable to inhibit the oncogenic activity of
BCR-ABLL1 nor did they induce cytogenic remission in patients (Sawyers, b9@@)ay
the progression of the disease to blast crisis. Hence, these treatmerdsseatially

palliative in nature.
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Allogenic stem cell transplantation (alloSCT) is currently the only proueatize
treatment for CML. Due to age limitation and lack of available HLA-nmedalonors,
only ~20% of patients with CML are eligible for allogeneic transplantaRatients at
younger age (<40) with HLA-matched sibling donors do enjoy a 60-80%diae
survival rate following allografted for CML in chronic phase (Gratwohl.etl898;
Okimoto and Van Etten, 2011), but the procedure is complicated by the risk of
developing graft-versus-host disease (GvHD). To make allogenic trarsgard safer
treatment, current efforts have been focused on reducing GvHD without sagrgieift-
versus-leukemia (GvL) effect. These strategies include depletoedjSTfrom donor bone
marrow and then reinfusing them at a later time or determining the minimunofdbse

cell infusion to induce GvL but not GvHD (Sawyers, 1999).

For patients who do not have matched donor for allogenic transplantation,
interferone. (INF-o) was for a long time a standard therapy for CML. Interferon is a
cytokine that mediates host immune responses against viral infection. The grug ma
cause a wide range of side effects, such as fever, muscle pain and thitopéaiay but
induces hematological and cytogenetic response in 10 to 30 percent of patikats éTa
al., 1983). It also induces higher survival rate than chemotherapy (Sawyers, T1899)
mechanism of action of IFN-in CML is still unclear, but is possibly through its role in
modulating anti-tumor immune response by activating natural killer cells wrguypating

antigen presentation to T-lymphocytes.
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1.4.3 Molecularly targeted therapy of PF leukemia: Tyrosine kinase inhibitors

(TKIs)

The development of tyrosine kinase inhibitors (TKIs) directed against ABL1 has
ushered in a new era of targeted therapy féri@ikemia, and TKI therapy has now
supplanted transplantation as the preferred initial treatment for CMLinllmdhe first
TKI approved for treating CML-CP patients, inhibits oncoprotein kinase actiyity b
blocking ATP binding to kinase pocket of BCR-ABLL1. It not only has activity agalhst
ABL tyrosine kinases including BCR-ABL1, ABL1, v-ABL and ARG/ABL2 but also
inhibits several other tyrosine kinases such as PRGPRGFR and c-Kit
(Buchdunger et al., 2000; Sherbenou and Druker, 2007). Although generally well-
tolerated, patients treated with imatinib may have mild to moderate &désehcluding
edema, muscle cramps, diarrhea, nausea, skin rashes, and myelosup{Pesstrret
al., 2006; Druker et al., 2001b). Imatinib is extraordinarily effective in mostpsiie
CML-CP, as the IRIS study showed about 60-70% of patients achieve a CCyR (&ruker
al., 2006). However, some patients fail to respond to imatinib, while a significant number
of patients show an initial response but eventually develop resistance to imatukbr(D
et al., 2006; Perrotti et al., 2010). Several mechanisms of acquired resistandetb ima
have been defined, including amplification of B@R-ABL1fusion oncogene,
acquisition of mutations in the ABL1 kinase domain that prevent efficient binding of
imatinib to BCR-ABLL1 (Gorre et al., 2001) or activation of other signalingvpays that

help leukemic cells escape from imatinib inhibition (Hu et al., 2004b; Hu et al., 2006).
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To overcome mutant forms of BCR-ABLL1 that fail to respond to imatinib, more
potent second-generation TKIs were developed. Dasatinib, which inhibits bBth BC
ABL1 and Src tyrosine kinases, binds to the phosphorylated, active form of BCR-ABL1
and is a more potent inhibitor than imatinib. It is effective in inhibiting ncamymon
imatinib resistant mutations, with exception of a particular T315k€tgaper” mutation
(Shah et al., 2004). Nilotinib, another second-generation TKI that binds to the inactive
form of BCR-ABL1, also has higher potency against BCR-ABL1 and seweashib-
resistant mutants, but again fails to inhibit the T315I mutant (Weisberg 20@5). Both
second-generation TKIs have specific side effects in some patientsinibasan be
associated with pleural effusions while Nolitinib causes biochemical chantjesr and
pancreatic function (Van Etten et al., 2011). Both dasatinib and nilotinib werelyecent

approved for the initial treatment of CML patients in chronic phase.

1.5LIMITATIONS OF CURRENT TREATMENT : RESIDUAL LEUKEMIA -

INITIATING CELLS

Overall, the use of TKIs to treat patients in CML-CP is quite effectis&0-70%
of patients achieve and maintain a CCyR to imatinib, and 40-50% of those who are
intolerant of or relapse on imatinib can be successfully treated with secoacyen
TKls (accounting for 15-20% of total CML-CP patients). However, about 20% of
patients will have no sustained response to any TKI, and disease relapse after
discontinuation of TKIs happens in the majority of cases (Mahon et al., 2010).
Furthermore, therapy with TKils is not nearly as efficient in patients advanced stages

of CML or B-ALL (Druker et al., 2001a; Sawyers et al., 2002). Hence, thereilare st
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significant numbers of PHeukemia patients that are at risk of relapsing and dying of
their disease. Residual leukemia-initiating (“stem”) cells (LIGa} &re insensitive to
TKIs have been postulated to be the fundamental cause of relapse (Grahag06Ral
LICs are the cells with self-renewal ability that can both initiate azidtain
leukemogenesis. From years of studies of human CML cells and in mouse model
systems, we now understand that the LICs in CML are very primitive BCREABL
expressing hematopoietic progenitors that are very similar to normal hematogteiet

cells (HSCs).

1.5.1 Normal Hematopoiesis

HSCs are the origin of the hematopoiesis process that can self-renew and
differentiate into committed progenitors, as well as subsequently into all kindstafem
blood cells (Figure 1.5). The process is hierarchical and tightly regulamddiynes,
adhesion molecules and transcription factors (Kondo et al., 2003). It starts from long-
term (LT) repopulating HSCs (LT-HSC), which first differentiateitite short-term (ST)
repopulating HSC (ST-HSC) and then to non-self-renewing multipotent progenitor
(MPP), which can further differentiate into common myeloid progenitors (GWVP)
common lymphoid progenitors (CLP). Lineage restricted CMP can give rise to
granulocyte-macrophage progenitors (GMP) and megakaryocyte-erythogehgors
(MEP) (Akashi et al., 2000). The former in turn terminally differentiate intturea
granulocytes and macrophages/monocytes, while MEPs terminally diféeeinto
erythrocytes and platelets. CLPs are the progenitors that give rigtetertiated B-

lymphoid, T-lymphoid and natural killer cells (Kondo et al., 2003). An alternative model
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of hematopoiesis has been described with the existence of lymphoid primed multipotent
progenitors (LMPP) that are capable of giving rise to CMPs, GMPs or CLPs, but not

MEPs, which are derived directly from ST-HSCs (Adolfsson et al., 2005).
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1.5.2 Cancer stem cells hypothesis

It was in 1994 that Dick and colleagues, in a seminal experiment, first
demonstrated that only leukemic blasts with the immature cell surfageraetpression
pattern CD32CD38 from human acute myeloid leukemia (AML) could initiate the same
disease following xenotransplantation into severe combined immunodefi¢RGiY)
mice (Lapidot et al., 1994). This observation led to the formulation of the caecer s
cell hypothesis, which proposes that cancer is heterogeneous and initiated aasheahint
by a small fraction of cells within tumor population, which have stem-like propeat
could self-renew and xenograft immunodeficient mice (Reya et al., 2005Be She
called cancer stem cells could either be derived from normal stentragB$ormed by

oncogenes, or other cell types that gain self-renewal ability during trarafon.

1.5.3 Identification of leukemia-initiating cells for Ph" leukemias

It has been postulated that the cell origin to initiate CML could be HSCs or cells
with multilineage repopulating potential, since CML can progress from chnoyetoid
disease to lymphoid blast crisis. In addition, Ph chromosome can be found in almost all
hematopoietic lineages, including granulocytes, monocytes, erythrocytes,
megakaryocytes, B-lymphocytes, and occasionally T lymphocytes (biaiest al.,

1997; Whang et al., 1963). By studying different isoforms of glucose-6-phosphate
dehydrogenase in different cell lineage in CML patients, Fialkow etstl demonstrated
that CML is a clonal disease originating from HSCs (Fialkow et al., 196, lsdudies
showed only CD34CD38 cells from patients in CML-CP had property of LICs to

engraft immuodeficient mice (Eisterer et al., 2005). In contrast to othenfascogenes,
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MOZ-TIF2 MLL-AF9 andMLL-ENL (Cozzio et al., 2003; Wang et al., 2010) that can
confer on myeloid progenitors the self-renewal ability to initiate ABCR-ABL1does

not provide self-renewal ability in committed hematopoietic progenitors. Onlggolri
murine HSC (Linc-Kit*Sca-1) but not myeloid progenitors transduced with retrovirus
expressing BCR-ABL1 could initiate CML-like MPN in mice (Huntly et al., 2004)
Studies further demonstrated that BCR-ABL1 expressing HSC from mice€OMt-like
MPN induced by retroviral bone marrow transduction/transplantation function as CML
LICs that can be serially propagated from primary recipients to secomtgoients (Hu

et al., 2006; Naka et al., 2010).

On the other hand, experiments have also been carried out in identifying LICs for
Ph"B-ALL. As mentioned previously, the p210 form of BCR-ABL1 is involved in one-
third of patients with PHB-ALL while the p190 form of BCR-ABL1 can be found in
two-third of patients of PIB-ALL. By using FISH analysis to search primitive cells
expressing Phchromosome in PIB-ALL patients,Castor et al. found p190 was
expressed only in B cell-committed progenitor cells (CBRB8 CD19) but not HSCs
(CD34'CD38CD19), while the p210 form of BCR-ABL1 can be found both in
populations of CD34CD38 CD19" as well as CD34£ D38 CD19 . However, only B
cell-committed progenitor cells carrying BCR-ABL1 (p190 or p210) have the ability
repopulate leukemic cells in NOD/SCID mice, indicating these cell$Gssto initiate B-
ALL (Castor et al., 2005). Li and colleagues later also demonstrated tRaABC1-
expressing pro-B cells (CDIB220°CD43’) in miceare LICs that initiate disease in the

retroviral bone marrow transduction/transplantation model of B-ALL (Hu et al., 2006)
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1.5.4 Leukemia-initiating cells are resistant to TKls

Since BCR-ABL1-transformed HSCs still share many properties with morma
HSCs, including their immunophenotype, several studies have isolated LICs from mous
or patients with CML and further characterize their properties. Like HSCs can
reach quiescent at steady state, and are resistant to imatiniketre@@raham et al.,

2002). Recently, Druker and colleagues showed despite inhibition of BCR-ABL1
activity by imatinib in very primitive cells including the HSC population, @ML LICs
could escape TKI-induced apoptosis and proliferate as well as self-reshependently

of BCR-ABL1 kinase activity through support from the bone marrow microenvironment
(Corbin et al., 2011). It is postulated, but not proven, that these TKI-resistantrel@ea

cause of relapse and eventual transformation to blast crisis.

To develop strategies to eradicate LICs, we need to know what are the essentia
signaling pathways, activated either internally or provided extgrhglthe bone marrow
microenvironment, that maintain the survival and self-renewal ability@d (Chen et
al., 2010). By using different transgenic and knockout mice as donors in the murine bone
marrow transduction/transplantation model, several signaling pathwagstampin
regulating LICs have been proposed, including BAattenin (Hu et al., 2009; Jamieson
et al., 2004; Zhao et al., 2007), Hedgehog (Dierks et al., 2008; Zhao et al., 2009), Alox5
(Chen et al., 2009), PTEN (Peng et al., 2010) and FOX0O3a (Naka et al., 2010). While
HSCs from donor marrow deficient pfcatenin, Smo (Smoothened), Alox5 or FOXO3a

showed a relative defect in their ability to induce CML-like diseasdae following
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BCR-ABL1 transduction and transplantation, deletion of PTEN, as tumor suppressor,

facilitated the disease development.

Besides targeting signaling pathways regulating LICs to eradivade cells, an
alternative strategy is to block cell-surface molecule involved in the émgwatfand
homing of LICs but not normal HSCs with antibodies or other inhibitors. Previous studies
by our lab have demonstrated the importance of CD44, an E-selectin ligand, in
engraftment and homing of CML LICs. In mouse retroviral transplantation model of
CML, BCR-ABL1 transduced donor marrow deficient in CD44 showed defects in their
ability to induce CML-like MPN due to impaired homing of LICs. In contrast, CDd4 w
neither required for normal HSCs homing nor induction SfB2ALL in mice. Further
administration of antibodies specific against CD44 attenuated disease develapthent

prolong survival (Krause et al., 2006).

1.6LIMITATION OF CURRENT TREATMENTS . PROGRESSION TO BLAST CRISIS

CML blast crisis (CML-BC) is characterized by a profound block in hematopoietic
differentiation, with overproduction of immature myeloid or lymphoid blasts in blood,
bone marrow, and peripheral organs. Patients with CML-BC have a very poor pspgnosi
with an average survival of 6 months and only transient responses to TKI therapy
(Ottmann et al., 2002; Sawyers et al., 2002). The majority of BC patients have a
myeloblastic leukemia phenotype, about 25% of patients exhibit a preghdbptastic
phenotype (Perrotti et al., 2010). It is not clear what mechanisms driveediseas

progression from chronic phase to advanced stage, but the inferior results of treating
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CML-BC patients with TKIs suggest that BCR-ABL1-independent signabtigitées

are involved in this process.

1.6.1 Increased BCR-ABL1 expression

Enhanced BCR-ABLL1 activity due to increas®@R-ABL1transcripts has been
postulated to be a primary underlying cause of disease progression. Previ®@ssave
shown that leukemic cells from patients in blast crisis have higher levelSR{ABL1
MRNA transcripts than those in chronic phase (Gaiger et al., 1995), while Jantiakon e
subsequently showed that myeloid progenitors from CML-BC patients have blth 6-f
moreBCR-ABL ltranscripts than those in CML-CP patients (Jamieson et al., Z06#1).
mechanism underlying the phenomenon of incre8€&ld-ABL liranscription is not
clear, but evolutionary pressure that favors the outgrowth of clones that maigtaer

BCR-ABL1 activity might mediate the selection process.

1.6.2 Genomic instability, damaged DNA repair and additional mutations

The exact consequences of increased expression of BCR-ABL1 are unclear, but
might include enhanced proliferation potential in the leukemic cells. Ini@adihere
are many studies that suggest expression of BCR-ABL1 can directlygenusae
instability and result in additional mutations in the leukemic cells. Nowtci end
others have shown that BCR-ABL1 can increase the mitochondial production of reactive
oxygen species (ROS) that cause double-strand breaks (DSBs) in BCR-ABk$stng
cells, which cannot be faithfully repaired due to additional acquired defiects i

homologous recombination, non-homologous end-joining, and mismatch repair (Nowicki
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et al., 2004; Slupianek et al., 2006; Stoklosa et al., 2008). Patients in late stage CML-CP
or blast crisis usually develop additional mutations or deletion in tumor suppresss:, g
such a$53(20-30% of cases) (Ahuja et al., 1989), or cyclin-dependent kinase inhibitor

2A/2B (CDKN2A/2B) (50% of cases) (Sill et al., 1995).

1.6.3 Acquisition of self-renewal ability

Additional genetic abnormalities besides BCR-ABL1 have been proposed to
provide committed progenitors self-renewal ability leading them to bett@seto
transform the disease to an advanced stage. In acute myeloid leukemiy c&Mtral
leukemogenic transcription factor fusion proteins, such as MLL-ENL (Cozziq et al
2003), MOZ-TIF2 (Huntly and Gilliland, 2005), MLL-AF9 (Wang et al., 2010) could
confer self-renewal activity upon committed myeloid progenitors, which ordinaril
cannot self-renew. The transformed progenitors then could initiate AML in
transplantation mouse model. On the other hand, theveaténin pathway has been
proposed to play a role in regulating function of both normal HSC and CML LICs,
coinciding with disease progression from chronic phase to myeloid blsist cri

(Abrahamsson et al., 2009; Jamieson et al., 2004; Minami et al., 2008).

1.6.4 Deregulation of differentiation program

During progression from chronic phase to advanced phase, abnormal expression of
transcription factors regulating normal differentiation program has been prbfmbe
the cause of accumulation of immature myeloblasts or lymphoblasts in advamgeed sta

Lower expression cECAAT/enhancer binding protein (C/EBRw), a transcription
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factor regulating normal granulopoiesis, has been associated with piragfess
CML-CP to CML-BC. BCR-ABL1 down-regulate C/EBFby stabilizing the expression
of an inhibitor ofC/EBPax mRNA, the heterogeneous nuclear ribonucleoprotein-E2
(hnRNP-E2) (Perrotti et al., 2002)n the other hanéberrant regulation of transcription
factors also happens in lymphoid blast crisis transformation, as deletiQAkft, gene
regulating normal pre-B differentiation has been found in 84% 0fARh (Mullighan et
al., 2008). Recent studies also reported deletidtagf another transcription factor

regulating B-cell development, in about 30% of BRALL (lacobucci et al., 2010).

1.7 OBJECTIVE OF THIS STUDY

BCR-ABL1 is the central player in the pathogenesis dfl@kemia. Through its
downstream signaling network, BCR-ABL1 transform cells to become leukemogenic
with increased proliferation potential, resistant to apoptosis and strompéimance.
Even though current TKI therapy is effective in the majority of patienttronic phase,
resistance and relapse still occurs, in part as a consequence of acquisidiriof A
mutations. Relapse also occurs frequently after withdrawal of TKI themggatients in
complete molecular remission (PCR negative), due presumably to rdsi@gdahat are
insensitive to killing by TKIs. In order to achieve permanent cure dfeRkemia
patients, there is a need to identify and validate additional pharmacolaggets to
overcome TKI resistance and eradicate LIQwerefore, a better understanding of
downstream signaling pathways that are essential for BCR-ABL lateedi
leukemogenesis and maintenance of LICs is necessary. In this dissertadios used

the retroviral bone marrow transplantation/transduction mouse models of BCR-AB
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induced CML-like MPN and B-ALL to study these two topics. In the second chapter, the
aim is to study the role of NkB as a downstream target in BCR-ABL1-induced
leukemia. In the third chapter, the aim is to define the role of constitutive fetive

catenin in regulating BCR-ABL1-mediated leukemogenesis.
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Chapter 2.

Therole of the NF-xB pathway in BCR-

ABL 1-induced leukemia
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2.1SUMMARY

The BCR-ABL1 tyrosine kinase activates multiple signaling pathways inteoke
cells from patients with CML and PB-ALL. Previous studies have shown that NE-
is activated in BCR-ABL1-expressing cell lines and primary cells, bungshanism of
activation has not been defined, and importance okBIfe myeloid and lymphoid

leukemogenesis by BCR-ABL1 is unknown.

