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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) and is also found in 

some acute B-lymphoblastic leukemia (Ph+ B-ALL) patients. While allogenic stem cell 

transplantation can cure Ph+ leukemias, this procedure is risky, costly, and associated 

with graft-versus-host-disease. The standard initial therapy for CML is tyrosine kinase 

inhibitors (TKIs), but they are ineffective in patients with advanced stages of CML, Ph+ 

B-ALL, or acquired TKI resistance. Furthermore, relapse frequently occurs after 

discontinuation of TKIs, likely due to residual leukemia-initiating cells (LICs).  It is 

therefore important to identify signaling pathways critical to the pathogenesis of the Ph+ 

leukemias, as they represent potential novel therapeutic targets for Ph+ leukemia and to 

overcome resistance to TKIs.  

To understand the functional role of NF-κB in BCR-ABL1-mediated myeloid and 

lymphoid leukemogenesis in an in vivo system, we engineered retroviruses co-expressing 

BCR-ABL1 with either a super-repressor mutant form of IκBα (IκBαSR) or kinase-

inactive forms of IκB kinase (IKKαKM or IKKβKM) to inhibit NF-κB signaling with 

BCR-ABL1 using retroviral bone marrow transduction/transplantation mouse models of 

Ph+ leukemias.  We observed that impaired NF-κB signaling prolongs the survival of 

CML and B-ALL in mice suggesting that NF-κB is activated by BCR-ABL1 in part 

through the canonical IKK pathway, and validating NF-κB and IKKs as therapeutic 

targets for Ph+ leukemias.    
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To interrogate the role of the nuclear, active form of β-catenin in leukemogenesis 

mediated by BCR-ABL1in the development and maintenance of leukemia-initiating cells 

(LICs) of CML in myeloid blast crisis, we co-expressed constitutively active β-catenin 

with BCR-ABL1 using several different strategies in the retroviral 

transduction/transplantation model. We found that active β-catenin impairs both myeloid 

and lymphoid leukemogenesis mediated by BCR-ABL1. These results show that the 

hematopoiesis defect resulting from expression of active β-catenin in normal progenitors 

cannot be overcome or rescued by BCR-ABL1.  

In summary, this thesis provides better understanding of the mechanistic 

contributions of NF-κB and β-catenin to BCR-ABL1-mediated leukemogenesis.  The 

data presented herein argue for NF-κB as a potential therapeutic target in the Ph+ 

leukemias and provides initial insight into the role of β-catenin in BCR-ABL1-mediated 

leukemogenesis.  
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1.1 THE BCR-ABL1 ONCOGENE  

1.1.1 Discovery of BCR-ABL1 

BCR-ABL1 is a dysregulated tyrosine kinase resulting from fusion of the 

breakpoint cluster region (BCR) 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-ABL1 is the direct cause of chronic myeloid leukemia (CML) and 

can be found in ~20% of patients with B-acute lymphoblastic leukemia (B-ALL). It was 

in1960 that Peter Nowell and David Hungerford first associated the expression of a short 

abnormal G-group chromosome with CML (Nowell and Hungerford, 1960). Since this 

discovery in the city of Philadelphia, the abnormal chromosome has been designated as 

the Philadelphia (Ph) chromosome, which was revealed later by Janet Rowley to be the 

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 are c-ABL1 proto-oncogene on chromosome 9 and BCR gene 

on chromosome 22 (de Klein et al., 1982; Groffen et al., 1984; Heisterkamp et al., 1983). 

The fusion generated a new gene, BCR-ABL1, whose transcript can be found across 

patients with CML (Shtivelman et al., 1985; Stam et al., 1985). Further in vivo 

experiments in 1990 demonstrated that BCR-ABL1 was a protein-tyrosine kinase (Lugo 

et al., 1990) that is necessary and sufficient to induce CML, as lethally irradiated 

recipients mice transplanted with donor cells expressing BCR-ABL1 developed CML-

like disease (Daley et al., 1990; Kelliher et al., 1990) 
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1.1.2 Variants of BCR-ABL1 

Three variants of BCR-ABL1 named after the respective distinct molecular masses 

of the resulting polypeptides have been identified, depending on the breakpoints region 

within BCR gene. These variants include different transcriptional regions of BCR but 

they all have ABL1-derived sequences starting from exon 2 (Figure 1.1). Breakpoints 

within minor breakpoint cluster region (m-bcr) of BCR results in fusion of BCR exon 1 

to ABL1 (e1a2 mRNA), which generates a 190 kDa (p190) form of BCR-ABL1 (also 

referred to as p185 in some references). Breakpoints within the Major break point cluster 

region (M-bcr) result in a p210 form of BCR-ABL1 (e13a2 or e14a2 fusion mRNAs, 

containing exons 1-13 or -14 of BCR), while the third break point cluster region (µ-bcr) 

generates a p230 isoform of BCR-ABL1 (e19a2 mRNA, derived from exons 1-19 of the 

BCR gene). The p190 form of BCR-ABL1 is commonly found in two-thirds of Ph+ ALL 

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 on studies 

involving the p210 form of BCR-ABL1, which is the direct cause of CML and can be 

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

the breakpoint cluster regions. The BCR gene contains 23 exons 

while the ABL1 gene contains 11 exons. The three breakpoint cluster 

regions (m-bcr, M-bcr and µ-bcr) are indicated. The combination of 

breakpoints in BCR and ABL1 generates three different forms of BCR-

ABL1 polypeptides with different molecular masses. While m-bcr  

breakpoints generate the p190 form of BCR-ABL1, M-bcr and µ-bcr 

breakpoints give rise to the p210 and p230 forms of BCR-ABL1, 

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

2009) 
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1.1.3 Structure of BCR-ABL1 

BCR 

The BCR (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 responsible for oligomerization 