To interrogate the role of NkB in BCR-ABL1-mediated transformation, we
utilized a super-repressor mutant formdBd (IkBaSR), which has been used to block
NF-kB nuclear localization and transactivation by constitutively sequesterind3Nif
the cytoplasm. Using retrovirus co-expressing BCR-ABL1 aB&8SR, we found that
IkBaSR reduced nuclear RelA expression and inhibited the IL-3—independent growth of
Ba/F3 cells and primary B-lymphoblasts transformed by BCR-ABL1. When grima
bone marrow cells were transduced with BCR-ABLL1 retrovirus and transplantad unde
conditions favoring induction of B-ALL or CML-like MPN in recipient mice, co-
expression ofdBaSR significantly attenuated disease development and reduced the
number of leukemic-initiating cells in mice with CML-like MPN. To investggthe
mechanism through which N&B is activated by BCR-ABL1, we targeted two upstream
kinases that negatively regulaieBl, IKK o/IKK1 and IKKB/IKK2. To accomplish this,
we engineered retroviruses co-expressing BCR-ABL1 and kinase-inatdiveant-
negative mutants of IKKKM and IKKBKM. Co-expression of either IKK mutant
inhibited both B-lymphoid transformation and leukemogenesis by BCR-ABL1 as well as

induction of CML-like MPN. Inhibition of the NkB pathway correlated with decreased
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expression of the NkB targets c-Myc and Bcl-X and increased the sensitivity of BCR-
ABL1-transformed lymphoblasts to ABL1 kinase inhibitors. These results derai@nst
that NF«B is activated at least in part through the canonical IKK pathway and plays
distinct roles in the pathogenesis of myeloid and lymphoid leukemias induced by BCR

ABL1, validating NFxB and IKKs as targets for therapy of Raukemias.
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2.2INTRODUCION

Human cancer is a complicated disease with several characteristitgssself-
sufficiency in growth signal, insensitivity to growth inhibitory signalsjg&nce to
apoptosis signals, propensity for tissue invasion, and limitless replicativeipbte
(Hanahan and Weinberg, 2000). In addition, tumor-associated inflammation has also
been linked to promote tumorigenesis and support the escape of malignant cells from
destruction by immune system (Hanahan and Weinberg, 20LE) to their role in
regulating body inflammation response, cell survival, and apoptosis, members &Fthe N
kB family have been extensively studied to understand their roles in regulatiogy c

development, including Pheukemia.

2.2.1 Players in the NF¢B signaling pathway

NF-kB (nuclear factok-light-chain-enhancer of activated B cells) proteins were
first identified as nuclear factors interacting wiB motif within the enhancer region of
the immunoglobulink light (Igik) chain gene in B-cells (Sen and Baltimore, 1986).
Subsequently, extensive studies in the field ofd¥Fsignaling have identified several
NF-kB target genes encoding for adhesion molecules, cytokines, chemokines, and
molecules regulating cell proliferation and survival (Basseres amthviBal2006). The
promoters and/or enhancers of these genes usually ceBtaiequences that can be
recognized by NkB family members. The canonicaB sequence is 9-10 base pairs
long with the consensus sequence 5'- GGGRNWYYCC-3' (R: Aor G; N, any

nucleotide; W: A or T; Y: C or T) (Hoffmann et al., 2006).
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The NF«B transcription factor family consists of five members: pSOKBHE;
p52/NF«B2, RelA/p65, RelB, and c-Rel. Each family member can either form
homodimers or heterodimers to activate down stream genes, except for Relyhat
forms heterodimers with p50 or p52 subunit (Hayden and Ghosh, 2004). Even though
they exhibit similarities in protein structure, genetic studies have showhakrey
distinct and non-overlapping functions (Gerondakis et al., 2006). They all share a highly
conserved Rel homology domain (RHD) at their N-terminus, which is responsible for
DNA binding, dimerization with other NkB members (Figure 2.1). The RHD also
contains a nuclear localization signal (NLS) for KBE-nuclear translocation and binding
site for kBs. The NF«B family can be further divided into two subfamilies, “Rel’ and
“NF-xB”. The mammalian Rel subfamily includes c-Rel, RelB, and RelA/p65. They all
have a transactivation domain (TAD) at their C-terminus. Members irBN§ubfamily

(p50 and p52) are smaller and only have the RHD but not the TAD.

In resting or unstimulated cells, NdB proteins are maintained in a
transcriptionally inactive state in the cytoplasm through action of ayfarhihhibitor
proteins, thedB family. Several mammaliaxB proteins have been identified, including
IxBa, IkBp, IkBe, and Bcl-3. They are characterized with containing several ankyrin
repeats, which are also present at C-terminal part of p105 and p100, the precursor
proteins of p50/NReB1 and p52/NFReB2. Like the NFkB family, members of thexBs
family have different expression patterns and functions in different tidgiBsscan
inhibit the activity of NFkB by blocking its NLS signal as well as preventing their

interaction with partner proteins. The activity @Bk are controlled by phosphorylation
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of serine residues at their N-termini by an upstreakinase (IKK) complex, which
targets kBs for ubiquitination and proteasomal degradation. The IKK complex consists
of two catalytic subunits, IKK or IKK, and one regulatory scaffold protein, NB-
essential modulator (NEMO) or IKKBoth IKKa and IKKB have kinase domains (KD)

at their N-termini. Studies have shown that phosphorylation of two serine residues (S
176/Ser 180 for IKK, and Ser 177/Ser181 for IKX in the KD is required for cytokine-
mediated activation of IKKs (Mercurio et al., 1997), while mutation of Lys 44 mvithi
ATP binding site in KD results in a kinase-inactive mutant of IKKs (Dellesl., 1999;
Mercurio et al., 1997). A leucine zipper (LZ) motif is responsible for dimeoraif the
IKKs, which is required for kinase activity. A helix-loop-helix (HLH) matiferacts

with the kinase domain to regulate kinase activity (Delhase et al., 1999). AONEM
binding domain (NBD) in IKKx or IKKf is responsible for interacting with the kinase-
binding domain (KBD) in NEMO, whose polyubiquitination recruits upstream kinases to

activate the catalytic subunit of IKKs.

2.2.2 Canonical and Non-canonical NikB pathway

Two major pathways that regulate NB-activity have been identified (Figure
2.2). In the canonical pathway regulating innate immunity and inflammation, the
RelA/p50 heterodimers in quiescent or unstimulated cells are retained in thasytopl
by their inhibitor protein,kBa, through masking NLS within RelA. The binding of
ligands (IL-13 or TNFw) to their specific cell surface receptors signal to activate the IKK

kinase complex. Activated IKKs then phosphorylaiBd and cause its ubiquitination
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and degradation, which releases tB-dimers to enter the nucleus and activate
transcription of target genes. This process is auto-regulated, since one aje¢hgdaes
of NF«B is IkBa, which can then be synthesized and resequestamBNR-the

cytoplasm.

The second pathway regulating the activity of RB-ts called the non-canonical
pathway. This pathway differs from canonical pathway in several aspectysligpla
important role in maintaining development of secondary lymphoid organs, as well as B
cell maturation and survival. Unlike the classical pathway involvingdKIKK 3 and
IKKy, IKKa is the main kinase player in this pathway. Binding of different class of
ligands (such as Lymphotoxin B (BJ and B-cell activating factors (BAFF) and CD40)
to their receptors leads to activation of the dB~inducing kinase (NIK) and stimulation
of IKK a,, which then leads to proteolysis of p100 and generate p52/RelB heterodimers
that can enter nucleus and regulate their target genes (Bonizzi and20@dnGilmore,

2006 Karin, 2006).

Cross-talk between the canonical and non-canonicatBlpathways has also been
proposed. In this hybrid pathway, the production of p52/RelA heterodimers is first
controlled by the non-canonical pathway, in which tKkegulates the processing of
p100 to p52. Once the p52/RelA heterodimers is formed, its activation is subsequently
regulated bykBs in canonical pathway. p52/RelA can activate its target genes when
IxBs are phosphorylated by IKKs and subsequently degraded by the proteasome

(Dejardin, 2006; Dejardin et al., 1995). On the other hand, the transcriptiel of
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(encoding RelB) (Wang and Sonenshein, 2005) as walikd2 (encoding p100)

(Dejardin et al., 2002) have been reported to be regulated by RelA/p50 heterodimers.

2.2.3 Using mice with targeted mutations to study the function of the NkB

pathway in hematopoiesis

Over the years, mutant mice lacking different components irBIpathway were
created and have provided us with important insights regarding how these molecules
regulate physiological functions in vivp50"~mice are viable and have normal
hematopoiesis. However, these mice show defects in the humoral immune response
against bacterial infection (Sha et al., 199&IA’~ mice die in utero at embryonic day
15-16 due to massive TNFmediated apoptosis of hepatocytes (Beg et al., 1995). In
addition to providing essential survival signals in hepatocytes, RelA alsaisrBteell
from TNFo—induced apoptosis (Prendes et al., 2003). Animals lacking both RelA and the
p50 subunitRelAp507) also exhibit an embryonic lethal phenotype, but their essential
roles in regulating lymphopoiesis was demonstrated by using a transplaaggproach.
Irradiated wild-type recipient mice reconstituted with fetal livedtscfrom eitheiRel A’
or RelAp507~ donors had defects in lymphopoiesis but showed increased
granulocytosis. However, lymphopenia as well as granulocytosis in thgsemeccan
be rescued by supplementing the graft with bone marrow from wild-typesdkoa
result, fetal liver-derived lymphopoiesis can be detected in recipient suiggesting

RelA and p50 control lymphopoiesis in a non-autonomous manner (Horwitz et al., 1997).
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Like their downstream signaling mediators, IKKs also play a profoundmole i
regulating immunity and hematopoiesis, as revealed by studies of knockeuaoking
IKKs. IKK &'~ mice die at birth with striking skin and skeletal abnormalities (Hu et al.,
1999). Using bone marrow chimeras, Kaisho et al. showedliskmportant in
regulating peripheral B-cell survival and maturation. Lethally irtadiaecipients
reconstituted with IKkK—deficient fetal liver had reduction of their mature B-cell
population and disruption of germinal center formation (Kaisho et al., 2001). On the other
hand,IKK 4"~ mice have an embryonic lethal phenotype due tod-Niediated hepatic
apoptosis, which phenocopies RelA-deficient mice (Li et al., 1999b; Tanaka et al., 1999).
Using conditional deletion of tH&K £ gene in the B cell lineage, an essential role of
IKK B in regulating B-cell survival and proliferation was demonstrated (&i.e2003;
Pasparakis et al., 2002). Interestingly, unlikK s deletion that caused reduced
lymphopoiesis, conditional deletion K 4 in myeloid lineage with Mx-Cre or LysM-
Cre resulted in neutrophilia due to increased ffLsgécretion (Greten et al., 2007; Hsu et

al., 2011).

2.2.4 Previous studies implicating NReB as downstream effector of BCR-ABL1

Several previous studies have demonstratedBl&etivation in BCR-ABL1—-
transformed cell lines and primary ‘Heukemia cells. While the p50 subunit is
constitutively active in DA-1 cells (a murine myeloid progenitor cell)lie@hanced
RelA DNA binding ability was observed in cells transformed by BCR-ABL1i|ev

antisense oligonucleotides directed against RelA inhibited IL-3 indepecelegtowth
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induced by BCR-ABL1 (Hamdane et al., 1997). Enhanced DNA-binding as well as
transactivation activity of RelA/p50 dimers was also found in 32D myeloid cedl line
transformed by the p185 form of BCR-ABL1 (Reuther et al., 1998), in CML blasts

(Kirchner et al., 2003), and in primary PALL cells (Munzert et al., 2004).

In IL-3-dependent cell lines, the activation of NB-is dependent on Ras and
kinase activity of BCR-ABL1, as expression of a kinase-inactive mutanC&-BBL1
(p210 and p185 forms) or a dominant-negative (N17) mutant of Ras inhibited the
transactivation ability of NkeB in BaF3 and 32D cells (Kirchner et al., 2003; Reuther et
al., 1998). Other proteins as mediators of dB-activation by BCR-ABL1 have also
been investigated. Protein kinase D2 (PKD2), a serine/threonine kinase of PKD fam
that regulates invasion, proliferation and survival, is tyrosine phosphorylateGRy B
ABL1 and regulates RelA and p52 activation by BCR-ABL1 in LAMA84 cells (an
erythroid cell line derived from PICML blasts) (Mihailovic et al., 2004). The
expression of MEK kinase 1 (MEKK1), an upstream regulator of JNK and ERK pathway
is up-regulated in BCR-ABL1-transformed BaF3 and 32D cells, while expnessi
dominant negative MEKK1 inhibited NEB activation and induced apoptosis of BCR-

ABL1-transformed cells in response to genotoxic stress (Nawata et al., 2003)

2.2.5 Rationale

Although previousn vitro studies have documented MB-activation in BCR-ABL1-
expressing cells, it is not clear whether or howd-plays a role in leukemogenesis

mediated by BCR-ABL1In vivoleukemia studies are lacking and are essential to
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evaluate the NiB pathway as a therapeutic target irf Rokemia. In addition, it is still
unclear whether the IKK complex is involved in activation of dB-in BCR-ABL1—
expressing cells, as some studies suggest BCR-ABL1—-inducedBMEtivation is
mediated by IKK (Duncan et al., 2008; Mihailovic et al., 2004), while others suggest an
IKK-independent mechanism (Kirchner et al., 2003; Munzert et al., 2004). Inhibition of
IKK B activity by expressing a kinase-inactive form of IKKr with a small molecule
inhibitor has been shown to reduce NB-activation by BCR-ABL1 (Mihailovic et al.,
2004) as well as inducing apoptosis in BCR-ABL1-transfromed cells (Duncéan et a
2008). However, neither Ba/F3 cells expressing p185 form of BCR-ABLL1 (Kirchner e
al., 2003) nor Phprimary B-lymphoid blasts (Munzert et al., 2004) were found to have
enhanced activity of IKKs, suggesting BCR-ABL1 activatesidfHn an IKK-

independent manner.

Here, we used the mouse retroviral bone marrow transduction/transplantation
model of CML and PhB-ALL to determine the role of NkB and IKKs in myeloid and

lymphoid leukemogenesis mediated by BCR-ABLL1.
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Figure 2.1. The structure of core proteins in NR¢B signaling pathway in
mammalian cells Members of the NkB transcription factor protein family all share
a Rel homology domain (RHD). The family could be further divided into two
subfamilies (Rel and NkB). While C-terminal of Rel subfamily has transcriptional
activation domains (TAD), the NkB subfamily has ankyrin repeat sequences (red
bars) at their C-termini, which share similar structure wiBsl Serine residues of
IkBs, which are phosphorylated by IKK kinase complex and takgt for
proteasome degradation, are listed. tK&nd IKKB contain a kinase domain (KD),
helix-loop-helix (HLH), leucine zipper (LZ) and NEMO binding (NBD) domains,
while NEMO/IKKy has a kinase binding domain (KBD), LZ, and ZF domains. Their
functions are described in text. The lysine and two serine residues ikirkige
domain, whose phosphorylation is important for activation of kinase activity, are
listed.
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Figure 2.2. NF«B signal transduction pathways.In the canonical (or classical) NF-
kB pathway, the NRkeB dimers (such as RelA/p50) are sequestereaBy (often

IkBa) in cytoplasm. This pathway can be activated by proinflammation cytokines,
such as IL-p or TNFo.. The binding of such ligands to their receptors activates IKK
kinase complex including IK&, IKK and NEMO (IKKy), which subsequently
phosphorylatesdBa. at two serine residues and target8d for ubiquitination and
proteasome degradation. MB-dimers then are released from cytoplasm and enter
the nucleus to turn on target genes whose promoters or enhancers hdve the
sequence. The non-canonical (or alternative) pathway is mainly for amiviti
p52/RelB complexes through activation of IKKlimers. The binding of different
class of ligands to their receptors (such as Lymphotoxin B),LB-cell activating
factor (BAFF) and CD40 could activate NiB-inducing kinase (NIK), which could
subsequently activate IKK Active IKKa dimers can phosphorylate p100 subunit at
its serine residues, and subsequently induce proteolytic processing of p100 to p52.

p52/RelB dimers then enter nucleus to target downstream genes.
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2.3RESULTS

2.3.1 NF«B contributes to BCR-ABL1-mediated lymphoid transformationin vitro

To address whether NiEB is involved in BCR-ABL1 induced leukemia, we first
used a mutant “super-repressor” formBé. (IkBaSR) to block NF<B nuclear
translocation and transactivation in the presence of BCR-ABIB$R contains serine
to alanine mutations at position 32 and 36, which blocks phosphorylatieB@ER by
its upstream regulatory kinases and prevents its subsequent degradation by the
proteasome. To co-express both BCR-ABL1 atBbISR, the two genes were cloned
together into a modified murine stem cell virus (MSCV) vector by replabm@FP
gene from the retrovirus BCR-ABL1/pMIGRI (Pear et al., 1998) with a c[2Néoding
IkBaSR. The MSCYV vector contains an internal ribosome entry site (IRES) sequence
which allows translation of two proteins from the same mRNA transcript. TIGR; B
ABL1 is expressed from the upstream cistron whilBdSR is expressed downstream of

the IRES sequence (BCR-ABL&BaSR) (Figure 2.3A).

To verify that kBaSR is functional and has an effect on BCR-ABL1-mediated
transformation, we first transduced Ba/F3 and 32D cells with either BBIR/pMIGRI
or BCR-ABL1/IkBaSR retrovirus and assessed the growth of cells in the absence of IL-3
shortly after transduction. Ba/F3 or 32D parental cells cannot survive in cultdi@ me
depleted with IL-3, while BCR-ABL1 can transform both cell lines to grow
independently of IL-3 (Daley and Baltimore, 1988). In agreement with previousdmdi

by Reuther et al. (Reuther et al., 1998) tk@dSR had no effect on the viability of 32D
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cells expressing BCR-ABLL1 in the absence of IL-3, we did not observe iadreas
apoptosis in 32D cells expressing BCR-ABIkBb SR upon IL-3 deprivation (Figure

2.4). Unlike BaF3 parental cells, which cannot survive without IL-3, cells expgessi

both BCR-ABL1 and#BaSR can grow independently in the absence of IL-3 (Figure
2.3B). However, we did observe that co-expressiorB&B5R inhibited 1L-3-

independent cell growth mediated by BCR-ABL1, as the cells grew stbaercells
expressing BCR-ABL1/GFP. We did not observe increased apoptosis in BaF3 cells co
expressingdBaSR (Figure 2.4), suggesting the inhibitory effect«ddSR on BCR-
ABL1-mediated IL-3 independent cell growth is predominantly on proliferationrrathe

than on survival.

We further verified the expression of BCR-ABL1 ar@8&SR in cells cultured in
the absence of IL-3 by immunoblot analysis. Whereas the level of BCR-ABLé&ssiqn
was similar between cells transduced with BCR-ABL1/GFP or BCR-ARBL/SR, we
observed lower endogenoudBlo. expression in BCR-ABL1ABaSR transduced cells
(Figure 2.3C). This is a good indication @BloaSR activity, since the expression @Bl
is regulated by NRkeB (Reuther et al., 1998). We also observed anottieispecies with
higher mobility, which was recognized by antBlo. antibody but not anti-phospheBa.
antibody (suggesting this form ofBaSR is resistant to phosphorylation). Consistent
with previous findings by Kirchner et al. (Kirchner et al., 2003), there wasased
phospho+Ba in cells expressing BCR-ABLL1 alone relative to parental cells. Co-
expression ofdBaSR reduced phosph&Bao compared to cells expressing BCR-ABL1

alone (Figure 2.3C)
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To determine whether the defect in cell growth correlated with cssuiddF<B
activation, we examined nuclear RelA expression in transformed cells by
immunofluorescence staining in combination with confocal microscopy. Expression of
BCR-ABLL1 enhanced the expression of nuclear RelA to a similar extemBagh3
parental cells stimulated with NEB agonist TNIle, while cells co-expressing BCR-
ABL1 and kBaSR showed significantly reduced nuclear RelA nuclear expression
(Figure 2.5). Together, these results suggest thatBl&ets downstream of BCR-ABL1

in promoting the proliferation of this immortalized pro-B lymphoid cell line.

We next asked if NkeB contributes to BCR-ABL1-mediated transformation of
primary B-lymphoid progenitors. BCR-ABL1 can stimulate ith@itro outgrowth of
immature B-lymphoid cells that are stroma-dependent and not highly leukemuogenic
mice (McLaughlin et al., 1989). A modified assay by plating serial dilatadrBCR-

ABL1 transduced bone marrow cells was described earlier, which allows more
guantification assessment of oncogene transformation (Smith et al., 288hown in
Figure 2.6A, as few as 3000 BCR-ABL1/GFP-transduced bone marrow cells can rea
confluence of outgrowth of primary B-lymphoid progenitors but at least 10-fold more
BCR-ABL1/IkBaSR-transduced cells were required to achieve the same outcome.
BCR-ABL1/IkBaSR-transduced bone marrow cells exhibited slower outgrowth than
cells transformed by BCR-ABL1/GFP. Like in BaF3 cells transformeBOR-
ABL1/1kBaSR, co-expression okBaSR primarily inhibited proliferation (Figure 2.6B,
P<0.0001, t-test) but not survival (data not shown) of primary B-lymphoid progenitors

transformed BCR-ABLL. Further analyzing nuclear RelA expressionpwelfBCR-
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ABL1/IkBaSR transformed primary B-lymphoid progenitors have significantly lower
nuclear RelA expression than cells transformed by BCR-ABL1/GFP @R6cC,
P=0.018). These results indicate that KB-contributes to transformation of B-lymphoid

progenitors by BCR-ABL1.

2.3.2 NF«B is required for efficient induction of lymphoid and myeloid leukemas

by BCR-ABL1

We next assessed whether inhibition of RB-through co-expression atBaSR
might cause a defect in BCR-ABL1-mediated leukemogenesiso. We first tested
whether kBaSR impaired BCR-ABL1-induced B-ALL development (Roumiantsev et
al., 2001). To induce B-ALL in mice, bone marrow from non-5-FU-treated donors was
transduced with matched-titer retroviruses expressing BCR-ABL1/GBERF
ABL1/IkBaSR. Transduced cells were then transplanted into irradiated syngeoeic m
Consistent with the previous study (Roumiantsev et al., 2001), recipients tréedpla
with BCR-ABL1/GFP transduced marrow developed B-ALL and died within 4 weeks
after transplantation. Diseased mice were characterized by timguaalignant BP1
and B220 cells in peripheral blood, lymphadenopathy, moderate splenomegaly (average
weight 0.3 g), and a hemorrhagic malignant pleural effusion. Mice transplanked wit
BCR-ABL1/IkBaSR—-transduced marrow also developed B-ALL with similar
pathological features but had a modest but significant increase in thnas(iFigure
2.7A,P=0.0096, Mantel-Cox test). Nuclear RelA expression was further evaluated in
primary pleural effusion lymphoblasts or cultured B-lymphoid cells deérikan mice

with B-ALL induced by BCR-ABL1/GFP or BCR-ABL1#BaSR. Leukemic cells

53



expressing BCR-ABL14BaSR had decreased nuclear RelA expression relative to the

cells expressing BCR-ABL1/GFP (Figure 2.8).

To determine whether inhibiting NiEB has an effect on the frequency of LICs in
mice with BCR-ABL1 induced B-ALL, we quantified the number of unique proviral
integration events in leukemic cells from individual recipients from two cehort
Genomic DNA from malignant tissue of B-ALL mice induced by BCR-ABLAFRGr
BCR-ABL1/IkBaSR was extracted and subjected to Southern blot analysis WRESN
probe. B-lymphoid leukemias induced by BCR-ABL1/GFP showed an oligoclonal to
polyclonal pattern of LICs, with an average of 8.1+1.1 independent proviral clones per
recipient. By contrast, the recipients transplanted with BCR-ARBLIBR transduced
marrow had a lower average number of proviral clones (5.8+0.6), which was of
borderline statistical significance (Figure 2. A3,0.0697, t-test). These results
demonstrate that inhibition of NEB impairs B-lymphoid leukemogenesis by BCR-

ABL1.

We next tested ifdBaSR had an effect on pathogenesis of the CML-like
myeloproliferative neoplasm (MPN) induced by BCR-ABL1 in retroviral boaerow
transduction/transplantation mouse model. To induce CML-like MPN in mice, bone
marrow was harvested from donors pre-treated with 5-fluorouacil (5-FUY. Afte
incubation and transduction with matched-titer retroviruses expressingABCR/GFP
or BCR-ABL1/IkBaSR in the presence of myeloid cytokines (IL-3, IL-6 and SCF),
transduced marrow was transplanted into irradiated recipient mice. All ransplanted

with BCR-ABL1/GFP transduced marrow developed and died of CML-like MPN around
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3 weeks after transplant (Figure 2.9A). Consistent with previous studies from our
laboratory (Li et al., 1999a), the disease was characterized by a gleatted leukocyte
count in peripheral blood (about 1-2X10l), splenomegaly (mean spleen weight 1.2 g),
lung hemorrhages and massive expansion of Gtak-1/CD11b" progenitors in bone
marrow, spleen, liver, and peripheral blood. Mice transplanted with BCR-ABRA8R
transduced marrow showed a similar pathological phenotype but had significant longer
survival (Figure 2.9A, median survival 25 days vs. 19 days for BCR-ABL1/GFP

recipients;P<0.0001, Mantel-Cox test).

To determine whether inhibition of NEB affected the number of LICs that
induced CML-like MPN, we assessed the number of independent proviral clones in
individual disease mice. Genomic DNA from spleen of diseased mice frdnagaovas
extracted and subjected to Southern blot analysis wittRiBSprobe. Mice transplanted
with BCR-ABL1/GFP-transduced marrow revealed significant higher number of
independent clones (9.9£0.8) in their leukemic cells than mice transplanted vidth BC
ABL1/IkBaSR-transduced marrow (Figure 2.9B, 6.8+0.5 independent clen@£096,
t-test). This result suggests that NB-inhibition impairs BCR-ABL1-induced CML-like

MPN in part through attenuation of LICs in this model.

To determine which downstream signaling pathways of BCR-ABL1 weeetatf
by the expression okBaSR, protein lysates from spleens of mice with CML-like MPN
induced by BCR-ABL1/GFP or BCR-ABLXBaSR were subjected to immunoblot
analysis. Previous studies indicated ttydyc gene and the prosurvival geBel-X both

containkB binding sites and are induced by BCR-ABL1 expression (Chen et al., 1999;
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Duyao et al., 1990; Goldman and Melo, 2003). Consistent with these studies, expression
of both c-Myc and Bcl-X was induced by BCR-ABL1, whereas co-expressiaBoSR
reduced the expression of c-Myc but not Bcl-X (Figure 2.10). As in Ba/F3 cgisoiah
leukemia cells from disease mice induced by BCR-ABtBASR transduced marrow

had reduced expression @B, indicative of suppression of NEB signaling.

2.3.3 Inhibition of IKK a and IKK B impairs BCR-ABL1-mediated B-lymphoid

transformation in vitro

To investigate the mechanism of activation of RE-in BCR-ABL1-expressing
cells, we further tested whether two upstream kinases that negativeteckBh:,
IKK o/IKK1 and IKKB/IKK2, were involved. To accomplish this, we engineered
retroviruses co-expressing BCR-ABL1 and kinase-inactived KKK oKM) or IKK 3
(IKK BKM) mutants, created by substitution of alanine for lysine within the ATP binding
site. The ability of these IKKKM and IKK KM mutants to block NR<B activation has
been demonstrated previously (Nakano et al., 1998)GHiegene from BCR-
ABL1/GFP retrovirus was replaced with either IKK mutant to create BCR-

ABL1/IKK aKM or BCR-ABL1/IKK BKM retroviruses (Figure 2.11A).

We first tested the effect of co-expression of k&M or IKK BKM on BCR-
ABL1-mediated B-lymphoid transformation in the stromal growth assay (Strath e
2003). Expression of either kinase-inactive mutant significantly impairde-BBL1-

mediated transformation, as marrow cultures transduced with BCR-ABK&HKA or

BCR-ABL1/IKKBKM retroviruses not only took longer to reach confluence than BCR-
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ABL1/GFP-transduced marrow, but also required more cells to initiate thee sam
outgrowth. BCR-ABL1/GFP—transduced marrow cultures could efficiengigire
confluence whee 3000 cells were seeded, but a >30-fold increase in the number of
BCR-ABL1/IKK aKM- or BCR-ABL1/IKKBKM-transduced cells were required to
achieve maximal growth in all wells (Figure 2.11B). In a complementangfiormation
assay, pre-B cell colony formation in agarose (Rosenberg and Baltimore, 18ifén\&t
al., 2003), bone marrow transduced with BCR-ABkBW4.SR, or either BCR-
ABL1/IKK-KM formed significantly fewer colonies (Figure 2.11C) thatreenuch
smaller in size (Figure 2.11D) than those generated by BCR-ABL1/GifRduced
marrow. Primary B-lymphoblasts transformed by either BCR-ABL1HKM retrovirus
also had significantly reduced nuclear RelA expression relative to BRIR/&FP
expressing cells (Figure 2.12<0.0001, t-test). Together, these results demonstrate that
inhibition of IKKs impairs BCR-ABL1-mediated B-lymphoid transformation by

interfering with NF«B activation.

2.3.4 Kinase inactive IKK mutants attenuate BCR-ABL1-mediate B-ALL

To test whether IKK inhibition affects B-lymphoid leukemogenesis by BCR-
ABL1, bone marrow from donors not treated with 5-FU was transduced with matched-
titer retroviruses expressing BCR-ABL1/GFP, BCR-ABL1/I&KM, or BCR-

ABL1/IKK BKM without myeloid cytokines. Transduced marrow was subsequently
transplanted into irradiated recipients. As before, recipients of BCRLAT-P—
transduced bone marrow succumbed to B-ALL within four weeks of transplantation

(Figure 2.13A). By contrast, recipients of marrow transduced with either BCR
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ABL1/IKK-KM retrovirus also developed B-ALL, but had significantly longer surViva
than BCR-ABL1/GFP recipient$€0.0001, Mantel-Cox test) and displayed a milder
disease phenotype, with smaller malignant pleural effusions (Figure 2ah@8Bymph
nodes (data not shown) at the time of morbidity or death. Interestingly, inhibition of
IKK o appeared to have a greater effect on lymphoid leukemogenesis thgn IKK
Recipients of BCR-ABL1/IKKtKM-transduced marrow survived significantly longer
than those with BCR-ABL1/IKIRKM—transduced marrow (Figure 2.13A, median
survival 67 days vs. 41 days for BCR-ABL1/IRKM recipients,P=0.0007, Mantel-Cox
test). These results suggest that tKKight affect IKKB—independent signaling

pathway(s) downstream of BCR-ABLL1.

Since both IKK-KM mutants were FLAG-tagged, we could confirm the exnmessi
of FLAG-tagged kinase-inactive IKK mutants in transformed lymphoblasts diseased
mice (Figure 2.13C). Analysis of RelA nuclear expression in pleural effusion
lymphoblasts from diseased mice (Figure 2.13, D and E) demonstrated that teukemi
cells from B-ALL induced by BCR-ABL1/GFP have higher RelA nuclear esgiom
than those transformed by BCR-ABL1/IK#KM (P= 0.0003, t-test) or BCR-

ABL1/IKK BKM (P<0.0001, t-test). Southern blot analysis of the number of leukemic
clones in mice with B-ALL demonstrated that co-expression of eitherdKKmutant
with BCR-ABL1 significantly reduced the number of LICs that initiated th&LR.

While recipients of BCR-ABL1/IKKkKM or BCR-ABL1/IKK BKM transduced marrow

had an average of 2.0 £ 0.4 and 2.7 + 0.6 independent proviral clones (Figure 2.14),
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respectively, the average clonality of BCR-ABL1/GFP induced leukerasa6/2 + 0.8

(P=0.001, and”=0.0057, respectively, t-test).

2.3.5 Kinase-inactive IKK mutants impair myeloid transformation and

leukemogenesis by BCR-ABL1

Since we observed that IKK mutants had an effect on BCR-ABL1-mediated
lymphoid transformation, we further investigated whether IKK mutants alsciedfe
primary myeloid progenitor transformation by BCR-ABL1. Bone marcelis from
donors pretreated with 5-FU were transduced with BCR-ABL1/GFP or either BC
ABL1/IKK-KM retrovirus in the presence of myeloid cytokines. Transduced celle we
subsequently either plated in methylcellulose culnatro without any cytokines or
transplanted into syngeneic irradiated recipients to study the developmevit diké
MPN in viva. In accordance to previous studies (Gishizky and Witte, 1992; Zhao et al.,
2009), BCR-ABL1-transformed myeloid progenitors can form cytokine-independent
myeloid colonies in methylcellulose culture (Figure 2.15A). Bone marrow progenitor
transduced by either BCR-ABL1/IKK-KM formed fewer colonies in methljulose
culture, demonstrating that both IKK mutants impaired BCR-ABL1-ntedimyeloid

transformationn vitro.

In thein vivostudy to test the effect of IKK mutants on BCR-ABL1 induced CML-
like MPN, we observed that all recipients with BCR-ABL1/GFP-transducedwmarr
developed CML-like MPN within 25 days of transplantation (Figure 2.15B). By contrast,
mice receiving bone marrow transduced with either BCR-ABL1/IKK-KMongtus

survived significantly longeR<0.0001, Mantel-Cox test). While about half of recipients
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with BCR-ABL1/IKK-KM-transduced marrow developed CML-like MPN, the
remaining recipients developed other hematopoietic malignancies suchAldsds-
histiocytic sarcoma, sometimes in combination with MPN. Mice that develop mixed
CML-like MPN and B-ALL are frequently observed in recipients of BCBEA—
transduced bone marrow under conditions when CML-like disease is attenuated
(Roumiantsev et al., 2001). Using immunoblot analysis, we confirmed the egpretsi
the mutant IKKs and BCR-ABL1 in leukemic myeloid cells from diseasieeé nFigure
2.15C). Analysis of the number of leukemic clones that initiated the MPN in these
recipients showed a striking reduction in the frequency of leukemia-initiegihgin
recipients of either BCR-ABL1/IKK-KM—transduced bone marrow. While Ci\ke-
MPN induced by BCR-ABL1/GFP was polyclonal (7.6£ 0.6 independent clones), the
disease induced by BCR-ABL1/IkKiKM and BCR-ABL1/IKKBKM had 1.4 + 0.3 and
3.3 £ 0.5 independent clones, respectively (Figure 2.PsD,0001 and?=0.0003, t-
test). These results suggest that bothdkd6d IKKB are involved in establishing and
maintaining the population of B-ALL and CML leukemia-initiating or leukemimste

cells.

To determine how the kinase-inactive mutants affected the signaling pathway
downstream of BCR-ABLL1 to impair its transformation ability, we anaya®tein
lysates from leukemic tissues of mice with CML-like MPN (Figure 2.16jrbyiunoblot
analysis. Compared to lysates from mice with CML-like MPN induced by BCR-
ABL1/GFP, those induced by either BCR-ABL1/IKK-KM retrovirus showed a cb@ist
reduction in the level of anti-apoptotic protein, Bcl-X. On the other hand, reduced

expression of c-Myc, which regulates proliferation in BCR-ABL1-tramséat cells
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(Sawyers et al., 1992), was more variable but was found in some MPNs induced by BCR-
ABL1/IKK BKM. The expression ofkiBa was lower in cells expressing either IKK

mutant, suggesting inhibition of NEB activity. These results are in accord with our
previous findings withdBaSR, and indicate that the canonical IB#«Ba pathway

may regulate proliferation as well as survival in CML.

2.3.6 kBaSR as well as kinase-inactive IKK mutants increase the sensitivity of

BCR-ABL1-expressing leukemic cells to TKIs

Our results so far suggest that inhibition of NBthrough co-expression of
IkBaSR or either kinase-inactive IKK mutant attenuates lymphoid and myeloid
leukemogenesis by BCR-ABL1, validating components indBfpathway as potential
therapeutic targets in Pleukemia. Therefore, we further tested if co-expression of these
mutants could enhance sensitivity of BCR-ABL1-epxressing leukemic o€llKls, such
as imatinib or dasatinib. Primary B-lymphoid progenitors transformed by BCR
ABL1/GFP, BCR-ABL1/kBaSR, BCR-ABL1/IKKaKM, or BCR-ABL1/IKKBKM
were subjected to cell growth analysis in the presence of increasing catioaruf
TKils. Co-expression okBaSR sensitized leukemic cells to imatinib (Figure 2.17A).
While cells expressing BCR-ABL1/GFP had ard€r imatinib of 348 nM, cells
expressing BCR-ABL14BaSR had modest but significantly decreaseg) 8 127 nM

(P<0.0001, t-test).

Similarly, co-expression of IKKKM or IKK BKM increased the sensitivity of

BCR-ABL1 expressing lymphoblasts to imatinib, withsd@alling from 720 nM to
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171nM and 146 nM, respectively (Figure 2.1 P80.0001 in both cases, t-test). Co-
expression of either IKK mutant also sensitized leukemic cells to a maet gecond-
generation TKI, dasatinib. While growth of BCR-ABL1/GFP—transformed egdire
inhibited by dasatinib with an Kgof 0.76 nM, cells transformed by BCR-

ABL1/IKK aKM or BCR-ABL1/IKK KM were significantly more sensitive to dasatinib,
with 1Csp at 0.255 nM and 0.439 nM, respectively (Figure 2.17<0).0001 and
P=0.0099, t-test). Co-expression of IKK mutant did not affect the sensitivity of BCR
ABL1-transformed B-lymphoblasts to corticosteroids (dexamethasone, FigureQut8)
results show that co-expression of either kinase-inactive IKK mutantizerCR-
ABL1-transformed leukemic cells to imatinib and dasatinib, suggestingkKat |
inhibition in combination with TKIs may be a rational strategy for treatmeRtof

leukemias.
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Figure 2.3. kBaSR inhibits BCR-ABL1 transformation ability. (A) Structure of BCR-
ABL1/GFP and BCR-ABL1#BaSR retroviruses. Both viruses had BCR-ABL1
expressed at upstream of IRES (yellow box), and either GREBaiSIR expressed
downstream of the IRE$B) 4x10' Ba/F3 parental or cells transduced with retrovirus
expressing BCR-ABL1/GFP or BCR-ABLXBaSR were plated in triplicate in the
absence of IL-3 at day 0. Viable cells were determined by trypan binmgtavery 24
hrs. The difference between cells expressing BCR-ABL1/GFP and BCR/A& SR

at 96 hours was significari?€0.0001, t-test)C) Immunoblot of protein extracts from

the cell lines in (B), demonstrating expressionkd8dSR and BCR-ABL1.
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Figure 2.4. kBaSR does not have effect on survival of cells expressing
BCR-ABL1 after IL-3 depletion. 32D or Ba/F3 cells transformed by BCR-
ABL1/mRFP, or BCR-ABL1/kBaSR were cultured in the absence of IL-3 for
72 hrs. Apoptotic cells were detected by caspase marker that binds to most of
caspases, and analyzed with FACS. Shaded area: negative control.
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Figure 2.5. Ba/F3 cells transformed by BCR-ABL1ABaSR have reduced nuclear
RelA expression relative to cells transformed by BCR-ABL1/GFPA) Representative
confocal photomicrographs of nuclear RelA expression in Ba/F3 parental cells
unstimulated or treated with TNH20 ng/ml) for 15 min, and of Ba/F3 cells expressing
BCR-ABL1/GFP or BCR-ABL1/4&BaSR. Cells were stained with antibody against RelA
(red) and counterstained with Hoechst dye (blue). Scale barm1(B) Quantification of
nuclear RelA fluorescence intensity per cell in cells shown in (A). Datprasented as

mean of fluorescence intensity (MFI) of RelA staining relative to esisessing BCR-
ABL1/GFP. P values alindicated (-tests.
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Figure 2.6. kBaSR inhibits primary B-lymphoid transformation by BCR-ABL1 .