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 while C-terminus of 

BCR has GTPase activating protein (GAP) homology domain for Rac. BCR null mice 

have been generated and show no defect in development of hematopoietic tissues or in 

lymphopoiesis. However, neutrophils isolated from Bcr 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-ABL1 gene is the human homologue of the v-abl oncogene, a fusion oncogene 

between gag gene of M-MuLV and mouse c-Abl, carried by the Abelson murine 

leukemia virus (A-MuLV) (Abelson and Rabstein, 1970).  c-ABL1 is located on human 
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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 Ia and Ib 

ABL1, or types I and IV c-Abl in mice). Type Ib c-ABL1 is covalently modified by 

myristoyl fatty acid at its NH2-terminal glycine residue (Jackson and Baltimore, 1989) 

and expressed at higher level than type Ia, which is not myristoylated (Quintas-Cardama 

and Cortes, 2009).  

c-ABL1 shares many similarities with another non-receptor tyrosine kinase, SRC, 

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-localization signal (NLS), a 

nuclear-export signal (NES) and an actin-binding domain within its C-terminus (Van 

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 interact with F-

actin cytoskeleton (Van Etten, 1999).  While cytoplasmic c-ABL1 may play a role in 

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 BCR, c-ABL1 is 

ubiquitously expressed in most tissues and does not have intrinsic oncogenic activity. Its 

tyrosine kinase activity is tightly regulated by phosphorylation status of serine/tyrosine 

residues (Brasher and Van Etten, 2000; Plattner et al., 1999), N-terminal sequences (Pluk 

et al., 2002) and by other cellular inhibitors interacting with its SH3 domain (Pendergast 

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

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

function of c-Abl1 (Schwartzberg et al., 1991; Tybulewicz et al., 1991). The mice exhibit 
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poor postnatal viability, thymic and splenic atrophy. They seems to have normal 

myelopoiesis but have defects in lymphopoiesis and spermatogenesis (Kharbanda et al., 

1998) 

BCR-ABL1 

 

The structure of the p210 form of the BCR-ABL1 oncoprotein has been extensively 

studied and is illustrated in Figure 1.2. The 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 protein 2 (Grb2) 

(Pendergast et al., 1993b). Phosphoserine and phosphothreonine residues within the N-

terminal part of BCR are also important in recruiting SH2 domain containing proteins 

(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 CRKL (Feller et al., 1994). The C-

terminal actin-binding domain is responsible for regulating cell adhesion and cell motility 

(Goldman and Melo, 2003; Quintas-Cardama and Cortes, 2009)
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Figure 1.2. Schematic representation of the structure of BCR-ABL1 kinase. The 

oncoprotein results from fusion of BCR (pink) to ABL1 (green). The BCR region 

contains a coiled-coil domain (CC) for oligomerization, and a Rho 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, which can be 

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-ABL1.  
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1.1.4 Downstream signaling of BCR-ABL1 

Through interaction with its core proteins, BCR-ABL1 activates several signaling 

molecules and pathways in Ph+ leukemia 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 protein GRB2-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 et 

al., 1995). Grb2 can also recruit son of sevenless (SOS), a guanine nucleotide exchange 

factor, resulting in activation of RAS and extracellular signal-regulated kinase (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 pathogenesis of Ph+ B-ALL 

but not of CML (Hu et al., 2004b). Signal transducer and activation of transcription 5 

(STAT5) is a latent transcription factor that is phosphorylated and activated by BCR-

ABL1 (Ilaria and Van Etten, 1996). Recent studies have demonstrated that abrogation of 

STAT5 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-ABL1 results in 

increased cell proliferation, reduced apoptosis and decreased adherence of Ph+ leukemic 

cells to bone marrow stroma, all of which are postulated to drive leukemogenesis in Ph+ 

patients.  
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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 vera (PV), essential 

thrombocythemia (ET), and primary myelofibrosis (PMF) (Dameshek, 1951). These 

disease share several common features: 

• They are derived from hematopoietic stem cells or early progenitors 

• They are characterized with normal differentiation of hematopoiesis but 

with over production of specific lineage of mature myeloid cells 

• The diseases share abnormalities of hemostasis and thrombosis.  

• The diseases have tendency of progressing to acute leukemia 

As described earlier, the transcription product of the Ph+ chromosome, BCR-ABL1, 

has been shown to be the direct cause of CML, but how the Ph+ chromosome 

translocation occurs in the first place remains unclear. Previous exposure to high-dose 

radiation increases the risk of developing CML, suggesting that DNA damage might 

predispose to the Ph+ translocation (Goldman and Melo, 2003; Preston et al., 1994). The 

clinical course of CML has been characterized into three phases: chronic, accelerated and 

blast crisis. The chronic phase (CP) can last for months or years. Besides symptoms such 
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as increased circulating white blood cell (WBC) count due to massive expansion of 

differentiated mature myeloid cells (median WBC 100,000/µL) (Savage et al., 1997), 

patients may present with fatigue, weight loss, unusually bleeding, sweats, anemia, 

splenomegaly, or platelet count above 600,000 to 700, 000/µL. The peripheral blood 

smear in patients with CML typically shows normal myelopoiesis from myeloblasts to 

mature neutrophils, with normal morphology. However, the neutrophils in CML patients 

have reduced leukocyte alkaline phosphatase (LAP, or NAP). The LAP score is useful in 

distinguishing leukocytosis resulted from infection or polycythemia vera, both of which 

have higher LAP scores. 