(A) Bone marrow cells from Balb/c mice were transduced with retrovirusessexpe
BCR-ABL1/GFP or BCR-ABL1/&BaSR and plated in triplicate at decreasing numbers
of cells per well, as indicated by the colored lines. Nontransduced cells duee: t@

10 total cells per well to provide stromal support. Positive wells were scored es. tim
when the viable non-adherent cell number reach&av&D. (B) Proliferation of primary
B-lymphoid progenitors transformed by BCR-ABL1/GFP or BCR-ABkB4SR.

Equal number of cells were plated in triplicate at day 0. Viable cells ve¢eenained by
MTS assay. The difference in viable cell number at 96 hours was signifeah0001,
t-test).(C) Representative confocal photomicrographs of nuclear RelA (red) exjoress
in B-lymphoblasts expressing BCR-ABL1/GFP or BCR-ABIkB&SR. Cells were
counterstained Hoechst dye (blue). Scale bagsttQ(D) Quantification of nuclear

RelA fluorescence expression of cells shown in (C). Data are presentedrasutiear
RelA fluorescence intensity per cell relative to cells expressirg-BBL1/GFP. The
average nuclear RelA expression of BCR-ABkB&SR-transformed B-lymphoid cells
was significant reducedP£0.0026, t-test).
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Figure 2.7. kBaSR expression prolongs survival of mice with BCR-ABL1-induced
B-ALL. (A) Kaplan-Meier survival curve for recipients of BCR-ABL1/GFP or BCR-
ABL1/ IkBaSR transduced marrow. The number of individual mice in each arm is
indicated. All mice developed B-ALL as described. Mice with B-ALL induce@®6¥Rr-
ABL1/ IkBaSR survived significant longer than contrBEQ.0096, Mantel-Cox test).

(B) Genomic DNA from pleural effusion lymphoblasts of B-ALL mice was subjected t
Southern blot analysis to quantify the number of proviral clonesIRESprobe. The
difference between B-ALL mice induced by BCR-ABL1/GFP (lane 1-10,1811+
independent clones) and BCR-ABLXBloSR (lane 11-22, 5.8+0.6 independent clones)
was of borderline significanc®£0.0697, t-test). Two control DNAs (Con, lane 23-24)
were from cell lines that each contained a single BCR-ABL1 provirussaime blot

was later probed with a humamBL1 probe to calculate total proviral copy number per

genome, as indicated.
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Figure 2.8. kBaSR reduces nuclear RelA expression in BCR-ABL1-induced B-

Relative MFI (_':/o
oB888388
ow J

%)

ALL. Representative confocal micrographs of nuclear RelA expression in pleural
effusion lymphoblasts (A) or cultured B-lymphoid cells (B) derived fromemnwith B-
ALL induced by BCR-ABL1/GFP or BCR-ABL1¢BaSR. Cells were stained with
antibody against RelA (red) and counterstained with Hoechst dye (blue). Images we
taken under confocal microscope. Quantification of nuclear RelA fluoresceansiint
per cell is shown next to images. Data are presented as mean of fluoresosmityint

(MFI) of nuclear RelA expression relative to cells expressing BCRIABFP.
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Figure 2.9. Expression of kBaSR attenuates CML-like MPN induced by BCR-

ABL1. (A) Kaplan-Meier survival curve for CML-like MPN induced by BCR-
ABL1/GFP or BCR-ABL1/kBaSR. The number of individual mice in each arm is
indicated. All mice receiving BCR-ABL1/GFP transduced donor marrow developed
CML-like MPN; recipients of BCR-ABL1#BaSR transduced marrow developed
CML-like MPN (closed square), except for one recipient who developed B-ALL (open
square). Recipients of marrow transduced with BCR-ABIBWBR had significant
longer survival than recipients of BCR-ABL1/GFP-transduced bone maRoW (001,
Mantel-Cox test).(B) Analysis of number of proviral clones in recipients from the two
cohorts in (A) by Southern blotting witRESprobe. Mice receiving BCR-ABL1/GFP-
transduced marrow (lane 1-11) had a significant higher number of independent clones
(9.9+0.8) than mice receiving BCR-ABLtBaSR-transduced marrow (lane 12-19,
6.8£0.5 clonesP=0.0096, t-test). The control DNA (Con, lane 20) was from a cell line
that contained a singRCR-ABL1provirus. The blot was reprobed with hunfBL1

probe to determine total proviral copy number per genome.
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IkBaSR - - - + +

BCR-ABL1 - + + + +
BCR-ABL1 p RN expression in BCR-ABL1-induced

P-IKBa P CML-like MPN. Immunoblot of protein
lysates from spleens of mice with CML-

like MPN induced by BCR-ABL1/GFP

Figure 2.10. kBaSR inhibits c-Myc

IKBO P

C-Myc P — (lane 2 and 3) or BCR-ABL1#BaSR
Bcl-x p — (lane 4 and 5), probed with the indicated
Actin P R antibodies. Lysate from untransduced
0- 1.2 3 45 Balb/c mouse (lane 1) serves as control.
50 - The expression of c-Myc was quantified
100+ and normalized to actin. Relative c-Myc

and kBa expression are shown in the bar

graph below.

Relative expression
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Figure 2.11. Kinase inactive IKK mutants inhibit B-lymphoid transformation

by BCR-ABLL1. (A) Structure of retroviruses expressing BCR-ABL1/GFP, BCR-
ABL1/IKK aKM, or BCR-ABL1/IKKBKM. All viruses had BCR-ABL1 expressed
upstream of the IRES (yellow box), while GFP or either kinase-inactivanhu
expressed downstream of the IRES. Bone marrow from non-5-FU treated Balb/c
mice was harvested and transduced with retroviruses expressing BCR-AB1,1/G
BCR-ABL1/IKKaKM or BCR-ABL1/IKK BKM. Transduced bone marrow was
evaluated for the ability to initiate stroma dependent B-lymphoid outgrowth {B) or
form colonies in agarose (C, OB) Transduced cells were plated in triplicate at
decreasing cell number, as indicated by colored lines. Nontransduced cells we
added to 1®total cells per well to provide stromal support. Positive wells were
scored vs. time when the viable non-adherent cell number reachegI|LGC)
Transduced cells (2x2@er plate, in duplicate) were seeded in agarose as described
in Methods. Colony formation was assessed at day 14 post-seeding. Co-eRrpressi
of IkBaSR (P=0.0063, t-test), IKIKKM (P=0.0082, t-test) and IKBKM

(P=0.0101, t-test) significantly reduced B-lymphoid colony formation mediated by
BCR-ABLL1. (D) Representative photomicrographs of the relative sizes of the
colonies indicated by arrowheads. Grid size =2 mm.
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Figure 2.12. Co-expression of either kinase inactive IKK mutant reduce

nuclear RelA expression induced by BCR-ABL1(A) Representative confocal
micrographs of nuclear RelA (red) expression in primary B-lymphoblasts
transformed by BCR-ABL1/GFP, BCR-ABL1/IK&KM, or BCR-

ABL1/IKK BKM. Cells were counterstained with Hoechst dye (blue). Scale bar=10
um. (B) Quantification of nuclear RelA fluorescence expression of cells shown in
(A). Data are presented as mean of fluorescent intensity (MFI) of nirédarmper

cell relative to cells expressing BCR-ABL1/GFP. The average nuRlkeld

expression in cells transformed by BCR-ABL1/IKKM (*) or BCR-

ABL1/IKK BKM (**) was significant reducedR<0.0001, t-test).
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Figure 2.13. Kinase inactive IKK mutants attenuate B-lymphoid leukemogessis
by BCR-ABL1 in mice. (A) Kaplan-Meier survival curve for B-ALL mice induced by
BCR-ABL1/GFP, BCR-ABL1/IKKaKM or BCR-ABL1/IKKBKM. The number of
individual mice in each arm is indicated. All recipients developed B-ALL. Co-
expression of either IKKKM or IKK KM significantly prolonged the survival of
mice with BCR-ABL1-induced B-ALLRP<0.0001, Mantel-Cox test). In addition,
mice with B-ALL induced by BCR-ABL1/IKKxKM survived significantly longer
than those induced by BCR-ABL1/IKiKM (P=0.0007, Mantel-Cox test{B) Total
cell number collected from malignant pleural effusions in leukemic mice thhem
cohorts in (A). Compared to B-ALL induced by BCR-ABL1/GFP, recipients with B-
ALL induced by BCR-ABL1/IKKaKM (P=0.0039, t-test) or BCR-ABL1/IKKKM
(P=0.0393, t-test) had significantly fewer leukemic cells in malignant pleural
effusions.(C) Immunoblot analysis of protein lysates from pleural effusion
lymphoblasts from mice with B-ALL induced by BCR-ABL1/GFP (lane 2-5)RBC
ABL1/IKK aKM (lane 6-12) or BCR-ABL1/IKK3KM (lane 13-17). Bone marrow
(nIBM) from untransplanted mouse was loaded as a control (lane 1). Blots were
analyzed with antibodies against c-Abl, FLAG and a¢i).Representative confocal
photomicrographs of nuclear RelA (red) expression in B-lymphoid leukemic cells
from recipient of bone marrow transduced with BCR-ABL1/GFP, BCR-
ABL1/IKK aKM, or BCR-ABL1/IKKBKM. Cells were counterstained with Hoechst
dye (blue). Scale bar=1dn. (E) Quantification of nuclear RelA fluorescence
expression of cells shown in (D). Data are presented as mean fluorestensiyi
(MFI) of nuclear RelA per cell relative to cells expressing BCR-M&FP.

Leukemic cells expressing BCR-ABL1/GFP showed significant higheeau&lelA
expression than cells expressing BCR-ABL1/i&M (P= 0.0003, t-test) or BCR-
ABLL/IKK BKM (P<0.0001, t-test).
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Figure 2.14. Co-expression of kinase inactive IKK mutants reduce
the number of leukemic clones in mice with B-ALL induced by BCR-
ABL1. Clonality analysis of genomic DNA from leukemic tissues of
mice with B-ALL induced by BCR-ABL1/GFP (lane 1-6), BCR-
ABL1/IKK KM (lane 7-12) or BCR-ABL1/IKK3KM (lane 13-19) by
Southern blot witHRESprobe to detect distinct proviral integration
events. Two control DNAs (Con, lanes 20-21) were from cell lines that
each contains a singkgCR-ABL1provirus. B-ALL induced by BCR-
ABL1/IKK aKM (P=0.001, t-test) and BCR-ABL1/IKBKM (P=0.0057,
t-test) showed significantly decreased frequency of proviral clones as
compared to leukemias induced by BCR-ABL1/GFP. To determine
proviral copy number, the genomic DNAs were digested Bgiil and

analyzed with a humafBL1 probe.
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Figure 2.15. Kinase-inactive IKK mutants attenuate CML-like MPN induced by
BCR-ABL1. Bone marrow from 5-FU-treated donors was transduced with
retroviruses expressing BCR-ABL1/GFP, BCR-ABL1/IKKM or BCR-

ABL1/IKK BKM. Transduced cells were plated in methylcellulose culture (A) or
transplanted into irradiated recipients to induce CML-like MPN (8).Myeloid

colony assay. 1xfGransduced bone marrow cells were seeded per plate in triplicate.
Colony number was determined at daj' pést-seedingB) Kaplan-Meier survival
curve for recipients of BCR-ABL1 transduced bone marrow in CML model. The
numbers of mice from different arms as well as phenotype of disease aréeinhdica
Recipients of bone marrow transduced by BCR-ABL1/t##M (P<0.0001, Mantel-
Cox test) or BCR-ABL1/IKKM (P<0.0001, Mantel-Cox test) survived significantly
longer than BCR-ABL1/GFP recipien{€) Immunoblot analysis of protein lysate
from spleen of mice with CML-like MPN induced by BCR-ABL1/GFP (lane 4-9),
BCR-ABL1/IKK KM (lane10-12), and BCR-ABL1/IKKKM (lane13-16). Lysates
from spleens of three untransplanted mice (nl SP, lane 1-3) were loaded als.contr
The blot was analyzed with antibodies against c-Abl, FLAG and dBXrAnalysis of
genomic DNA from leukemic tissues of mice with CML-like MPN induce®R-
ABL1/GFP (lane 3-10), BCR-ABL1/IKKKM (lane 11-17) or BCR-ABL1/IKKM
(lane 18-23) by Southern blot witRESprobe to detect distinct proviral integration
events. Two control DNAs (Con, lanes 1-2) were from cell lines that each contained
single BCR-ABLL1 provirus. CML-like MPN induced by BCR-ABL1/IKKKM
(P<0.0001, t-test) and BCR-ABL1/IKBKM (P=0.0003, t-test) showed a significant
reduction in clone number of leukemia-initiating cells as compared to BCR-
ABL1/GFP. The genomic DNA was digested wigglll and hybridized with a human

ABL1 probe to determine the proviral copy number, as indicated.

81



BCR-ABL1+ BCR-ABL1+
nl SP I GFP IKKoKM IKKBKM ! N ! GFP IKKaKM IKKBKM !
acRABLI D pmedaBemo.o@ @ SESSZz.oEm
ikBa P = - - - P——— J———
p-ikBa pw

c
L
? il
L LD
E. 100 - I.. .Il I T ..I..lllll I
L Jdc-Myc Jd c-Myc
Q
> 0 T
=
I | s0- 4
@
o 100~ =
L dBcl-X -1 Bel-X

Figure 2.16. Kinase-inactive IKK mutants inhibit Bcl-X expression

induced by BCR-ABLL1 in myeloid leukemia cellsLysates from leukemic
cells in spleen (SP) or peripheral blood (PB) from mice with CML-like MPN
induced by BCR-ABL1/GFP (lane 4-8, 16-12), BCR-ABL1/IKKM (lane

9-11, 22-25) or BCR-ABL1/IKWKM (lane 12-14, 26-29) were analyzed by
immunoblot for expression of BCR-ABLIxBa, c-Myc, and Bcl-X. Lysate
from normal spleen (nl SP, lane 1-3) and peripheral blood (nl, lane 15) were
loaded as controls. Blots were analyzed with different antibodies as

indicated, including antibody against actin as a loading control.
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Figure 2.17. kBaSR and kinase-inactive IKK mutants sensitize BCR-
ABL1- transformed B-lymphoid progenitors to TKIs. (A) Equal numbers
of BCR-ABL1/GFP or BCR-ABL1#&BaSR-transformed primary B-
lymphoid progenitors were incubated with different concentrations of
imatinib as indicated. Cell viability was determined by MTS assay @fter
hours of incubation(B) Equal numbers of primary B-lymphoid progenitors
transformed by BCR-ABL1/GFP, BCR-ABL1/IK&&KM or BCR-

ABL1/IKK BKM were incubated with different concentrations of imatinib
(B) or dasatinib (C) as indicated. Cell viability was determined by MTS
assay after 96 hours of incubation. Sigmoidal curves were fitted gnd IC
values were calculated with Prism software. The pairwise differemd¢€sy
values between BCR-ABL1/GFP-transformed primary B-lymphoblasts and
leukemic cells expressingBaSR, IKKaKM or IKK KM for imatinib were
in all cases highly significanP&0.0001, extra sum-of squares F test). The
pairwise differences in I§g values between BCR-ABL1/GFP-transformed
primary B-lymphoblasts and leukemic cells expressingdKKI or

IKK BKM for dasatinib were also significar?€0.0001 andP=0.0099, extra

sum-of squares F test).
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Figure 2.18. Kinase-inactive IKK mutants do not sensitize BCR-ABL1-
transformed B-lymphoid progenitors to dexamethasone Equal numbers of
primary B-lymphoid progenitors transformed by BCR-ABL1/GFP, BCR-
ABL1/IKK aKM or BCR-ABL1/IKK BKM were incubated with different
concentrations of dexamethasone as indicated. Cell viability was determined
by MTS assay after 96 hours of incubation. Sigmoidal curves were fitted and

IC50 values were calculated with Prism software.
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2.4DISCUSSION

Despite the current success of TKIs in treating the majority ofrateth CML-
CP, limitations of TKiIs still exist, which reduce their therapeutic affyjc Long-term (>2
years) complete molecular remission can only be achieved in less than 10%nifpat
(Okimoto and Van Etten, 2011), while relapse occurs in majority of patients after
discontinuation of imatinib (Mahon et al., 2010). In addition, currently available di€ls
not effective in treating patients with advanced stages of CML orR#tiALL (Druker
et al., 2001a; Sawyers et al., 2002); neither do they have an effect on patiemtsgcqui
TKI resistance. It is likely that TKIs alone may control diseaseldpueent, but will not
be curative. To achieve permanent cure forl®kkemia and overcome TKIs resistance,
identification of critical signaling pathways as new therapeutic tsigehe Ph

leukemias is necessary (Van Etten, 2004).

In this regard, the NkB signaling pathway is an attractive candidate, and has been
described to play roles in regulating development of several different typgsafs and
hematological malignancies (Basseres and Baldwin, 2006). In acute myeilogtia
(AML), NF-kB activation can be found in myeloid blasts (Baumgartner et al., 2002) and
primitive leukemia-initiating cells (Guzman et al., 2001). Id Rlukemia, NF<B
activation is also observed in BCR-ABL1 transformed cell lines as welbatslitom
CML-BC or PH B-ALL (Kirchner et al., 2003; Munzert et al., 2004; Reuther et al.,

1998). Using biochemical or pharmacological approaches, sa@vettb studies have
demonstrated that inhibition of NEB impairs transformation ability of BCR-ABL1, and

induces apoptosis of leukemic cells (Cilloni et al., 2006; Duncan et al., 2008; Lounnas et
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al., 2009; Reuther et al., 1998). However, experiments carried out in cell lines often do
not correlate well with therapeutic response in primary leukemaso. Therefore, we

have used two well- characterized genetic approaches and performed afsengro

andin vivo studies in physiologically accurate and quantitative mouse model of CML and
Ph" ALL and for the first time we have demonstrated thatdFas direct mediator in the

pathogenesis of lymphoid and myeloid leukemias induced by BCR-ABL1.

The first approach we used is to co-express BCR-ABL1 with a super-repressor
form of IkBa, IkBaSR, which is resistant to phosphorylation by IKKs and inhibits NF-
kB signaling by sequestering NdB complex in cytoplasm (Feuerhake et al., 2005). In
the second part of the study, we used kinase-inactive forms of #€d IKKB, which
have been shown to impair NdB activation by inhibiting the serine phosphorylation and
kinase activity of the IKK complex (Nakano et al., 1998). We have shown that both
strategies reduce RelA nuclear expression in primary BCR-ABLlcadlleukemias as
demonstrated by immunofluorescence staining. While a previous report indlcatt&ukt
p185 form of BCR-ABL1 increased the transactivation ability of@Rwithout
increasing its nuclear translocation in Ba/F3 cells (Reuther et al.,,28898)d find that
the p210 form of BCR-ABL1 can enhance RelA nuclear expression in Ba/F3 cdés whi
co-expressiondBaSR decreased nuclear RelA expression to the levels observed in
unstimulated parental cells. Co-expression of eitherdKKl or IKK BKM individually
with BCR-ABL1 was slightly less effective at suppressing relaBvelk of nuclear

RelA, possibly because of compensation from the other IKK subunit.

87



In agreement with previous findings by Reuther et al., who demonstk&de$R
has no effect on the viability of 32D cells expressing p185 form of BCR-ABL1laf&r
depletion (Reuther et al., 1998), we also foutlBdSR has no effect on survival of
Ba/F3 or 32D cells expressing the p210 form of BCR-ABLL1 in the absence of IL-3
Interestingly, we did find co-expression @BlaSR inhibits IL-3-independent Ba/F3 cell
growth as well as primary lymphoid transformation by the p210 form of BCR1AB
assessed by a more quantitative and dynamic B-lymphoid transformationTdssay.
mechanism of activation of NkB by BCR-ABL1 is controversial, with studies in
different cell lines suggesting either IKK-dependent (Duncan et al., 200&jIMiic et
al., 2004) or independent mechanisms (Kirchner et al., 2003; Munzert et al., 2004). Our
results demonstrate that co-expression of eitherdKl or IKK KM attenuated
transformation and leukemogenesis ability of BCR-ABL1, linking IKK to tttevation
of NF«B in BCR-ABL1" leukemias and validating IKK as a therapeutic target in these

diseases.

It is interesting that attenuation of both lymphoid and myeloid leukemogernyesis b
the IKK mutants (Figures 2.13 and 2.15) was more profound than that mediated by
IkBaSR (Figures 2.7 and 2.9), despite less effective inhibition of nuclear RelA. These
results suggest IKKs might affect BCR-ABL1- mediated leukemogepesiislly
through kBa independent mechanisms. Indeed, substrates of IKK otheriBarhiave
been implicated in regulatingo-inflammatory, survival, proliferative and tumor-
promoting function of IKKgPerkins, 2007). While IKK was shown to support anti-

apoptosis of breast cancer cell lines through phosphorylating and inhibiting RFOKO3
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et al., 2004a), it was also shown to stabilize mRNA of cytokine, chemokines and growth
factor through phosphorylating 14-3-8 inhibit tristetraprolin/14-3{3 mRNA-binding
complex (Gringhuis et al., 2005). BadkK o and IKKB can directly phosphorylate RelA,
which enhances nuclear translocation and transcactivation ability of RelA indepehde
IxBa degradatiorfAdli et al., 2010; Perkins, 2007). Recent study by Baldwin and
colleagues also demonstrated that IKKs are involved in regulating thessiqr of

autophagic genes in a NdB independent manner (Comb et al., 2011).

Another interesting finding in our current studyK& aKM mutant acts more
effectively in attenuating BCR-ABL1-meidated leukemogenesis thaB KK although
IKK B is generally considered to be the principal player in IKK mediatitigadion of
NF-kB in the canonical pathway (Li et al., 1999b). The function of dkiK the
alternative pathway regulating mature B-cell development (Kaisho et al., 20giif) be
relevant to its role in the pathogenesis of BCR-ABL1-induced B-ALL. On the b#mel,
p100 was aslo shown to sequester p50/RelA heterodimers in the cytoplasm while IKK
mediated phosphorylation and proteolytic processing of p100 allow p50/RelA to enter the
nucleuus and regulate target genes (Dejardin et al., 1995). Recentty wK&
implicated as direct mediator regulating Todbduced NF«B activation in canonical

pathway (Adli et al., 2010).

The precise mechanism of the inhibition of BCR-ABL1 leukemogenesis byB\F-
blockade will require further studies, but our present data suggest the mechanism might

differ between lymphoid and myeloid leukemias. In BCR-ABL1-expressing B-
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lymphoblasts, the effect of NkB inhibition seems to be on cell proliferation rather than
survival, with no observation of increase in apoptosis. On the other hand3 NF-
inhibition seems to effect survival pathways in myeloid cells, as we found dedreas
expression of Bcl-X in CML-like MPN induced by either BCR-ABL/IKK-KM, thia
variable effect on c-Myc, consistent with a previous study in tHerBloid cell line

K562 (Morotti et al., 2006).

By using kBaSR or either IKK-KM mutant to inhibit NkB activation, our
results for the first time have implicated NB-in the maintenance of BCR-ABL1
leukemia-initiating cells, defined here as distinct provirally marked sltme contribute
to a fatal leukemia following transplantation (Krause et al., 2006). Co-expredghese
mutants significantly attenuated the frequency of distinct leukemiating cells in bone
marrow to initiate B-ALL or CML-like MPN in mice (Li et al., 1999a). Studigsoloir
group have demonstrated that mice transplanted with 5-FU pretreated mansnudted
with BCR-ABL1 developed exclusively CML-like disease within 3-5 wegket al.,
1999a). On the other hand, we found recipients developed mixture of CML-like disease,
B-ALL, or histiocytic sarcoma when downstream signaling of BCR-ARLiimpaired, as
when BCR-ABL1 mutants lacking the Grb2 binding site (Million and Van Etten, 2000)
or the Src homology (SH2) domain (Roumiantsev et al., 2001) are used to induce disease.
Further analysis of proviral integration and use of isolated cell populations to iRHuce
leukemia in mice have demonstrated that the target cells for these Heagedi are
distinct. While the hematopoietic stem cell is the target cell for inducti@Mif-like
disease, committed B-lymphoid and monocyte progenitors are responsible fangnduc

B-ALL or macrophage disease, respectively (Hu et al., 2006; Huntly and Gilliland, 2005;
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Li et al., 1999a). Our results showed that co-expression of mutants proteinscB NF-
pathway, especially IKKKM or IKK KM, significantly reduced the frequency of cells
that initiate CML-like MPN, but do not completely eliminate cells inigtB-ALL or
macrophage disease. As a result, some recipients with BCR-ABL/IKKtksduced
marrow eventually developed mixed disease with CML-like MPN and eithemBHgid
leukemia or histiocytic sarcoma in the mouse model of CML. In line with previous
findings in AML, in which NF«xB inhibition induce apoptosis of leukemic primitive
AML cells (Guzman et al., 2001), our results suggest theBlpathway also plays a
significant role in maintaining leukemia-initiating cells that indueAlB. or CML-like
MPN. It would be interesting to see if NdB inhibition causes a defect in the initial

homing or engraftment of these leukemia-initiating cells.
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2.5METHODS

Retroviral constructs

To co-express both BCR-ABL1 ankBBaSR in a retroviral vector, cDNA of
IkBaSR (Feuerhake et al., 2005; Suh et al., 2002),0KK and IKKBKM (Nakano et
al., 1998) were cloned into pMIGR1 (Pear et al., 1998) vector by replacing GFP. An
IkBaSR cDNA without the five prime and three prime untranslated region wasfiaehpli
with polymerase chain reaction (PCR) from plasmid MSCV-eGFP«SR-(kind gift of
Dr. M. A. Shipp (Feuerhake et al., 2005)), using a 5’ primer contaiémgH site and
Kozak sequence and 3’ primer containBegmH site (5’ primer, 5-CGC GGA TCC
ACC ATG TTC CA-3', 3’ primer, 5-CGC GGA TCC TCA TAA CGT CAG A-3)).
BamH linker was previously introduced into 3’ of IRES sequence in pMIGR1 and
cDNA of IkBaSR was subcloned into pMIGR1 wiBamH site. BCR-ABL1was
subsequently cloned intecoR site at 5’ end of IRES to make retrovirus expressing

plasmid BCR-ABL1/kBaSR.

IKK aKM, IKK BKM cDNA was amplified with PCR from pCR-FLAG-IK&-KM
or pCR-FLAG-IKKB-KM (Addgene), andal was introduced at both end of cDNAs
during PCR reaction. To amplify IKi€KM, 5’primer containingSal site and Kozak
sequence and 3’ primer containigl site was used (5’ primer, 5-GCG TCG ACA
CCA TGG ACT ACA AG-3', 3 primer, 5-CGG TCG ACT CAT TCT GCT AAC
CAA). The same 5’ primer was used to amplify cDNA of IB&M, but different 3’

primer was used (3’ primer, 5-CGG TCG ACT CAG TCA CAG GC-3al site was
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used to subsequently cloned cDNA of IKKM or IKK KM into pMIGR1. BCR-ABL1
was cloned into pMIGR1 &ipal site to make BCR-ABL1/IKKKM, or BCR-

ABL1/IKK BKM.

Generation of retrovirus stocks

All DNAs for making retrovirus stock were prepared by two rounds of buoyant
density centrifugation with CsQHigh-titer, replication-defective ecotropietroviral
stocks were made by transient transfection of 293T cells with retrovatairv@NA and
kat packaging construct (Finer et al., 1994; Gavrilescu and Van Etten,. 206&um
was changed at 24 hours post-transfection and virus supernatant was collected a 48 hour
post-transfection. Virus supernatant was frozen immediately &C-&fter harvesting.
To titer virus, an aliquot was thawed and used to transduce NIH3T3 cells. At 48 hours
post-transduction, transduced cells were harvested. Genomic DNA from trahsdlise
was extracted and subject to Southern blot analysis to determine proviral cdpgrnum

per cell. Matched tittered retroviruses were used in the same experiment.

Transformation of cytokine-dependent hematopoietic cell lines

32D cl3 cells and Ba/F3 cells were maintained at 37°C with C@%in RPMI-
1640 medium containing 10% heat-inactivated fetal bovine serunyMQ@Gglutamine,
5% (vol/vol) WEHI-3B cell-conditioned medium (as a source of Interleukin-3),
penicillin/ streptomycin. Cells were later transduced with retosvio-expressing BCR-
ABL1 and mutant proteins. At 48 hours post-transduction, culture was replaced with

fresh medium without supplement of IL-3. To test the proliferation of transducedrcell
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the absence of IL-3, 4x1@ells were seeded in 24 well plates at day 0 in 1 ml culture
medium in the absence of IL-3. Viable cells were determined by trypan hlomgt

every 24 hrs. Each experiment was done in triplicate.

Myeloid transformation and leukemogenesis studies in mice

For myeloid transformation and leukemogenesis, bone marrow was collected from
6-10 weeks old Balb/c donor mice treated 4 days previously with 200 mg/kg 5-
fluorouracil (5-FU). Cells were collected by flushing the femur and wiila a syringe
and 27-gauge needle. Marrow cells were then cultexedvowith high glucose
Dulbecco's Modification of Eagle's Medium (DMEM) (cellgro) containingol(ol/vol)
heat-inactivated FBS (Gibco), penicillin/ streptomycin (cellgro), bgiprofloxicin
(Sigma), 20QuM L-glutamin (cellgro), 5% (vol/vol) WEHI-3B cell-conditioned medium,
6 ng/mL IL-3, 10 ng/mL IL-6, and 50 ng/mL SCF (all from Peprotech) overnight. After
cytokine prestimulation, marrow cells were subjected to cosedimentation inrmedtin
same condition but supplemented with retroviral stockg/mL polybrene (Sigma) and
10mM HEPES (Cellgro) at 1,000 g for 90 min in a Sorvall RT-6000 centrifuge. Marrow
cells were cultured again in fresh prestimulation medium overnight. The nexedand
round of transduction and cosedimentation was performed. Cells wereembbact
washed with HBSS 2 hours later. For assessment of myeloid leukemogenesis’ 2-5x10
transduced BM cells were injected intravenously into lethally irradiéd21-777 cGy)

recipients.
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For assessment of myeloid colony formation, xténsduced cells/35mm dish
were plated in triplicate in cytokine-free methylcellulose (M3234, Sterin Cel
Technologies) and culture in 7, 5% CQ. Number of colonies was scored on day 14

post-seeding.

Lymphoid transformation and leukemogenesis study in mice

For lymphoid transformation and leukemogenesis, bone marrow was harvested
from 6-10 weeks old donors. Harvested marrow was immediately subjected to one round
of cosedimentation with retroviral stockslad00 g for 90 min in a Sorvall RT-6000
centrifuge in the presence of«y/mL polybrene (Sigma), 15% (vol/vol) heat-inactivated
FBS (Gibco), penicillin/ streptomycin (cellgro), 1.0g/ml ciproflori¢Sigma), 10mM
HEPES (Cellgro), 5% (vol/vol) WEHI-3B cell-conditioned medium, angi&0D2-
mercaptoethanol (EMD). Transduced cells were washed and collected 2-4fteyurs a
cosedimentation. For assessment of lymphoid leukemogenesié traxi@luced donor
cells per recipient were injected intravenously into irradiated femalédBa&cipients

(621 cGy-777 cGy).

Assessment of BCR-ABL1 B-lymphoid transformation by pre-B cell colony
formation in agarose (Warren et al., 2003) and stromal dependent growth (Srhjth et a
2003) was performed as described. To assess pre-B colony formation in agarose,
transduced cells were mixed with RPMI-1640 in 0.3% agarose (Fisher) supmdment
with 20% FBS, 5M 2-mercaptoethanol (EMD), and penicillin/ streptomycin (cellgro).

2x1@ cells were plated in 35-mm plastic Petri dishes (NunclarS8trface) on top of
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0.6% medium containing agarose base. B-lymphoid colonies were scored at day 14 post-

seeding.

To assess stromal-dependent growth of transformed pre-B cells, transdigced ce
were plated in triplicate in 24-well platas 1x10, 3x1¢, 1x1¢, 3x1C, 1x1C, 3x1F and
1 x1C per well density irRPMI 1640 medium (cellgro) supplemented with 20% fetal
bovine serum (Gibco), 20@M L-glutamine (cellgro), 5M 2-mercaptoethanol (EMD)
1.0g/ml ciprofloxicin (Sigma), and penicillin/ streptomycin (Cedlg All wells were
supplemented with untransduced bone marrow to make final total cell number equal to
1x1C. Half volume of medium were removed and replaced with equal volume of fresh
medium without agitation twice a week. Start at five days post-plating, nonadbeltent

were counted daily. A cell density dk10P cells per well was scored as positive growth.

Analysis of diseased mice

Recipient mice were evaluated for their disease development dailyaftgplant.
Animals showing signs of morbidity, failure to thrive, and splenomegaly agteanized
by CO; asphyxiation. Peripheral blood was obtained by submandibular venous plexus
puncture. Hematopoietic tissues were harvested and used for analyzice disease
features by cytospin, histopathologic analysis or lineage analysia®$ with
antibodies against Ter118D90 (Thyl.2), CD45RA (B220), BP-1, CD11b (Macl) and
Gr-1 (BD Pharmingen). Based on animal pathological features, we defDbt_-like
leukemia, B-ALL or histiocytic sarcoma as described previofislgt al., 1999a;

Roumiantsev et al., 2001). Hematopoietic tissues were also subjegetbtmic DNA
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preparation, protein lysate preparation and intracellular staining for fantlagysis of
molecular features of disease mice. All mouse experiments were approtresl

Institutional Animal Use and Care Committee of Tufts Medical Center.

Southern blot analysis

To determine the frequency of leukemia-initiating cells, distinct pabintegration
events were quantified by Southern blot analysis of genomic DNA from leukasuadgi
as described (Krause et al., 2006). To analyze distinct proviral integratios beémneen
disease mice induced by BCR-ABL1/GFP or BCR-ABkB&SR, genomic DNA from
disease mice was digested wiglll, transferred to nylon membranes and hybridized
with a radioactive probe derived from tHRES To analyze proviral integration events
between disease mice induced by BCR-ABL1/GFP, BCR-ABL14KKI, or BCR-
ABL1/IKK BKM, genomic DNA was digested witkisil and analyzed with IRES probe.
To determine proviral copy number per cell, genomic DNA was digestewiiih and
subjected to Southern blot analysis with a radioactive probe derived from louAvigril
gene, which detects a 2.2-kb fragment from é2CR-ABL1provirus, as described (Li et
al., 1999a). Intensity of hybridization was determined by Phosphorimagksis
(Molecular Dynamics). Intensity of hybridization to endogenous muriAbl was used
as internal control to normalize differences during DNA loading. Copy number was
determined by comparing ratio between intensity of hybridizatiddGiR-ABL land

endogenous &bl to that of genomic DNA of cell lines containing a single provirus.

Immunoblot analysis
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Protein lysates were prepared from primary tumor cell suspensions frormbormsyv,

spleen or peripheral blood by direct boiling” t@lls were resuspended in 100f cold

PBS, followed by immediate addition of equal volume of 2X sample buffer and boiling
for 10 min. To determine protein concentration, lysates were either standardi@BEby
PAGE and Commassie blue staining or analyzed by 660 nm Protein Assay (Thermo
Scientific Pierce) in the presence of lonic Detergent CompatibiliagBat (Thermo
Scientific Pierce). Equal amount of protein were subjected to SDS-Pi#&isferred to
nitrocellulose membranes, and probed with antibodies against ABL1 (BD Pharmingen),
IxBa (Cell Signaling), phospha«Ba (Cell Siganling), Bcl-X (BD Transduction

Laboratories), c-Myc (Santa Cruz) and anti-Actin (Sigma) antibodies.

Immunofluorescence analysis of nuclear RelA

Transformed cells were washed with cold PBS, fixed with 2% paraforimalde

(Electron Microscopy Sciences) on ice for 20 min and permeabilized with 100%
methanol (Fisher) for 20 min on ice. Cells were then washed and blocked with cold PBS
buffer containing).1% Triton X-100, 5% FBS and mouse Fc block (BD Pharmingen) on
ice for 10 min. After blocking, cells were incubated with 1:50 anti-p65/RelA (Santa

Cruz) antibody at room temperature for an hour, followed by incubation with 1:200
secondary Alexa Fluor 555 conjugated goat anti-rabbit antibody (Invitrogen) at room
temperature for 30 min. Cells were then washed PBS with 0.05% Triton X-100 and 2.5%
FBS, then placed on coverslips by using a Cytospin (Shandon). Cells werd usaug

a Leica TCS SP2 confocal microscope. Leica LCS software was usedtdygialA

nuclear expression.
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Cell viability assay with TKIs

Primary B-lymphoid cells were plated in triplicate in 96-well platesMR1640
medium (Cellgro) supplemented with 20% fetal bovine serum (Gibco)yIOD-
glutamine (Cellgro), 5@M 2-mercaptoethanol (EMD), 1.0g/ml ciprofloxicin (Sigma).
Imatinib (Novartis Pharmaceuticals) or dasatinib (Bristol-My&qsibb) were included
in media with increasing concentrations. At 96 hours post-incubation, cell viainis

determined by MTS assay (Promega), following manufacture’s instnuctio
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Chapter 3.
Therole of g-cateninin

BCR-ABL 1-induced leukemia
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3.1INTRODUCTION

As mentioned in Chapter 1, residual LICs in Rlukemia patients after treatment
with TKIls are postulated to be the fundamental cause of relapse andsprogte blast
crisis. In order to develop better therapeutic strategies to eralliCat¢o achieve
permanent cure for Pleukemia, we need a better understanding of the mechanisms
maintaining these LICs. The role [dfcatenin in regulating the development of normal
stem cells has been studied but remains controversial, and it is not clear muol&ae,
active form off-catenin regulates the development of Riukemia. Hence, in this
chapter we used the retroviral bone marrow transduction/transplantation modisketo

test the role of constitutively actiyecatenin in BCR-ABL1-mediated leukemia.