The disease is manageable at the chronic phase with standard therapies (see section 

1.4), but may progress to advanced stages including accelerated phase (AP) and blast 

crisis phases (BC), which are characterized as increasing undifferentiated leukemic blasts 

accumulating in peripheral blood or bone marrow.  Patients at CML-AP have a median 1-

2 year survival and are diagnosed with having one or more of the following symptoms 

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

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

• Peripheral blood basophils ≥ 20% 

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

therapy 

• Progressive splenomegaly and increasing white cell count, unresponsive to 

therapy 

• Cytogenetic evolution with new chromosomal abnormalities besides Philadelphia 

chromosome 
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Patients may bypass CML-AP, and progress directly to the blast crisis phase from the 

chronic phase. Blast crisis is the final phase in the evolution of CML, which is 

characterized by the following criteria: 

• >20% blast cells in the bone marrow 

• Extramedullary infiltration of blasts in liver and/or spleen 

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

Patients in blast crisis are generally refractory to treatment (Druker 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 Ph+ B-ALL 

Patients with B-ALL or CML at the stage of lymphoid blast crisis share similar 

characteristics with overgrowth of immature lymphoid cells in bone marrow (>20% are 

blasts), blood and lymphoid organs and extrameduallary infiltration (Perrotti et al., 2010; 

Wong and Witte, 2004). Patients typically have other symptoms such as fever, anemia, 

thrombocytopenia, fatigue, spontaneous bleeding, and infections. Some patients may also 

exhibit hepatomegaly, splenomegaly, and lymphadenopathy. Since CML-lymphoid blast 

crisis (CML-LBC) is the disease transition from myeloid lineage to lymphoid disease, 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 have Ph+ B-ALL 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-ABL1, the other two-third of patients have the 

p190 form of BCR-ABL1. Recent studies showed a high proportion of Ph+ B-ALLs have 

mutation of the IKZF1 or Pax5 genes, both of which are transcription factors regulating 

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

1.2.3 Detection of the Ph chromosome 

Although patients with Ph+ leukemias can be diagnosed with a peripheral blood smear or 

bone marrow biopsy, advanced techniques such as cytogenetic analysis (karyotyping), 

fluorescence in situ hybridization (FISH) analysis, or reverse transcription polymerase 

chain reaction (RT-PCR) are used to further confirm the expression of BCR-ABL1 fusion 

gene or transcript. These detection methods are also used to evaluate the effect of 

therapies (see section 1.4.1).  

1.3 MOUSE MODELS TO STUDY PH
+
 LEUKEMIAS  

Although several in vitro studies have provided much knowledge regarding the 

molecular biology of BCR-ABL1, the complex nature of leukemia cannot be adequately 

modeled in cell culture systems. In order to have complete understanding of 

pathophysiology of BCR-ABL1-meidated leukemias, expression of the oncogene in the 

hematopoietic system of a living organism is required. Therefore, three types of mouse 

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 the strong 

expression of BCR-ABL1 controlled by BCR promoter (Heisterkamp et al., 1991).  This 

hurdle was later overcome by the replacement of BCR promoter with metallothionein 

(MT) promoter/enhancer (Honda et al., 1995) and the development of BCR-ABL1 

inducible transgenic mice using a conditional tet-off system (Huettner et al., 2000).  

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 of tec gene (cytoplasmic kinase preferentially expressed 

in hematopoietic precursor cells) to drive expression of BCR-ABL1 (Honda et al., 1998), 

while Huettner and colleagues developed BCR-ABL1–inducible transgenic mice with 

control of enhancer from the murine stem cell leukemia (SCL) 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 drawbacks still exist, making 

them less suitable for some types of studies. First, the disease takes a longer 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 leukemogenesis of 



15

different mutant forms of BCR-ABL1. Besides, it will be difficult to use genetic 

approaches to verify downstream target proteins of BCR-ABL1 and their effect on Ph+ 

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 (Holyoake et 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 lethal CML-like 

disease, this model allows the evaluation of the effect of pharmacological inhibitors on 

primitive human leukemic cells in a physiological environment (Heaney et al., 2010). It is 

not clear why human leukemic cells do not induce lethal disease in recipient mice, but 

residual immunity in recipient mice might control disease progression of human leukemic 

cells. NOD/SCID mice have relatively low levels of natural killer (NK) cells and are 

deficient in T and B cells. Other lines of immuodeficient mice have been created to 

reduce host immunity and improve engraftment potential of human cells. 

NOD/SCID/IL2Rγnull mice were developed recently, lacking functional common IL-2 

receptor γ chain (Shultz et al., 2005). This line of immuodeficient mouse does not have 

mature lymphocytes, NK cells and have severed impairments in innate immune. It would 

be interesting to see if using NOD/SCID/IL2Rγnull 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 pathogenesis of human 

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 titer of retroviral 

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-ABL1 in the presence of myeloid cytokines, transduced cells carrying 

BCR-ABL1–expressing retroviral provirus can initiate CML-like MPN following transfer 

into irradiated recipient mice within 4-7 weeks after transplantation (Figure 1.3) (Li et al., 

1999a; Van Etten, 2002). The disease that develops in mice shares many pathological 

features of human CML, with elevated white blood cell count, splenomegaly and massive 

expansion of Gr-1+ and Mac-1+ cells in bone marrow, spleen, liver, and peripheral blood 

of diseased mice. After serial transplantation, the original CML-like disease observed in 

primary recipients can progress into acute myeloid or lymphoid leukemia in secondary 

and tertiary recipients (Daley et al., 1991; Pear et al., 1998).  Several studies have later 

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, there are 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 lethal disease progression 

seen in this model, which can be prolonged in recipients transplanted with fewer BCR-

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

We have also developed a mouse model to study leukemogenesis of Ph+ B-ALL 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 can initiate B-

ALL in irradiated recipient mice within 5-7 weeks (Figure 1.4). Diseased mice with B-

ALL are characterized by circulating malignant BP1+ and 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 in mice (Hu et al., 2006).  

Both retroviral bone marrow transduction/transplantation models of CML and B-

ALL provide several advantages to study Ph+ leukemias. By replacing wild type with 

mutant forms of BCR-ABL1 lacking specific domains or carrying point mutations, 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 presence of IRES in 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 and its partner 

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 or external effect 

of specific signaling molecule (Krause et al., 2006). Finally, the relative short latency and 

efficient induction of Ph+ leukemias in this mouse model provide a platform to evaluate 

the effect of immunological (Krause et al., 2006) or pharmacological (Chan et al., 2011) 

regimens in treating Ph+ leukemias. 
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Figure 1.3. Retroviral bone marrow trasnsduction/transplantaion mouse model 

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 expressing BCR-

ABL1/GFP in the presence of myeloid cytokines, followed by transplantation into 

irradiated syngeneic mice. Recipients usually develop CML-like MPN within 4-7 

weeks, with several symptoms such as lung hemorrhage (C) and massive expansion of 

myeloid (Gr-1+ and Mac-1+) cells in peripheral blood (E, F). Photomicrograph of 

H&E-stained lung section (B, C) and peripheral blood smear (D, E, Wright/Giemsa 

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

analysis of leukemic cells in peripheral blood of representative mouse with CML-like 

MPN, showing the majority of leukemic cells (GFP+) were also Gr-1+ and 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 mice. Recipients  

usually develop B-ALL within 5-7 weeks. (B) FACS analysis of leukemic cells in 

pleural effusion from mice that developed B-ALL, showing leukemic cells (GFP+) 

were also BP-1+ and B220+. 
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1.4 CURRENT TREATMENT FOR BCR-ABL1 +
 LEUKEMIA  

1.4.1 Measuring response to treatment 

Three criteria have been used to measure the effect of therapies in patients with 

Ph+ leukemia. Complete hematologic remission (CHR), defined as normalization of the 

patients’ peripheral white blood cell count (WBC), platelet count, and hematocrit is the 

earliest and easiest way to measure patients’ response to therapy. Complete cytogenetic 

response (CCyR) is defined as the absence of Ph chromosome in cytogenetic analysis  (≥ 

20 metaphases) from bone marrow, which is the current  “gold standard” of treatment 

response. The third level of response measurement, complete molecular response (CMR) 

is based on quantitative polymerase chain reaction to measure the elimination of BCR-

ABL1 mRNA transcript. This is the most sensitive tool to assess the presence of BCR-

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 hematological 

responses in patients in CML-CP, they were unable to inhibit the oncogenic activity of 

BCR-ABL1 nor did they induce cytogenic remission in patients (Sawyers, 1999) or delay 

the progression of the disease to blast crisis.  Hence, these treatments were essentially 

palliative in nature. 
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Allogenic stem cell transplantation (alloSCT) is currently the only proven curative 

treatment for CML. Due to age limitation and lack of available HLA-matched donors, 

only ~20% of patients with CML are eligible for allogeneic transplantation. Patients at 

younger age (<40) with HLA-matched sibling donors do enjoy a 60-80% five-year 

survival rate following allografted for CML in chronic phase (Gratwohl et al., 1998; 

Okimoto and Van Etten, 2011), but the procedure is complicated by the risk of 

developing graft-versus-host disease (GvHD). To make allogenic transplantation a safer 

treatment, current efforts have been focused on reducing GvHD without sacrificing graft-

versus-leukemia (GvL) effect. These strategies include depleting T cells from donor bone 

marrow and then reinfusing them at a later time or determining the minimum dose of T-

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

For patients who do not have matched donor for allogenic transplantation, 

interferon-α (INF-α) was for a long time a standard therapy for CML. Interferon is a 

cytokine that mediates host immune responses against viral infection. The drug may 

cause a wide range of side effects, such as fever, muscle pain and thrombocytopenia, but 

induces hematological and cytogenetic response in 10 to 30 percent of patients (Talpaz et 

al., 1983). It also induces higher survival rate than chemotherapy (Sawyers, 1999). The 

mechanism of action of IFN-α in CML is still unclear, but is possibly through its role in 

modulating anti-tumor immune response by activating natural killer cells or up-regulating 

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

(TKIs)  

The development of tyrosine kinase inhibitors (TKIs) directed against ABL1 has 

ushered in a new era of targeted therapy for Ph+ leukemia, and TKI therapy has now 

supplanted transplantation as the preferred initial treatment for CML. Imatinib, the first 

TKI approved for treating CML-CP patients, inhibits oncoprotein kinase activity by 

blocking ATP binding to kinase pocket of BCR-ABL1. It not only has activity against all 

ABL tyrosine kinases including BCR-ABL1, ABL1, v-ABL and ARG/ABL2 but also 

inhibits several other tyrosine kinases such as PDGFRα, PDGFRβ and c-Kit 

(Buchdunger et al., 2000; Sherbenou and Druker, 2007). Although generally well-

tolerated, patients treated with imatinib may have mild to moderate side effects including 

edema, muscle cramps, diarrhea, nausea, skin rashes, and myelosuppression (Druker et 

al., 2006; Druker et al., 2001b). Imatinib is extraordinarily effective in most patients in 

CML-CP, as the IRIS study showed about 60-70% of patients achieve a CCyR (Druker et 

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 imatinib (Druker 

et al., 2006; Perrotti et al., 2010). Several mechanisms of acquired resistance to imatinib 

have been defined, including amplification of the BCR-ABL1 fusion oncogene, 

acquisition of mutations in the ABL1 kinase domain that prevent efficient binding of 

imatinib to BCR-ABL1 (Gorre et al., 2001) or activation of other signaling pathways 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-ABL1 that fail to respond to imatinib, more 

potent second-generation TKIs were developed.  Dasatinib, which inhibits both BCR-

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 many common 

imatinib resistant mutations, with exception of a particular T315I “gatekeeper” 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 several imatinib-

resistant mutants, but again fails to inhibit the T315I mutant (Weisberg et al., 2005). Both 

second-generation TKIs have specific side effects in some patients. Dasatinib can be 

associated with pleural effusions while Nolitinib causes biochemical changes in liver and 

pancreatic function (Van Etten et al., 2011).  Both dasatinib and nilotinib were recently 

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

1.5 L IMITATIONS OF CURRENT TREATMENT : RESIDUAL LEUKEMIA -

INITIATING CELLS  

Overall, the use of TKIs to treat patients in CML-CP is quite effective, as 60-70% 

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 second-generation 

TKIs  (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 TKIs is not nearly as efficient in patients with advanced stages 

of CML or B-ALL (Druker et al., 2001a; Sawyers et al., 2002). Hence, there are still 
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significant numbers of Ph+ leukemia patients that are at risk of relapsing and dying of 

their disease. Residual leukemia-initiating (“stem”) cells (LICs) that are insensitive to 

TKIs have been postulated to be the fundamental cause of relapse (Graham et al., 2002). 