3.1.1B-catenin signaling pathway

B-catenin is a central molecule in the canonical Wnt signaling pathway. In
unstimulated cellg}-catenin resides in the cytoplasm, and is targeted for degradation
through phosphorylation by the cytoplasmic GSK protein complex, consisting of
glycogen synthase kinase 3 beta (G8K®8asein kinase 1 (CK1), axin and adenomatous
polyposis coli (APC) (Figure 3.1). The binding of a Wnt ligand to its receptor, €dizzl
will simulate Dishevelled (DSH) to inactivate the GFK&mplex, which stabilizef$-
catenin and allows it to enter the nucleus and function as a coactivator for the
transcription factor LEF/TCF to activate target genes (Malhotra amzhie, 2009;

Pardal et al., 2003).
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Figure 3.1. An overview of WntB-catenin pathway.p-catenin normally resides in
the cytoplasm and is regulated by a disruption complex containing gtycoge
synthase kinase 3 beta (G3K3casein kinase 1 (CK1), axin and adenomatous
polyposis coli (APC). GSKBand CK1 phosphorylafg-catenin in the cytoplasm,
which causeg-catenin to be targeted by ubiquitin ligase and subsequently to be
degraded in the proteasome. The binding of WNT ligand to its receptor, Frizzled,
can activate Dishevelled (DSH), which disrupts the GSK3 complex and gdtows
catenin to enter the nucleus. Nuclear adfiv@atenin can then act as a coactivator
for the transcription factor LEF/TCF, to activate target genes encpditgins that

regulate cell proliferation and survival.
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3.1.2 Previous studies d8-catenin in regulating normal hematopoietic stem cells

Using gain- or loss-of-function approaches, the rolg-catenin in normal
hematopoiesis has been studied. Conditional deletifrcatenin in adult murine
hematopoietic stem cells did not impair their ability to initiate hematsjsooe
repopulate lethally irradiated recipient mice (Cobas et al., 2004; Koch et al.; BQ08)
contrast, conditionaleletion off3-catenin from fetal liver-derived HSCs impaired their
ability to self-renew and repopulate recipient mice competitively@#tal., 2007).
These results suggest tiffatatenin is essential in early HSC development but might be

dispensable in adult hematopoiesis.

Several different gain-of-function approaches have been utilized to undetstand t
role of B-catenin in regulating hematopoiesis. Using retroviral transduction, Raya et
showed that expression of a constitutively active mutaftazitenin in HSCs from Bcl-2
transgenic mice expanded the pool of HSCs in culture, which could functionally
repopulate lethally irradiated recipients (Reya et al., 20@3Never, Baba et al. showed
expressing activf-catenin in HSCs from wild type mice can promote expansion of
HSCs in culture but not their ability to reconstitute irradiated recipi&atisg et al.,

2006), suggesting that Bcl-2 expression might play a role in the observation of Réya et
Two other independent studies using transgenic mice simultaneously reported that
conditional activation of-catenin in adult HSCs can block their differentiation ability

and cause failure of hematopoiesis (Kirstetter et al., 2006; Schedller 2006). Several
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genes important in regulating function of HSCs, sud@disi1a Hoxb4 Bmil, and
Sfpil were shown to be down-regulated in the presence of constitutively gctive
catenin. Together, these studies indicate a complicated role for gatatenin in
regulating hematopoiesis, suggesting the expressipfrcafenin is required to be finely
regulated, probably through interaction with other signaling molecules, intorder
balance the self-renewal and differentiation ability of HSCs (Madhertid Kincade,

2009).

3.1.3 Previous studies d8-catenin in regulating leukemia-initiating cells

Previousn vitro studies showed that BCR-ABL1 could stabilzeatenin by
phosphorylating-catenin at Tyr86, and Tyr 654, which interferes with its binding with
Axin (Coluccia et al., 2007). A fewm vivo studies evaluating the role fcatenin in
regulating LICs have also been carried out. Using a loss-of-function gir&ega and
colleagues showed conditional deletiorBetatenin using HSC from Vav-Cre transgenic
mice impaired the frequency of development of CML-like MPN in recipiené mmi¢he
bone marrow transplantation/transduction model, but still allowed development of B-
ALL in the majority of recipients (Zhao et al., 2007). This study as wellstady by Li
and colleagues showed tifiatatenin deficiency prevented propagation of disease from
primary CML to secondary recipients (Hu et al., 2009; Zhao et al., 2007), suggesting an

essential role op-cateninfor maintenance of BCR-ABL1-expressing stem cells.

On the other hand, studies with gain-of-function approaches have also illustrated a

important role of activ@-catenin in development of acute myeloid leukemia and CML
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myeloid blast crisis. Recent work by Armstrong and colleagues demonstrated t
granulocyte-macrophage progenitors (GMP) transformed by the trarstifigtiors
HoxA9 and Meisl could initiate acute myeloid leukemia (AML) only when a
constitutively active mutant form @Fcatenin was co-expressed. They further showed
inhibition of B-catenin through pharmacological or genetic approaches impaired AML
development initiated from GMP expressing the leukemic fusion protein MLO.-AF
(Wang et al., 2010). On the other hand, elevated expressfanaténin has been found
in GMPs from CML patients in myeloid blast crisis (CML-MBC) but not in chroni
phase, which can be propagated in a serial replating assay, suggestegin provides
self-renewal ability in BCR-ABL1-expressing GMPamieson et al., 2004). The same
group subsequently identified an in-frame misspliced variant of G®Kpressed
exclusively in GMP from CML-MBC, which might contribute to enhanfechtenin
expression and transformation of GMP to become LICs (Abrahamsson et al., 2009).
However, direct evidence th@tcatenin itself could provide self-renewal ability on BCR-
ABL1 expressing myeloid progenitors in physiological condition is lacking. &t al
need to understand if actif)ecatenin plays a role in the development of lymphoid blast

crisis.

3.1.4 Mouse model with constitutively activd-catenin generated by using a Cre-

loxP system

Here, we proposed to study the role of acfiveatenin in BCR-ABL1-mediated

leukemogenesis with tHetnnbT"* mouse strain that carries a conditionally activfited
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catenin allele (Harada et al., 1999). The exon 3 ofitbatenin allele in this transgenic

mouse is flanked by loxP sites. The exon 3 contains the serine and threonine residues that
can be phosphorylated by GSK3vhich subsequently targgiscatenin for proteasome
degradation. Cre recombinase-mediated in-frame deletion of exon 3 geaerates
constitutively active form of-catenin (Figure 3.2) that is stably expressed in the nucleus

(Gounari et al., 2001).
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Figure 3.2. Diagram of conditional active-catenin allele.The wild typef3-

catenin gene has 15 exons. To engineer a conditional getiatenin allele, exon 3
(containing the phosphorylation sites recognized by the GSK destructionesompl
was flanked with loxP sites (black arrows). Tissue-specific expres$iCre
recombinase leads to excision of exon 3 and in frame splicing of exons 2 and 4,
which results in recombined allele encoding a stable forpaaatenin. The location

of start and stop codons are listed.
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3.1.5 Rationale

Although deregulated acti\izcatenin has been shown to be required for
maintaining LICs in AML and is associated with progression of CML to mgdilaist
crisis (Jamieson et al., 2004; Wang et al., 2010), direct proofifremmo studies is still
required in order to evaluate whether V@atatenin is an essential target for treating Ph
leukemia and for the development of therapeutic strategies. Based on prawioes st
we hypothesized that the activationfatatenin alone may be sufficient to confer self-
renewal ability on BCR-ABL1-expressing myeloid progenitors, which might allow
disease induction from committed myeloid progenitors, and contribute to disease
progression from chronic phase to myeloid blast crisis. We further hypothesized tha
activatedd-catenin might be involved in the development of BHALL or lymphoid
blast crisis. By usin€tnnbf"* mice as donors or a constitutively actBreatenin
retroviral allele (Reya et al., 2003) in combination with the retroviral bcareomw
transduction/transplantation mouse model, we carried out s@verab andin vivo

experiments to examine the role of actdreatenin in BCR-ABL1-mediated leukemia.
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3.2RESULTS

3.2.1 Activatedp-catenin inhibits BCR-ABL1-mediated primary lymphoid

transformation

By using theCtnnb1"* mouse strain and retrovirus co-expressing BCR-ABL1 and
a GFP-CRE fusion protein (Heinrich et al., 2004) (BCR-ABL1/GFP-CRE)jratetésted
the effect of activatefl-catenin in primary B-lymphoid transformation mediated by
BCR-ABL1 (McLaughlin et al., 1989; Smith et al., 2003). Boma&row from wild type
(CtnnbI™) or CtnnbI”* mice was harvested and transduced with BCR-ABL1/GFP-CRE
to activate thetnnbI allele. Transduced cells were plated in serial dilutions in stromal
cultures suitable for growth of B-lymphoid cells. The outgrowth of transformed B-
lymphoid progenitors as function of time is shown in Figure 3.3. We found that BCR-
ABL1/GFP-CRE transforme@tnnbI’* progenitors initiated outgrowth faster than
transformedCtnnbT"* cells. As few as 30,000 transdud@ahnb”* cells initiated
outgrowth of B-lymphoid progenitors, but more than 100,000 transdiizetb " cells
were required to initiate any outgrowth. This initial result indicatesatiatated3-
catenin inhibits the B-lymphoid transformation ability of BCR-ABhlvitro, which
suggests that activat@dcateninmight also interfere with B-ALL development mediated

by BCR-ABL1.
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3.2.2 Activatedp-catenin is associated with loss of GFP-Cre expression and alters

BCR-ABL1-induced B-lymphoid leukemogenesis

To test if activateds-catenin affects the development of B-ALL mediated by BCR-
ABL1, we induced B-ALL in recipient mice with donor marrow fr@mnb1’* or
Ctnnbf”* mice. Bone marrow from donors without 5-FU pretreatment was transduced
with BCR-ABL1/GFP-CRE retrovirus and transplanted into irradiated syngeneic
recipients (Figure 3.4). Ahice receiving BCR-ABL1/GFP-CRE transdud@thnb1™
marrow developed B-ALL, with a latency around 5-10 weeks (Figure 3.5A). Soree mic
receiving BCR-ABL1/GFP-CRE-transduc€thnbf*marrow developed B-ALL (5 out
of 9) while a few mice (4 out of 9) died of mixed disease with B-ALL and CML-like
MPN. The development of CML-like disease in some recipients in this cohort was
unexpected, as this leukemia is ordinarily initiated from transduction of HBEdly et
al., 2004), which are very poorly transduced under these conditions (ie, no 5-FU
treatment of donors and a single transduction without cytokines). The CML-like MPN
was characterized by an elevated white blood cell count, severe spigtpiitegure
3.5B), lung hemorrhage, and expansion of Gaild Mac-1/CD11bmyeloid cells in
bone marrow, spleen, liver, and peripheral blood. No statistically significarnteditie
was found in survival between two arms. The absolute number of distinct proviral clones
was similar between the two cohorts (Figure 8&nb1’*, 1.88 + 0.35 clones;

Ctnnbf"™, 1.8 + 0.2 clone=0.8777).

Although marrow from boti€tnnbI’* andCtnnbf"* donors was transduced with

the same retrovirus expressing BCR-ABL1/GFP-CRE, only two mice fnemdhort
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receiving transduce@tnnbT”* marrow had GFP-positive cells in malignant tissue, while
leukemic cells from all recipients of transdud@inbI’* marrow expressed GFP. We
hypothesized that deleterious effects of activ@itedtenin might select for gene
rearrangement and/or deletions in the retroviral provirus, which caused loss of GFP
expression. To test this hypothesis, we analyzed the proviral integritykienhéc cells

from diseased mice using Southern blotting wvNBL1andGFP probes (Figure 3.7A)
While all mice transplanted with transduc&thnbI’* marrow had intact proviraFpP-
CREandBCR-ABL1gene structures (Figure 3.7B), most recipients of transduced
CtnnbT" marrow had rearrangement or deletion of@P-CREgene (5 out of 9), and

a few mice (3 out of 9) also had evidenc®&GR-ABL1gene rearrangement, as assessed
by a 3'ABL1probe. Although these mice had B€R-ABL1gene rearranged, we
observed intact BCR-ABL1 protein expression in lysates from leukemgafalliseased
mice with transduce@tnnbT"* marrow (Figure 3.8), suggesting the expression of
functional BCR-ABL1 was preserved to induce disease in these recipients. Althoug
constitutive expression of Cre recombinase in mammalian cells has beeatadsweith
genomic instability (Silver and Livingston, 2001), we did not observe proviral
rearrangements iBtnnbI”* cells (Figure 3.7B, left panel). Hence, these results suggest
that the presence of a conditional acfiveatenin allele is associated with selection for

proviral rearrangement/deletion and loss of GFP-CRE expression in trathsdlise

As mentioned above, the appearance of CML-like MPN in recipients of marrow
transduced with BCR-ABLL1 retrovirus under the conditions used in the B-ALL model is
highly unusual, and suggested the possibility that committed myeloid progenitors, which

are abundant and readily transduced under these conditions, might be the source of the
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myeloid leukemia. Because committed myeloid progenitors from wild-type cannot
initiate CML-like MPN following BCR-ABL1 retroviral transduction (Huptkt al.,

2004), this in turn led us to hypothesize that activftedtenin might confer self-
renewal to myeloid progenitors, allowing development of CML-like diseated B-

ALL mouse model. To investigate the efficiency of recombination o€tneb1' allele
mediated by Cre recombinase, genomic DNA from diseased mice was adlgect
analysis by PCR (Figure 3.9) or by Southern blot (Figure 3.10) with a probe that
simultaneously detects the wild-type, floxed and recombined alleles. As sh&igure
3.10B, all recipients transplanted with transdudéB’* marrow had only the wild-type
allele detected, as expected. The recomb@tedblallele can be observed in control
DNA from thymocytes of CD4CreéstnnbI"* transgenic mice (Guo et al., 2007); (Figure
3.10B, lane 19), but unexpectedly it was not detected in diseased mice tivaidrece
BCR-ABL1/GFP-CRE-transduceztnnbT"* marrow. Interestingly, we did not observe
significant recombination of the floxéctnnblallele even in myeloid cells from mice
with mixed MPN and B-ALL (lane 4-9). These results suggest a possibilitgeha
expressing activ@-catenin encoded by the recombined allele were outcompeted by the
cells retaining the unrecombined floxed allele, which has been reported phginous
other studies (Scheller et al., 2006). The appearance of CML-like MPN in rdsipfe
BCR-ABL1/GFP-CRE-transduceztnnb"* marrow therefore cannot be ascribed to

activep-catenin, and remains unexplained.
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3.2.3 BCR-ABL1 cannot compensate for the hematopoiesis defect caused by-Mx

Cre—mediated activation off-catenin

To rule out the possibility that remaining unrecombined floxed allele wevaaker
in diseased mice transplanted with transdu@ethbT"* marrow was due to inefficient
recombination mediated by GFP-CR#e chose to use a different method of Cre
recombinase expression to test if activatiof-chtenin by Mx-Cre—mediated
recombination has an effect on development of BCR-ABL1—-induced CML-like.MPN
The expression of Cre recombinase in Mx-{taasgenic mice is under the control of
type | interferon-inducible Mx promoter (Kuhn et al., 1995), and can be induced by
administration of polyinosinic-polycytidylic acid (poly(l:C)), a synthetauble-stranded
RNA. Previous studies have shown that 100% recombinatiprcatenin floxed allele
can be achieved in bone marrow of Mx-@inbI”* mice 12 days after poly(l:C)

injection (Scheller et al., 2006).

Hence CtnnbT"* mice were crossed witix-Cretransgenic mice to generd¥x-
Cre,CtnnbT"* donor mice. To test the role of actifecatenin in CML development
mediated by BCR-ABL1, bone marrow from 5-FU-pretrea@&thbT"* or Mx-

Cre;CtnnbT"* mice was transduced with retrovirus co-expressing BCR-ABL1 and GFP
(BCR-ABL1/GFP) in the presence of myeloid cytokines. Transduced bone marrew cell
were transplanted into irradiated recipient mice at day 0. Recipient miee we
subsequently treated with poly(l:C) at day 10, 12 and 14 post-transplant to induce
expression of Cre recombinase under control of the Mx promoter, or not poly(l:@¥treat

(Figure 3.11). Mice transplanted with BCR-ABL1/GFP-transd@eabT"* marrow
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treated with poly(l:C) or untreated, as well as recipients of transdike@re CtnnbT I
marrow that were not treated with poly(l:C) (predicted to not expressi@ctp-catenin)

all succumbed to CML-like disease around 3-4 weeks following transplantaitumeF
3.12A). However, mice receiving BCR-ABL1-transdudéx-CreCtnnbT"* marrow that
were treated with poly(l:C), which should express activftedtenin upon

recombination of the floxeGtnnblallele [Mx-Cre;CtnnbT™*, Poly(1:C)], survived

longer than the control group<€0.0005, Mantel-Cox test, Figure 3.12A). Whereas
control mice gradually developed CML-like disease with high peripheral blo&ddgte
counts (PBL) after bone marrow transplantation, mice from [Mx-Cre; Cfihb1
Poly(l:C)] group had moderate PBL counts around day 18 post-transplant, but dropped to
less than 500Q/ PBL counts around day 24 (Figure 3.12B). All the mice in this group
eventually died of hematopoiesis failure, with pancytopenia (Figure 3.12C). Orthsthe
two surviving mice from this group developed symptoms of CML-like disease (2 out of

8).

To confirm that the prolonged survival and pancytopenia in diseased micehrom t
Mx-Cre CtnnbT"*, Poly(1:C) cohort were due to actipecatenin, the recombination
efficiency mediated by Mx-Cre was evaluated. Diseased mice fooitnot arm,

CtnnbT"™, Poly(l:C), retained their floxeBtnnblallele as expected (Figure 3.13A). In
contrast, the floxed allele disappeared in splenocytes from mice in t#&rdix

CtnnbT"™, Poly(l:C) cohort while the recombined allele was detected (with average
recombination efficiency 91.8 £ 4.2 %), but was not present at the level of the
recombined allele in control CD4Cre-Ctnfibthymocytes (Figure 3.13A, lane 14). This

suggests BCR-ABL1—expressing donor cells with adihoatenin induced by Mx-Cre
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were not the predominant population in these hematopoietic organs, and may have been
diluted by radioresistant recipient hematopoietic cells. This resslfuvdner confirmed

by immunofluorescence staining [®fcatenin in malignant tissue from the diseased mice.
As shown in Figure 3.13B, very few peripheral blood leukocytes expressed detectabl
nuclearB-catenin in a representative mouse from the Mx-Cre; CffifitRoly(I:C)

cohort, while nearly 100% of CD4Cre-Ctniiblthymocytes expressed actifecatenin.
Notably, we did not observe significant nuclear acfixaatenin in malignant tissue from

the last two mice which developed symptoms with CML-like MPN in the cohort of Mx-

Cre; CtnnbT"*, Poly(I:C) (data not shown).

The prolonged survival of diseased mice from the Mx-Cre; Cffffdoly(1:C)
cohort was not due to reduced numbers of engrafting LICs, as there was noakfiare
the number of proviral clones in hematopoietic cells from control mice (C'mebl
Poly(l:C); 9+1.0 independent clones) and the Mx-Cre; CtAfibPoly(1:C) cohort
(6.6£1.3 independent clond3:0.169, t-test; Figure 3.13C). Previously, Scheller et al.
have shown that hematopoietic stem cells from poly(l:C)-trédseGre CtnnbT"*
donor mice have a defect in differentiation and fail to repopulate irradiatpceres
(Scheller et al., 2006). Our results further suggest that the differentiatian cesfiglting
from activated3-catenin in HSCs cannot be rescued or overcome by BCR-ABL1
expression. As a corollary, it appears that in BCR-ABL1-expressing EtSGtitutively
activep-catenin generated by Cre-mediated recombination fror@timeb"* allele also
results in exhaustion and a differentiation block of LICs, which causes teeanic

ultimately succumb to pancytopenia.
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3.2.4 A constitutively active retroviral allele off-catenin blocks development of Ph

B-ALL and CML-like MPN mediated by BCR-ABL1

Unlike the very strong activig-catenin allele generated by Cre recombination of
the CtnnbI"* allele described earlier, the constitutively active retroviral atiefe
catenin does not appear to adversely affect LIC maintenance, at least Mlthadtlel
(Wang et al., 2010). Therefore, we extended our previous findings by using a retrovirus
expressing a constitutively active formatatenin ACatnb/GFP) (Barth et al., 1999) to
evaluate whether activat@dcatenin plays a positive or negative regulatory role in BCR-
ABL1-mediated leukemogenesis. This mutant forrfi-catenin has alanine substitutions
for the NH-terminal serine and threonine residues, which prevent its phosphorylation by

GSK33 and subsequent degradation by the proteasome.

We first used thén vitro B-lymphoid transformation assay as described earlier to
test the effects of retroviral expression of muficatenin. Bone marrow from donors
not treated with 5-FU was transduced with a cocktail of two retrovierg@essing
BCR-ABL1/mRFP and\Catnb/GFP, respectively. As control, a portion of the donor
marrow was transduced with retroviruses expressing BCR-ABL1/mRFP ang empt
vector only expressing GFP (MIG). Transduced cells expressing both mRFP Rnd GF
were enriched by flow sorting and subjected to the primary B-lymphaidftranation
assay. Whereas marrow co-transduced with BCR-ABL1/mRFP and MIG oatidtkl
lymphoid outgrowth with as low as 3000 cells plated per well, marrow co-tragtsduc
with BCR-ABL1/mRFP and\Catnb/GFP was absolutely defective in this assay and

could not initiate outgrowth at this plating density (Figure 3.14A). This sugdestdhe
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constitutively active retroviral allele @fcatenin also interferes with B-lymphoid

transformation mediated by BCR-ABL1.

The ability of co-transduced marrow to initiate B-ALL in mice was subselyuent
testedby transplanting the cells into irradiated syngeneic recipientsaorarge of 1x10
to 1x10 co-transduced marrow cells per recipient (Figure 3.14B). For the cohorts
transplanted with BCR-ABL1/mRFP and MIG co-transduced marrow, recspiént
3x10 cells succumbed to B-ALL with latency between 26 and 69 days. One out of two
recipients transplanted with 1X'1€o-transduced marrows cells also developed B-ALL.
In contrast, none of the mice transplanted with BCR-ABL1/mRFR\@ainb/GFRco-
transduced marrow showed evidence of disease upon sacrifice at day 120 post-
transplantation. These results demonstrate that constitutively actwanadtallele off3-
catenin not only inhibits transformation of B-lymphoid progenitors by BCR-ABL1

vitro but also blocked its ability to initiate B-ALL in mice.

We further investigated whether activafiedatenin has a negative effect on
development of BCR-ABL1-induced CML-like disease in mice. Bone marrow from
FU-treated C57BL/6 donor mice was harvested and transduced with retssvir
expressing BCR-ABL1/mRFP amdCatnb/GFP after myeloid cytokine prestimulation.
Co-transduced cells expressing both mRFP and GFP were enriched by icg)lasuit
transplanted at different cell doses into irradiated syngeneic nefcipiee. As a control,
some recipients were transplanted with BCR-ABL1/mRFP and MIG co-trartsdocer
marrow. Recipients in the control arm transplanted with5 x10 co-transduced marrow

succumbed to CML-like MPMround 7 weeks after transplantation, but none of
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recipients of marrow co-transduced with BCR-ABL1/mRFP &a@dtnb/GFP, expected

to express activatgttcatenin, showed any disease symptoms upon sacrifice (Figure
3.15). These results are in agreement with our previous findings, and suggest that this
constitutively active retroviral allele @fcatenin also has a profound negative effect on

BCR-ABL1-induced CML-like MPN as well as on B-lymphoid leukemogenesis.
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Figure 3.3. Activep-catenin inhibits primary B-lymphoid transformation
mediated by BCR-ABL1. Bone marrow cells fror&tnnbI’™ or CtnnbT"*

mice were harvested and transduced with retrovirus expressing BCR-
ABL1/GFP-CRE. The transduced cells were plated at indicated cell numbers
per well in triplicate, starting with as high as 3x&6lls/well to 100 cells/well,

as indicated by colored lines. Nontransduced cells were addefitatal@ells

per well to provide stromal support. Positive wells were scored vs. time when
the viable non-adherent cell number reach&dnig.
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Figure 3.4.Scheme of experiment to test if activ@-catenin affects
BCR-ABL1-mediated B-ALL in mice. Bone marrow fronCtnnb1"

or CtnnbT" donors was transduced with BCR-ABL1/GFP-CRE
retrovirus. Transduced marrow was subsequently transplanted into
syngeneic irradiated recipients. Due to Cre-mediated recombination of
the floxedCtnnblallele, the cohorts expected to have adsivetenin

are indicated.

120



N |,
804 | o
= 1% g osaw
’_: 80 =|_ "!‘ m B-ALL+CGML
S 40- ml
E ] L] L] L] - L] L] L]
0 14 28 4 56 70 84 98 112
Days Post Bone Marrow Transpiant
B OB-ALL  @B-ALL+CML
150+ o 17505 ®
1254 o 21500+
_ 100- ® £ 12501 °
=3 QL
= 10004 °
o 754 ° = R ®
o g 750+ ©
50+ = o
[¢] N 500+ 00
i 0° o O¢
1 sov °© o 2501 Tgo5,
o [+] o 09 o o0 oo o
T T 1]
Ctanp1H*  Cinpp1Firt Ctnnb1+/+ Ctrnb1 W+

Figure 3.5. Activep-catenin alters the development of B-ALL mediated by BCR-
ABL1. (A) Kaplan-Meier survival curve for recipient mice transplanted ®tmb1"*

or CtnnbI"* donor marrow transduced with retrovirus expressing BCR-ABL1/GFP-
CRE. The number of individual mice in each arm is indicated. All mice receiving
transducedtnnbI’ marrow developed B-ALL. Among mice receiving transduced
CtnnbT" marrow, some developed B-ALL (open squares) while few developed B-ALL
and CML-like disease simultaneously (closed squak&sxsignificant difference in

survival between two arms of recipients was observed (P=0.7819, Mantel-Cox

test). (B) Peripheral blood leukocyte (PBL) counts and spleen weight of diseased mice
from each cohort at the time of morbidity or death. The cause of death of individual
disease mice is indicated (open circles, B-ALL; closed circles, BEBML mixed

disease). The difference in spleen weight between two arms was siginffic0.05, t-

test).
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Figure 3.6. B-ALL mice carrying BCR-ABL1/GFP-CRE-transduced
Ctnnb1™* or Ctnnb1™"* marrow have similar number of distinct proviral
clones.Genomic DNA from malignant tissue of B-ALL mice was subjected to
Southern blot analysis to quantify the number of proviral clonesIRES

probe. No significant difference in proviral clone number was found between
B-ALL induced by BCR-ABL1/GFP-CRE —transduc&thnb1’* (lane 8-17,
1.88 + 0.35 clones) d&tnnbf"* marrow (lane 1-7, 1.8 + 0.2 clones,

P=0.8777, t-test). Control DNA (Con, lane 18) was from a cell line that
contained a singlIBCR-ABL1provirus.
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Figure 3.7. Activep-catenin is associated with loss of GFP-CRE expression
in B-ALL induced by BCR-ABL1. (A) Structure of retrovirus expressing
BCR-ABL1/GFP-CRE. The location &BL1andGFP probes as well as
restriction enzymes used in panel (B) are indicaBgdll (B2) andEcoR (R1).
(B) Integrity of proviralGFP-CREandBCR-ABL1genes was assessed by
subjecting genomic DNA from disease mice receiving BCR-ABL1/GRE-C
transducedtnnbI’* (lane 1-9) oCtnnbf"* (lane 10-18) donor marrow to
Southern blot analysis. For analyzi@§P-CREintegrity, the DNA was
digested wittBglll and analyzed with &FP probe. To asse&CR-ABL1
integrity, DNA was digested witBcoR and analyzed with a hum#BL1
probe.
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Figure 3.8. BCR-ABL1 expression in B-ALL mice carrying BCR-
ABL1/GFP-CRE-transduced Ctnnb1** or Ctnnb1™* marrow. Immunoblot
of protein lysates from malignant tissue of B-ALL mice induced by BCR-
ABL1/GFP-CRE-transduce@tnnbI’* (lanes 9-10) o€tnnbI"* marrow

(lanes 1-8), probed with the indicated antibodies. Note mice # 325 and 337 had

rearrangement dCR-ABL1in Figure 3.6.
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Figure 3.9. Using PCR to determine recombination efficiency of floxke
Ctnnbl allele mediated by BCR-ABL1/GFP-CRE.(A) Locations of primer sets

used to detect Cre-mediated recombination efficien&tofbf" allele. The first
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primer set (pink) was used to detect WT and floxed alleles. The second primer set
(green) was used to detect the recombined a(B)eGenomic DNA from

malignant tissue of disease mice receiving BCR-ABL1/GFP-CREeduaesl

CtnnbI™ (lane 1-3) oCtnnbT"* (lane 4-9) marrow was subjected to PCR

analysis to determine recombination efficiency by using two primer seflubcr

in (A). Genomic DNA from thymocytes dfckCre- CtnnbT’* was mixed with

genomic DNA fromCtnnbI"* bone marrow at different ratios to establish a

standard of different percentages of recombination efficiency.
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Figure 3.10. Recombination efficiency of floxe@€tnnbl allele in mice with

leukemia induced by BCR-ABL1/GFP-CRE retrovirus.(A) Schematic map
demonstrating the location of thdal (Xb) site used in the Southern blot in (B) to
analyze recombination efficiency. The probe, located within exon 4, was used to
detect the wild type (3.3 kb), floxed (3.9 kb), and recombined (3.0 kb) allBles.
Genomic DNA from malignant tissues from diseased mice receiving BCR-
ABL1/GFP-CRE-transduce@tnnbI’™ (lane 10-15) o€tnnbI"* (lane 1-9) marrow
was subjected to Southern blot analysis to assess recombination efficiency of the
floxed allele mediated by Cre recombinase. DNA was digesteddvdhand

analyzed with a probe from exon 4@fnnb1l Genomic DNA of thymocytes from of
CD4Cre-CtnnbT* (lane 19), which have 100% recombination of the floxed allele,
served as a control. BM: bone marrow, LN: lymph node, PB: peripheral blood, PE:
pleural effusion, SP: spleen, TU: tumor. Fl: floxed allele, WT: wild-typéealle

(Ex3)A: recombined allele.
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Figure 3.11.Scheme of experiment to test if activB-catenin affects BCR-
ABL1-mediated CML-like MPN in mice. Bone marrow fronCtnnbT"* or Mx-
Cre,CtnnbT"* donors pretreated with 5-FU was transduced with retrovirus
expressing BCR-ABL1/GFP in the presence of myeloid cytokines. Transduced
bone marrow cells were subsequently transplanted into syngeneic irradiated
recipient mice at day 0.eRipients were treated with or without poly(l:C) at day
10, 12 and 14 to induce the expression of Cre recombifbhsecohort expected to

have expression of actiylecatenin is indicated.
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Figure 3.12. BCR-ABL1 cannot rescue the hematopoiesis defect caused by\atton

of B-catenin mediated by Mx-Cre. (A) Kaplan-Meier survival curve for recipient mice
transplanted with bone marrow transduced with retrovirus expressing BCR-BBR1As
described in Figure 3.8. Donor marrow was either from cor@wirof"*) or Mx-
Cre,CtnnbT"* mice. The number of individual mice in each arm is indicated. The survival
betweerCtnnbT"* andMx-Cre CtnnbT"* mice treated with poly(l:C) was significant
(P=0.0002, Mantel-Cox test). (B) Plot of Peripheral blood leukocyte (PBL) counts as a
function of time after bone marrow transplant between recipients transplatited w
CtnnbT" or Mx-CreCtnnbT"* marrow. Mice from both arms were treated with poly(l:C).
(C) Red blood cells (RBC) counts, hemoglobin (Hb), hematocrit (HCT) and pl&e&lE} (
counts in diseased mice that were recipients of Cffffiot Mx-Cre;CtnnbT"* BCR-

ABL1/GFP-transduced marrow. Both arms were treated with poly(l:C).
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Figure. 3.13. BCR-ABL1-transformed donor cells with expression of activg-

catenin induced by Mx-Cre do not predominate in hematopoietic tisges of

recipient mice. (A) Efficiency of recombination of the floxedtnnblallele in
poly(l:C)—treated recipient mice carrying BCR-ABL1-transducedovafrom

control Ctnnbf"*) andMx-CreCtnnbT"* donor mice. FI: floxed allele, WT: wild-

type allele, (Ex3): recombined allele. Genomic DNA from disease mice were
digested withXba and subjected to Southern blot analysis with probe located within
exon 4 ofCtnnb1 (B) Immunofluorescence staining @fcatenin (red) in peripheral
blood leukocytes of recipients of BCR-ABL1-transdu@tdnbI"* or Mx-Cre

CtnnbT”* marrow. Both mice were treated with poly(l:C). Thymocytes from Q24C
CtnnbT"* were stained as positive control (left panel). Cells were counterstaired wit
Hoechst dye (bluefC) To determine proviral clone number (LIC frequency) in
poly(l:C)—treated recipient mice of transduced marrow from control (CEHifkdr

Mx-Cre CtnnbI"* donor mice, genomic DNA from hematopoietic tissues of diseased
mice was digested witBglll and analyzed with Southern withGFP probe. Note

mouse # 763 and 770 were the last two surviving mice that developed symptoms of
CML-like MPN.
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Figure. 3.14. A constitutively active retroviral allele of3-catenin inhibits BCR-
ABL1-mediated B-lymphoid transformation in vitro and B-ALL development in
mice. (A) Bone marrow from donors not treated with 5-FU was transduced with
retroviruses expressing BCR-ABL1/mRFP and eitk@atnb/GFP or a control virus,
MIG. Co-transduced cells expressing both mRFP and GFP were purified bgrtiek)
and seeded in triplicate at indicated cell number per well. Nontransdutedesd
added to 1%total cells per well to provide stromal support. Positive wells were scored
vs. time when the viable non-adherent cell number reacfédel0 (B) Kaplan-Meier
survival curve for B-ALL mice receiving BCR-ABL1/mRFP and MIGAZatnb/GFP
co-transduced marrow from Balb/c donors. Co-transduced cells expressiigjani
GFP enriched by cell sorting were transplanted into sublethally irrddietgients at
different cell dosagess indicated by the colored lines. The number of individual

mice in each arm is indicated.
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Figure. 3.15. The constitutively active retroviral allele o3-catenin prevents the
development of BCR-ABL1-induced CML-like MPN in mice.Survival curve for
recipients of marrow from 5-FU pretreated C57BL/6 donor mice co-transgavitte BCR-
ABL1/mRFP and either MIG okCatnb/GFP. Co-transduced cells expressing mRFP and
GFP were enriched by cell sorting and transplanted into irradiated syngsspients at
different cell dosages, as indicated by the colored lines. The number of individaahm
each arm is listed. Control mice receiving.5 x1d cotransduced marrows succumbed to

CML-like disease while none of the recipients of BCR-ABL1/mRFP&@dtnb/GFP co-
transduced marrow showed any signs of disease upon sacrifice.
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3.3DISCUSSION

Although imatinib or second generation TKIs are currently front-line tredtfoe
patients with CML in chronic phase, they are less effective in CML patitits
accelerated or blast-crisis phase. Disease relapse or progressignmatinib treatment
occurs and may be due to existence of residual LICs, which seem to have somok level
intrinsic resistance to TKIs. Therefore, it is important to understandelcbanisms that
these LICs depend on for their maintenance and survival in order to develop effective
therapy to eradicate them. One of attractive candidate pathway3/stiiecatenin
pathway, due to its documented role in regulating normal HSCs. Several studies have
used gain- or loss-of-function approaches to investigate the rpteatenin in regulating
functions of normal HSC and LICs. By using loss-of-function strategies to sardal
HSC and LICs, previous studies suggest fheatenin may be dispensable during adult
normal hematopoiesis but is essential forrtteentenancef BCR-ABL1 expressing
LICs to initiate CML-like disease in mi¢€obas et al., 2004; Hu et al., 2009; Koch et

al., 2008; Zhao et al., 20Q7)

Results from gain-of-function approaches to study fesatenin regulates HSCs
function are interesting but remain controversial. While Reya et al. shbaged/ht
pathway stimulation can enhance self-renewal potential of HSCs from a Bclsgeénic
background (Reya et al., 2003), two independent studies using the Cre-loxP system to
induce activegs-catenin in HSCs from wild type mice demonstrated that aftiva@enin
actually caused HSC exhaustion and failure to maintain normal hematopoiestist{&i

et al., 2006; Scheller et al., 2006). Although deregulated g&toatenin has been shown
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to be required for maintaining LICs in AML and is associated with progressioibof
to myeloid blast crisis (Jamieson et al., 2004; Wang et al., 2010), direct proahfrom
vivo studies is still required in order to evaluate whether BYcaitenin is an essential

target for treating PHeukemia and for the development of therapeutic strategies.

Based on previous studies, we hypothesized that the activafieoabénin alone
would be sufficient to confer self-renewal ability on BCR-ABL1-expmeg myeloid
progenitors, and might accelerate disease transformation from chronic phastdiol m
blast crisis. We further hypothesized that activ@it@atenin may be involved in the
development of PhB-ALL or lymphoid blast crisis. To study the roleftatenin in
BCR-ABL1-mediated leukemogenesis, we conducted seweviro andin vivo
experiments using the retroviral bone marrow transduction/transplantatioe mods|
in combination with conditional activatgdcatenin allele in transgenic mice (Harada et
al., 1999) or a constitutively actiecatenin retroviral allele (Reya et al., 2003). We first
found that activatefl-catenin inhibited B-lymphoid transformation ability of BCR-ABL1
in vitro, when a retrovirus expressing BCR-ABL1/GFP-CRE was used to deteteSef
B-catenin in B-lymphoid progenitors fro@tnnbI"* mice. Similar results were
subsequently observed when activdiechtenin was introduced by transducing B-
lymphoid progenitors with retrovirus expressii@atnb/GFP. As we extended thése
vitro studies to the B-ALL mouse model, we found that activftedtenin also had a
negative effect on the development of acute lymphoid leukemia mediated bABCR-

in vivo. Activation off3-catenin by BCR-ABL1/GFP-CRE interfered with the
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development of B-ALL in recipient mice, causing some recipients to devefip Band

CML-like disease simultaneously.