LICs are the cells with self-renewal ability that can both initiate and maintain 

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 BCR-ABL1-

expressing hematopoietic progenitors that are very similar to normal hematopoietic stem 

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 kinds of mature 

blood cells (Figure 1.5). The process is hierarchical and tightly regulated by cytokines, 

adhesion molecules and transcription factors (Kondo et al., 2003). It starts from long-

term (LT) repopulating HSCs (LT-HSC), which first differentiate into the short-term (ST) 

repopulating HSC (ST-HSC) and then to non-self-renewing multipotent progenitors 

(MPP), which can further differentiate into common myeloid progenitors (CMP) or 

common lymphoid progenitors (CLP). Lineage restricted CMP can give rise to 

granulocyte-macrophage progenitors (GMP) and megakaryocyte-erythroid progenitors 

(MEP) (Akashi et al., 2000). The former in turn terminally differentiate into mature 

granulocytes and macrophages/monocytes, while MEPs terminally differentiate into 

erythrocytes and platelets. CLPs are the progenitors that give rise to differentiated 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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Figure 1.5. Schematic diagram of normal hematopoiesis as described in text. 

ErP, erythrocyte precursor; MkP, megakaryocyte precursor; NK, natural killer. 

(Figure adapted from (Reya et al., 2001) 
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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 surface antigen expression 

pattern CD34+CD38– from human acute myeloid leukemia (AML) could initiate the same 

disease following xenotransplantation into severe combined immunodeficiency (SCID) 

mice (Lapidot et al., 1994). This observation led to the formulation of the cancer stem 

cell hypothesis, which proposes that cancer is heterogeneous and initiated and maintained 

by a small fraction of cells within tumor population, which have stem-like property that 

could self-renew and xenograft immunodeficient mice (Reya et al., 2001). These so-

called cancer stem cells could either be derived from normal stem cells transformed by 

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

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 chronic myeloid 

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 (Haferlach et al., 

1997; Whang et al., 1963). By studying different isoforms of glucose-6-phosphate 

dehydrogenase in different cell lineage in CML patients, Fialkow et al. first demonstrated 

that CML is a clonal disease originating from HSCs (Fialkow et al., 1967). Later, studies 

showed only CD34+CD38– cells from patients in CML-CP had property of LICs to 

engraft immuodeficient mice (Eisterer et al., 2005). In contrast to other fusion oncogenes, 
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MOZ-TIF2, MLL-AF9 and MLL-ENL (Cozzio et al., 2003; Wang et al., 2010) that can 

confer on myeloid progenitors the self-renewal ability to initiate AML, BCR-ABL1 does 

not provide self-renewal ability in committed hematopoietic progenitors. Only purified 

murine HSC (Lin–c-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 with CML-like 

MPN induced by retroviral bone marrow transduction/transplantation function as CML 

LICs that can be serially propagated from primary recipients to secondary recipients (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 Ph+ B-ALL while the p190 form of BCR-ABL1 can be found in 

two-third of patients of Ph+ B-ALL. By using FISH analysis to search primitive cells 

expressing Ph+ chromosome in Ph+ B-ALL patients, Castor et al. found p190 was 

expressed only in B cell–committed progenitor cells (CD34+CD38−CD19+) but not HSCs 

(CD34+CD38−CD19−), while the p210 form of BCR-ABL1 can be found both in 

populations of CD34+CD38−CD19+ as well as CD34+CD38−CD19−. However, only B 

cell–committed progenitor cells carrying BCR-ABL1 (p190 or p210) have the ability to 

repopulate leukemic cells in NOD/SCID mice, indicating these cells as LICs to initiate B-

ALL (Castor et al., 2005). Li and colleagues later also demonstrated that BCR-ABL1-

expressing pro-B cells (CD19+B220+CD43+) in mice are 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 TKIs 

Since BCR-ABL1-transformed HSCs still share many properties with normal 

HSCs, including their immunophenotype, several studies have isolated LICs from mouse 

or patients with CML and further characterize their properties. Like HSCs, LICs can 

reach quiescent at steady state, and are resistant to imatinib treatment (Graham et al., 

2002).  Recently, Druker and colleagues showed despite inhibition of BCR-ABL1 

activity by imatinib in very primitive cells including the HSC population, the CML LICs 

could escape TKI-induced apoptosis and proliferate as well as self-renew independently 

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-resistant LICs are the 

cause of relapse and eventual transformation to blast crisis.  

To develop strategies to eradicate LICs, we need to know what are the essential 

signaling pathways, activated either internally or provided externally by the bone marrow 

microenvironment, that maintain the survival and self-renewal ability of LICs (Chen et 

al., 2010). By using different transgenic and knockout mice as donors in the murine bone 

marrow transduction/transplantation model, several signaling pathways important in 

regulating LICs have been proposed, including Wnt/β-catenin (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 FOXO3a (Naka et al., 2010). While 

HSCs from donor marrow deficient of β-catenin, Smo (Smoothened), Alox5 or FOXO3a 

showed a relative defect in their ability to induce CML-like disease in mice 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 eradicate these cells, an 

alternative strategy is to block cell-surface molecule involved in the engraftment and 

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, CD44 was 

neither required for normal HSCs homing nor induction of Ph+ B-ALL in mice. Further 

administration of antibodies specific against CD44 attenuated disease development and 

prolong survival (Krause et al., 2006).  

1.6 L IMITATION 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 prognosis, 

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 pre-B lymphoblastic 

phenotype (Perrotti et al., 2010). It is not clear what mechanisms drive disease 

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 signaling activities 

are involved in this process.  

1.6.1 Increased BCR-ABL1 expression 

Enhanced BCR-ABL1 activity due to increased BCR-ABL1 transcripts has been 

postulated to be a primary underlying cause of disease progression. Previous studies have 

shown that leukemic cells from patients in blast crisis have higher levels of BCR-ABL1 

mRNA transcripts than those in chronic phase (Gaiger et al., 1995), while Jamieson et al. 

subsequently showed that myeloid progenitors from CML-BC patients have 5 to 6-fold 

more BCR-ABL1 transcripts than those in CML-CP patients (Jamieson et al., 2004). The 

mechanism underlying the phenomenon of increased BCR-ABL1 transcription is not 

clear, but evolutionary pressure that favors the outgrowth of clones that maintain higher 

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.  In addition, there 

are many studies that suggest expression of BCR-ABL1 can directly cause genome 

instability and result in additional mutations in the leukemic cells. Nowicki et al. and 

others have shown that BCR-ABL1 can increase the mitochondial production of reactive 

oxygen species (ROS) that cause double-strand breaks (DSBs) in BCR-ABL1 expressing 

cells, which cannot be faithfully repaired due to additional acquired defects in 

homologous recombination, non-homologous end-joining, and mismatch repair (Nowicki 



33

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 suppressor genes, 

such as p53 (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 become LICs to 

transform the disease to an advanced stage. In acute myeloid leukemia (AML), several 

leukemogenic transcription factor fusion proteins, such as MLL-ENL (Cozzio 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 ordinarily 

cannot self-renew. The transformed progenitors then could initiate AML in 

transplantation mouse model. On the other hand, the Wnt/β-catenin 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 blast crisis 

(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 proposed to be 

the cause of accumulation of immature myeloblasts or lymphoblasts in advanced stage. 

Lower expression of CCAAT/enhancer binding protein α (C/EBPα), a transcription 
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factor regulating normal granulopoiesis, has been associated with progression from 

CML-CP to CML-BC. BCR-ABL1 down-regulate C/EBPα by stabilizing the expression 

of an inhibitor of C/EBPα mRNA, the heterogeneous nuclear ribonucleoprotein-E2 

(hnRNP-E2) (Perrotti et al., 2002). On the other hand, aberrant regulation of transcription 

factors also happens in lymphoid blast crisis transformation, as deletion of IKZF1, gene 

regulating normal pre-B differentiation has been found in 84% of Ph+ ALL (Mullighan et 

al., 2008).  Recent studies also reported deletion of Pax5, another transcription factor 

regulating B-cell development, in about 30% of Ph+ B-ALL (Iacobucci et al., 2010).  

1.7 OBJECTIVE OF THIS STUDY  

BCR-ABL1 is the central player in the pathogenesis of Ph+ leukemia. Through its 

downstream signaling network, BCR-ABL1 transform cells to become leukemogenic 

with increased proliferation potential, resistant to apoptosis and stromal independence. 

Even though current TKI therapy is effective in the majority of patients in chronic phase, 

resistance and relapse still occurs, in part as a consequence of acquisition of ABL1 

mutations. Relapse also occurs frequently after withdrawal of TKI therapy in patients in 

complete molecular remission (PCR negative), due presumably to residual LICs that are 

insensitive to killing by TKIs. In order to achieve permanent cure of Ph+ leukemia 

patients, there is a need to identify and validate additional pharmacological targets to 

overcome TKI resistance and eradicate LICs. Therefore, a better understanding of 

downstream signaling pathways that are essential for BCR-ABL1-mediated 

leukemogenesis and maintenance of LICs is necessary. In this dissertation, I have used 

the retroviral bone marrow transplantation/transduction mouse models of BCR-ABL1-



35

induced CML-like MPN and B-ALL to study these two topics.  In the second chapter, the 

aim is to study the role of NF-κB as a downstream target in BCR-ABL1–induced 

leukemia.  In the third chapter, the aim is to define the role of constitutive active β-

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

The role of the NF-κκκκB pathway in BCR-

ABL1-induced leukemia 
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2.1 SUMMARY 

The BCR-ABL1 tyrosine kinase activates multiple signaling pathways in leukemic 

cells from patients with CML and Ph+ B-ALL.  Previous studies have shown that NF-κB 

is activated in BCR-ABL1-expressing cell lines and primary cells, but the mechanism of 

activation has not been defined, and importance of NF-κB to myeloid and lymphoid 

leukemogenesis by BCR-ABL1 is unknown.  

To interrogate the role of NF-κB in BCR-ABL1-mediated transformation, we 

utilized a super-repressor mutant form of IκBα (IκBαSR), which has been used to block 

NF-κB nuclear localization and transactivation by constitutively sequestering NF-κB in 

the cytoplasm.  Using retrovirus co-expressing BCR-ABL1 and IκBαSR, we found that 

IκBαSR reduced nuclear RelA expression and inhibited the IL-3–independent growth of 

Ba/F3 cells and primary B-lymphoblasts transformed by BCR-ABL1.  When primary 

bone marrow cells were transduced with BCR-ABL1 retrovirus and transplanted under 

conditions favoring induction of B-ALL or CML-like MPN in recipient mice, co-

expression of IκBαSR significantly attenuated disease development and reduced the 

number of leukemic-initiating cells in mice with CML-like MPN. To investigate the 

mechanism through which NF-κB is activated by BCR-ABL1, we targeted two upstream 

kinases that negatively regulate IκBα, IKKα/IKK1 and IKKβ/IKK2. To accomplish this, 

we engineered retroviruses co-expressing BCR-ABL1 and kinase-inactive, dominant-

negative mutants of IKKαKM and IKKβKM.  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 NF-κB pathway correlated with decreased 
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expression of the NF-κB targets c-Myc and Bcl-X and increased the sensitivity of BCR-