It is highly unusual to have the appearance of CML-like MPN in recipients of
BCR-ABL1-transduced marrow in retroviral trasnsduction/transplantaionlrnb8e
ALL. While it is possible that the expression of activdgtechtenin in B-lymphoid
progenitors may alter their potential to transdifferentiate into myeloisl toedllow these
Ph" lymphoid progenitors to initiate myeloid leukemia (Baba et al., 2005), it is also
possible that activatdgglcatenin might confer self-renewal to myeloid progenitors,
allowing development of CML-like disease in this B-ALL mouse model (Huntly. et al
2004). Pilot experiments were carried out to determine if committed rdy@logenitors,
which are abundant and readily transduced under these conditions, might be the source of
the myeloid leukemia (see Appendix). However, due to technical difficulties, the

guestion remains unanswered and will be addressed in future experimentsoisge be

Even though the previous two possibilities are plausible explanations for the mice
that developed myeloid leukemia in the B-ALL model, we were unable to detect
significant recombination of the flox&ctnnblallele even in myeloid cells from mice
with mixed MPN and B-ALL. These results indicate the possibilities thist @ebressing
activep-catenin encoded by the recombined allele were outcompeted by the cells
retaining the unrecombined floxed allele, which has been reported previously in other
studies (Scheller et al., 2006). In addition, we later observed that a constitatitreé
retroviral allele of3-catenin also inhibited B-ALL development mediated by BCR-

ABLL1. Previous studies analyzing proviral integration sites in different togroetic
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lineages and testing isolated stem/progenitor populations for the abiliguod Ph
leukemia in mice showed that the LICs for CML-like disease are HSClg, Bi

lymphoid progenitors are responsible for inducing B-ALL (Hu et al., 2006; Huntly, et a
2004; Li et al., 1999a; Million and Van Etten, 2000; Roumiantsev et al., 2001).
Analyzing proviral integrity and recombination efficiency mediated by - GRE

showed extensive proviral gene rearrangements in recipients of BLR/BFP-CRE
transducedtnnbf’ marrow. As a result, only clones with the unrecombined form of the
CtnnbT" allele gave rise to leukemias. Therefore, it is also possible thattamtioép-
catenin by BCR-ABL1/GFP-CRE caused the exhaustion of early B-lymphoid
progenitors, so that rare BCR-ABL1-transformed HSCs, which are olginatt

competed by B-ALL, have a chance to give rise to a myeloproliferaggplasm.

On the other hand, we found that BCR-ABL1 expressing HSCs cannot tolerate
activated3-catenin and failed to initiate and maintain CML-like disease in mice. When
we used BCR-ABL1-transduced marrow from 5-FU pretreated Mx-Cre;Ctfirtuhor
to initiate CML-like disease, activation pfcatenin upon poly(l:C) treatment resulted in
severe pancytopenia in all recipients. Expression of agtinatenin did not reduce the
number of LIC clones, but nonetheless still appeared to cause differentiatiais defec
LICs, which could not be overcome or rescued by BCR-ABL1. Consistent with this, we
observed very few cells containing actpseatenin in the leukocytes from these mice by
using Southern blot analysis (Figure 3.13A) or immunofluorescence stainingg(Figur
3.13B). This observation was further confirmed in recipients transplanted with BCR-

ABL1/mRFP andACatnb/GFP cotransduced marrows from 5-FU pretreated donors. No
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recipients showing any sign of disease development upon sacrifice. Unlk®ithe
disease model involving overexpression of HoxA9 and Meis1 (Wang et al., 2010), in
which expression of constitutively actifjecatenin through retroviral transduction was
able to confer self-renewal on GMPs, our results demonstrated that myeloid and
lymphoid leukemias induced by BCR-ABL1 cannot tolerate overexpression of pctive
catenin. Even though a previous study in primary leukemic cells from [zasiemtved
aberrant expression of activatgeatenin in GMPs that was associated with acquisition
of self-renewal and progression of CML from chronic phase to myeloid blast cri
(Jamieson et al., 2004), our data suggest that too firaatenin can cause a defect in
leukemogenesis mediated by BCR-ABL1. The positive effetadtenin on the self-
renewal ability of normal HSCs or leukemic cells might depend on its expndesel at

a specific range. It would be interesting to further investigate how mtigk pecatenin
could transform GMP to initiate CML-like disease in mice with a pharmaimalbg

regimen.

There is also a possibility that additional mutations provide survival signals in
acute myeloid leukemia or CML in advanced stage that allow hematopoietiajooge
to tolerate the expression of activafedatenin. Under the protection of survival signals
through these unknown mutations, LICs could not only escape from exhaustion caused
by activated3-catenin but also gain more self-renewal ability and transform the disease
to more aggressive phenotype (Jamieson et al., 2004). It would be interesting to see
activatedB-catenin is expressed in the mouse model of CML myeloid blast crisis induced

by cooperation between BCR-ABL1 aNtJP98/HOXA9(Dash et al., 2002). On the
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other hand, earlier work by Reya et al. (Reya et al., 2003) showed that introglucing
constitutively active retroviral allele @gfcatenin into HSCs from Bcl-2 transgenic mice
could enhance HSC self-renewal ability as measured by repopulation. Irsttmtiee
findings from Reya et al., who observed 15-60% donor derived chimerism in lethally
irradiated recipients, Baba et al. only observed <3% donor derived chimerism in
NOD/SCID mice transplanted with wild type HSCs transduced with the same
constitutively active retroviral allele (Baba et al., 2006). This studgests that Bcl-2
might provide survival signals to protect HSCs from the exhaustion observed in other
studies (Kirstetter et al., 2006; Scheller et al., 2006). Even though BCR-ARIf1hiks
been reported to up-regulate several pro-survival proteins including Genchez-
Garcia and Grutz, 1995; Skorski et al., 1997) and Bcl-X (Gesbert and Griffin, 2000), it
will be important to investigate whether activafiedatenin has a positive effect on BCR-

ABL1-mediated leukemia when Bcl-2 is overexpressed.
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3.4AMETHODS

Mice and genotyping

CtnnbT”* mice (kind gift from Dr. Fotini Gounari, The University of Chicago) and
Mx-Cremice (kind gift from Dr. Paul Ney, St. Jude Children’s Research Hospital) have
been described previously (Harada et al., 1999; Kuhn et al., 1925}re mice were
crossed witlCtnnbT"* mice to generatéMx-Cre CtnnbT"*) mice. To genotyp#®Ix-Cre
mice, primers (5'-AGGCGTTTTCTGAGCATACC-3', 5'-
TAGCTGGCTGGTGGCAGATG-3’) were used while primers (5'-
AGAATCACGGTGACCTGGGTTAAA-3', 5'-CATTCATAAAGGACTTGGGAGGT

3') were used to genotyp@nnbI* mice.

Retroviral constructs and generation of retrovirus stocks

The retroviral vector expressing BCR-ABL1/GFP was described previously
(Krause et al., 2006 ACatnb/GFP (Reya et al., 2003) was obtained from Addgene. To
engineer a retroviral vector expressing BCR-ABL1/mRBER-ABL1 cDNA (p210
isoform) was cloned into 5’ end of IRES in plasmid MSCV-IRES-mRFP (kind gift of
Dr. P.N. Tsichlis, Tufts Medial Center). Generation of retrovirus stocks waslpkssm

the Methods section of Chapter 2.
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Bone marrow transduction, transformation, and transplantation

Detailed methods regarding transformation and leukemogenesis studies in mice
were provided in the Methods section of Chapter 2. To induce excis@mat' by
Mx-Cre, each transplanted recipient was injected with Zzb@er mouse of (poly(l:C))

(InvivoGen) in sterile water intraperitoneally at day 10, 12, and 14 post- transiplanta

Southern blot analysis

Distinct proviral integration events were counted as described in Methoussect
of Chapter 2, to determine the number of leukemia-initiating cells. To ardiktagct
proviral integration events in mice with disease induced by BCR-ABL1/GRE;-C
genomic DNA from malignant tissues of diseased mice was digeste#& eafh and
analyzed with a probe derived frdRES To analyze proviral integration events in mice
with disease induced by BCR-ABL1/GFP, DNA was digested Bl and analyzed

with GFP probe.

To analyze recombination efficiency of Ctnfif1allele mediated by Cre
recombinase, genomic DNA from diseased mice was digestetéthand analyzed
with probe derived from exon 4 @ftnnb1 The digestion generated 3.9-kilobase floxed
allele, 3.3-kilobase wild-type allele, and 3-kilobase recombined alleleblohevas
guantified with Phosphorimager (Molecular Dynamics) to determine reconaninat

efficiency.
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To assess the integrity GFP-CREin mice with diseases induced by BCR-
ABL1/GFP-CRE, genomic DNA was digested wigglll and analyzed with &FP
probe.To study the integrity of provird CR-ABL1 DNA was digested witkcoR and

analyzed with a humafBL1 probe.

Immunofluorescence staining of3-catenin

Cells were washed with cold PBS, fixed with 2% paraformaldehyde (&hect
Microscopy Sciences) on ice for 15 mins and permeabilizedRB® buffer containing
2% serum and 0.1% saponin (Sigma) buffer for 10 min at room temperature. Cells were
then incubated with 1:100 rabbit afteatnein (Invitrogenantibody at room
temperature for an hour, followed by incubation with 1:200 secondary Alexa Fluor 555
conjugated goat anti-rabbit antibody (Invitrogen) at room temperaturelfdrcha. After
washing with saponin buffer, cells were placed on coverslips by using g@ytos

(Shandon), and imaged using Leica TCS SP2 confocal microscope.
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Chapter 4.

Conclusions and Future directions

141



Although TKI treatment can induce cytogenetic remissions in therityapf
patients with CML in chronic phase, acquired resistance to TKI therapy apdeadf
leukemia occurs quiet frequently. Hence, TKI therapy alone might not be abledoea
permanent cure for majority of patients with'fkukemia. Other targeted therapies are
needed to overcome TKIs resistance and eradicate the remaininthat@se
responsible for relapse. To verify if two attractive signaling pathwalys¢Blandf3-
catenin, could be potential therapeutic targets in treatifdgeBkemia, in this thesis we
used genetic approaches and conducted sawmerito andin vivo experiments to define

their roles in BCR-ABL1-induced leukemias.

In Chapter 2, by expressing different mutant forms of regulatory proteihs in t
NF-xB pathway, we demonstrated a role of this pathway in BCR-ABL1-induced myeloi
and lymphoid leukemias. We found that NB-is activated predominantly through the
canonical IKK pathway and is important in maintaining LICs that initiate tbeade. We
further showed that expression @BloSR, IKKaKM or IKK BKM sensitize BCR-
ABL1-expressing B-lymphoid blasts to TKIs such as imatinib and dasatinib.eBuik r
suggests combination therapy with TKIs plus an IKK inhibitor might be a mordispeci
and effective targeted therapy for'RBML or B-ALL patients, and might also reduce the
side effects associated with traditional cytotoxic therapies, includfig and
chemotherapy acorticosteroid treatmeri©hno, 2010; Vignetti et al., 2007). Our results
also suggest that dual inhibition of both IKkkKand IKKB might augment the efficacy of
inhibiting leukemogenesis by BCR-ABL1, supporting the development of small u®lec
inhibitors against IKk or IKKo/f in addition to the available IKKinhibitors that are

currently in clinical trials. Depending on safety and anti-leukemic effietttese
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inhibitors in preclinical studies, targeting NiB- pathway might be a promising therapy

in PA"ALL and CML.

In Chapter 3, we used different genetic approaches to adiratenin in BCR-
ABL1" leukemic cells to study its function in the development dfl@lkemia. The
results demonstrated that constitutive expression of an fictagenin can impair the
development of BCR-ABL1-induced myeloid and lymphoid leukemias despite the
documented involvement of deregulated active YWao#tenin pathway in oncogenesis
and tumor progression in several malignancies. Is agtnagenin a friend or foe in
fighting PR B-ALL and CML? There are two potential possibilities. First, its ¢ffec
might depend on the specific and narrow range expression level of @ci@tenin in
leukemic cells. A second possibility might be the existence of other mutatipridd-

2) to counteract hematopoiesis defect resulting from too freetenin activity.

To test the second hypothesis, we will transduce donor cells from H2K-Bcl-2 mice
(Domen et al., 1998) with BCR-ABL1/mRFP and MIGA&Latnb/GFP and observe
disease development in irradiated recipients of cells expressing both mRFPRnd G
we do see that disease development is possible from HSCs co-expressing BCR-AB
and activate@s-catenin, we will further isolate HSCs and myeloid progenitors, perform
co-transduction with BCR-ABL1/mRFP amCatnb/GFP retroviruses, and test by serial
transplantation if activg-catenin provides self-renewal ability in BCR-ABL1-expressing
myeloid progenitors (Figure 4.1). We will also test whether a@tigatenin enhancéle

development of B-ALL induced by BCR-ABL1 when Bcl-2 is overexpressed. These
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experiments should provide important new knowledge about the cooperative roles of Wnt

signaling and pro-survival pathways in the pathogenesis'ateBkemias.

Given the fact that both the NéB andf-catenin share common target genes (such
as cyclin D1 and c-Myc) and have both been implicated in regulating cellular
proliferation and cancer progression, is there potential crosstalk betweertvibes
pathways in regulating BCR-ABL1-induced leukemias? Previous studies hawva that
two upstream catalytic kinases in MB-pathway, IKka and IKKB, can also
phosphorylatg-catenin. While IKK3 decreased transcription activity [pcatenin, 1KKo
increase@-catenin-dependent transcription activation (Albanese et al., 2003; La®tberti
al., 2001) Interestingly p-catenin has been shown to form a complex with both RelA and
p50 and inhibit the DNA binding as well as transactivation activity of RelA/p50
heterodimers in colon cancer cell lines. Using siRNA to knock down the expresgion of
catenin further restored the DNA binding ability of RelA/p50 heterodimezad2t al.,
2002; Kim et al., 2005). Whether the same observations can be foundleuRémias is
unclear. On the other hand, Ciand GSK3B, two upstream kinases that phosphorylate
and negatively regulaf&catenin, have also been shown to play a role in regulating NF-
kB pathway. While CKd acts bifunctionally to first turn on and then terminate antigen-
receptor-induced NIikB activation in human lymphoma cell lines (Bidere et al., 2009),
inhibition of GSK3f reduces the transactivation activity of MB-in murine embryonic
fibroblasts (Hoeflich et al., 2000). Together, these results suggest thB Kifd[3-
catenin pathways might have different roles in regulating the sanat tgnges. Since

activated3-catenin was not found in patients with CML-CP but was associated with
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development of AML (Wang et al., 2010) and CML-MBC (Jamieson et al., 2004), it will
be interesting in the future to see if the crosstalk between these two patiegalates

disease progression of Pleukemias.
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@
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FegRIINI

Ex vivo transduced with

HSC GMP,
BCR-ABL/mRFP and MIG CMP,
or ACatnb/GFP
Sort for mRFP and GFP
double positive cells

Figure 4.1. Scheme for using HSCs or myeloid progenitors from H2K-Bcl-2
transgenic mice to study if3-catenin provides progenitors self-renewal ability to
initiate CML- or AML-like disease in mice. Sorted HSCs (LitSca-Ic-Kit"),

CMP (Lin"Sca-Ic-Kit*CD34" FeyRII/IIINY), and GMP (LinSca-Ic-

Kit*CD34 FeyRI1I/I "9 will transduced with BCR-ABL1/mRFP and MIG or

ACatnb/GFP. Transduced cells will be transplanted into irradiated recipients.
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Appendix
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I NDUCING PH"* LEUKEMIA WITH ISOLATED HSCS OR MYELOID

PROGENITORS (C/GMP) EXPRESSINGBCR-ABL1 AND ACTIVE B-CATENIN

Because some mice that received BCR-ABL1/GFP-CRE-trans@inatT"*
marrow developed mixed CML/B-ALL disease (Figure 3.5), it is possible thae &ct
catenin confers myeloid development potential to B-lymphoid progenitors atha
2005) or increases the self-renewal capacity of committed myeloid pragesliowing
them to initiate myeloid leukemia (Jamieson et al., 2004). To test the lad&bifity, we
induced diseased from lineage-specific hematopoietic progenitor populatidfresidy
known cell surface markers. HSC and myeloid progenitors including common myeloid
progenitors (CMP) and GMP were isolated by using the combination of celtsurfa
markers described before (Huntly et al., 2004; Na Nakorn et al., 2002). Due to poor
expression of Sca-1 in Balb/c background (Spangrude and Brooks, 1993), CD150 was
used to replace Sca-1 (Kiel et al., 2005). Accordingly, purified HSCSctkiit"CD150)
as well as myeloid progenitors (CoaKit"FcyRII/IIl "CD34") were purified from
CtnnbT"* donor marrow. Isolated cells were pre-stimulated with myeloid cytokines and
transduced with retroviruses expressing BCR-ABL1/GFP-CRE or BCRIABEP as
control. Transduced cells were transplanted into irradiated recipient micéo Due
contamination of B-lymphoid progenitors during purification process, mice regeivin
transduced myeloid progenitors either developed B-ALL or showed no sign of disease
upon sacrifice at day 120 post-transplantation. One mouse from the cohortéhaddec
HSCs transduced with BCR-ABL/GFP died of CML (1 out of 5) at day 27 while the rest
of mice in the same group developed B-ALL (4 out of 5). In the cohort that received

HSCs transduced with BCR-ABL1/GFP-CRE, one mouse died of CML at day 105 (1 out
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of 5), two mice died of B-ALL (2 out of 5) and two mice (2 out of 5) did not develop
disease. Overall, the development of Riukemias from transduced cells expected to
have actived-catenin (ie. cells transduced with retrovirus expressing BCR-ABLR/GF
CRE) is longer than that from transduced control cells. In agreement wiginemimus
findings, these results suggest activdiethtenin generated by Cre-loxP system inhibits
Ph" leukemogenesis. However, we were not able to address our original hypothdsis due
technical problems with contamination with lymphoid progenitors. We will furtis¢ifte
activated3-catenin provides Pmyeloid progenitors self-renewal ability in the presence
of overexpressing Bcl-2. Future experiments will be carried out by using doo®imi

an H2K-Bcl-2 background, as described in Figure 4.1s.
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Figure Al. Inducing Ph" leukemia with isolated HSCs or myeloid progenitors
(C/IGMP) expressing BCR-ABL1 and active3-catenin. (A) Scheme of the

experiment. Purified cells from Balb/c mice were transduced with reisesrBCR-
ABL/GFP or BCR-ABL/GFP-CRE, followed by transplantation into syngeneic
recipients. Each mouse either received 5000 transduced myeloid progenitors or 2500
transduced HSC¢B) Kaplan-Meier survival curve for recipients transplanted with
BCR-ABL/GFP or BCR-ABL/GFP-CRE transduced HSCs or myeloid progenitors
from Ctnnbf"* donor, described in (A). Number of animals in each arm is listed.

Most of animals developed B-ALL, except two mice developed CML as indicated.
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