ABL1-transformed lymphoblasts to ABL1 kinase inhibitors. These results demonstrate 

that NF-κB 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 NF-κB and IKKs as targets for therapy of Ph+ leukemias. 
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2.2 INTRODUCION 

Human cancer is a complicated disease with several characteristics, such as self-

sufficiency in growth signal, insensitivity to growth inhibitory signals, resistance to 

apoptosis signals, propensity for tissue invasion, and limitless replicative potential 

(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, 2011).  Due to their role in 

regulating body inflammation response, cell survival, and apoptosis, members of the NF-

κB family have been extensively studied to understand their roles in regulating cancer 

development, including Ph+ leukemia.  

2.2.1 Players in the NF-κκκκB signaling pathway 

NF-κB (nuclear factor κ-light-chain-enhancer of activated B cells) proteins were 

first identified as nuclear factors interacting with κB motif within the enhancer region of 

the immunoglobulin κ light (Igκ) chain gene in B-cells (Sen and Baltimore, 1986).  

Subsequently, extensive studies in the field of NF-κB signaling have identified several 

NF-κB target genes encoding for adhesion molecules, cytokines, chemokines, and 

molecules regulating cell proliferation and survival (Basseres and Baldwin, 2006). The 

promoters and/or enhancers of these genes usually contain κB sequences that can be 

recognized by NF-κB family members. The canonical κB sequence is 9-10 base pairs 

long with the consensus sequence 5’- GGGRNWYYCC-3’ (R: A or G; N, any 

nucleotide; W: A or T; Y: C or T) (Hoffmann et al., 2006).  
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The NF-κB transcription factor family consists of five members: p50/NF-κB1, 

p52/NF-κB2, RelA/p65, RelB, and c-Rel. Each family member can either form 

homodimers or heterodimers to activate down stream genes, except for RelB that only 

forms heterodimers with p50 or p52 subunit (Hayden and Ghosh, 2004). Even though 

they exhibit similarities in protein structure, genetic studies have shown they have 

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 NF-κB members (Figure 2.1). The RHD also 

contains a nuclear localization signal (NLS) for NF-κB nuclear translocation and binding 

site for IκBs. The NF-κB family can be further divided into two subfamilies, “Rel’ and 

“NF-κB”. The mammalian Rel subfamily includes c-Rel, RelB, and RelA/p65. They all 

have a transactivation domain (TAD) at their C-terminus. Members in NF-κB subfamily 

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

In resting or unstimulated cells, NF-κB proteins are maintained in a 

transcriptionally inactive state in the cytoplasm through action of a family of inhibitor 

proteins, the IκB family. Several mammalian IκB proteins have been identified, including 

IκBα, IκBβ, IκBε, 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/NF-κB1 and p52/NF-κB2. Like the NF-κB family, members of the IκBs 

family have different expression patterns and functions in different tissues. IκBs can 

inhibit the activity of NF-κB by blocking its NLS signal as well as preventing their 

interaction with partner proteins. The activity of IκBs are controlled by phosphorylation 
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of serine residues at their N-termini by an upstream IκB kinase (IKK) complex, which 

targets IκBs for ubiquitination and proteasomal degradation. The IKK complex consists 

of two catalytic subunits, IKKα or IKKβ, and one regulatory scaffold protein, NF-κB 

essential modulator (NEMO) or IKKγ. Both IKKα and IKKβ have kinase domains (KD) 

at their N-termini. Studies have shown that phosphorylation of two serine residues (Ser 

176/Ser 180 for IKKα, and Ser 177/Ser181 for IKKβ) in the KD is required for cytokine-

mediated activation of IKKs (Mercurio et al., 1997), while mutation of Lys 44 within 

ATP binding site in KD results in a kinase-inactive mutant of IKKs (Delhase et al., 1999; 

Mercurio et al., 1997). A leucine zipper (LZ) motif is responsible for dimerization of the 

IKKs, which is required for kinase activity. A helix-loop-helix (HLH) motif interacts 

with the kinase domain to regulate kinase activity (Delhase et al., 1999). A NEMO 

binding domain (NBD) in IKKα or IKKβ 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 NF-κκκκB pathway 

Two major pathways that regulate NF-κB 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 the cytoplasm 

by their inhibitor protein, IκBα, through masking NLS within RelA. The binding of 

ligands (IL-1β or TNFα) to their specific cell surface receptors signal to activate the IKK 

kinase complex. Activated IKKs then phosphorylate IκBα and cause its ubiquitination 
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and degradation, which releases NF-κB dimers to enter the nucleus and activate 

transcription of target genes. This process is auto-regulated, since one of the target genes 

of NF-κB is IκBα, which can then be synthesized and resequester NF-κB in the 

cytoplasm.  

The second pathway regulating the activity of NF-κB is called the non-canonical 

pathway. This pathway differs from canonical pathway in several aspects. It plays an 

important role in maintaining development of secondary lymphoid organs, as well as B 

cell maturation and survival. Unlike the classical pathway involving IKKα, IKKβ and 

IKK γ, IKKα is the main kinase player in this pathway. Binding of different class of 

ligands (such as Lymphotoxin B (LTβ) and B-cell activating factors (BAFF) and CD40) 

to their receptors leads to activation of the NF-κB-inducing kinase (NIK) and stimulation 

of IKKα, which then leads to proteolysis of p100 and generate p52/RelB heterodimers 

that can enter nucleus and regulate their target genes (Bonizzi and Karin, 2004; Gilmore, 

2006; Karin, 2006). 

Cross-talk between the canonical and non-canonical NF-κB pathways has also been 

proposed.  In this hybrid pathway, the production of p52/RelA heterodimers is first 

controlled by the non-canonical pathway, in which IKKα regulates the processing of 

p100 to p52. Once the p52/RelA heterodimers is formed, its activation is subsequently 

regulated by IκBs in canonical pathway. p52/RelA can activate its target genes when 

IκBs are phosphorylated by IKKs and subsequently degraded by the proteasome 

(Dejardin, 2006; Dejardin et al., 1995). On the other hand, the transcription of relb 
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(encoding RelB) (Wang and Sonenshein, 2005) as well as nfκb2 (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 NF-κκκκB 

pathway in hematopoiesis 

Over the years, mutant mice lacking different components in NF-κB pathway were 

created and have provided us with important insights regarding how these molecules 

regulate physiological functions in vivo. p50–/– mice are viable and have normal 

hematopoiesis. However, these mice show defects in the humoral immune response 

against bacterial infection (Sha et al., 1995). RelA–/– mice die in utero at embryonic day 

15-16 due to massive TNFα–mediated apoptosis of hepatocytes (Beg et al., 1995). In 

addition to providing essential survival signals in hepatocytes, RelA also protects B-cell 

from TNFα–induced apoptosis (Prendes et al., 2003). Animals lacking both RelA and the 

p50 subunit (RelA–/–p50–/–) also exhibit an embryonic lethal phenotype, but their essential 

roles in regulating lymphopoiesis was demonstrated by using a transplantation approach. 

Irradiated wild-type recipient mice reconstituted with fetal liver cells from either RelA–/– 

or RelA–/–p50–/– donors had defects in lymphopoiesis but showed increased 

granulocytosis. However, lymphopenia as well as granulocytosis in these recipients can 

be rescued by supplementing the graft with bone marrow from wild-type donors. As a 

result, fetal liver-derived lymphopoiesis can be detected in recipient mice, suggesting 

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 profound role in 

regulating immunity and hematopoiesis, as revealed by studies of knockout mice lacking 

IKKs. IKKα–/– mice die at birth with striking skin and skeletal abnormalities (Hu et al., 

1999). Using bone marrow chimeras, Kaisho et al. showed IKKα is important in 

regulating peripheral B-cell survival and maturation.  Lethally irradiated recipients 

reconstituted with IKKα–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, IKKβ–/– mice have an embryonic lethal phenotype due to TNFα-mediated hepatic 

apoptosis, which phenocopies RelA-deficient mice (Li et al., 1999b; Tanaka et al., 1999). 

Using conditional deletion of the IKKβ gene in the B cell lineage, an essential role of 

IKKβ in regulating B-cell survival and proliferation was demonstrated (Li et al., 2003; 

Pasparakis et al., 2002). Interestingly, unlike IKKβ deletion that caused reduced 

lymphopoiesis, conditional deletion of IKKβ in myeloid lineage with Mx-Cre or LysM-

Cre resulted in neutrophilia due to increased IL-1β secretion (Greten et al., 2007; Hsu et 

al., 2011).  

2.2.4 Previous studies implicating NF-κκκκB as downstream effector of BCR-ABL1 

Several previous studies have demonstrated NF-κB activation in BCR-ABL1–

transformed cell lines and primary Ph+ leukemia cells. While the p50 subunit is 

constitutively active in DA-1 cells (a murine myeloid progenitor cell line), enhanced 

RelA DNA binding ability was observed in cells transformed by BCR-ABL1, while 

antisense oligonucleotides directed against RelA inhibited IL-3 independent cell growth 
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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 cell lines 

transformed by the p185 form of BCR-ABL1 (Reuther et al., 1998), in CML blasts 

(Kirchner et al., 2003), and in primary Ph+ ALL cells (Munzert et al., 2004).  

In IL-3-dependent cell lines, the activation of NF-κB is dependent on Ras and 

kinase activity of BCR-ABL1, as expression of a kinase-inactive mutant of BCR-ABL1 

(p210 and p185 forms) or a dominant-negative (N17) mutant of Ras inhibited the 

transactivation ability of NF-κB in BaF3 and 32D cells (Kirchner et al., 2003; Reuther et 

al., 1998). Other proteins as mediators of NF-κB activation by BCR-ABL1 have also 

been investigated. Protein kinase D2 (PKD2), a serine/threonine kinase of PKD family 

that regulates invasion, proliferation and survival, is tyrosine phosphorylated by BCR-

ABL1 and regulates RelA and p52 activation by BCR-ABL1 in LAMA84 cells (an 

erythroid cell line derived from Ph+ CML 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 expression of 

dominant negative MEKK1 inhibited NF-κB activation and induced apoptosis of BCR-

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

2.2.5 Rationale 

Although previous in vitro studies have documented NF-κB activation in BCR-ABL1–

expressing cells, it is not clear whether or how NF-κB plays a role in leukemogenesis 

mediated by BCR-ABL1. In vivo leukemia studies are lacking and are essential to 
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evaluate the NF-κB pathway as a therapeutic target in Ph+ leukemia. In addition, it is still 

unclear whether the IKK complex is involved in activation of NF-κB in BCR-ABL1–

expressing cells, as some studies suggest BCR-ABL1–induced NF-κB activation is 

mediated by IKKβ (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 

IKKβ activity by expressing a kinase-inactive form of IKKβ or with a small molecule 

inhibitor has been shown to reduce NF-κB activation by BCR-ABL1 (Mihailovic et al., 

2004) as well as inducing apoptosis in BCR-ABL1-transfromed cells (Duncan et al., 

2008). However, neither Ba/F3 cells expressing p185 form of BCR-ABL1 (Kirchner et 

al., 2003) nor Ph+ primary B-lymphoid blasts (Munzert et al., 2004) were found to have 

enhanced activity of IKKs, suggesting BCR-ABL1 activates NF-κB in an IKK-

independent manner.  

Here, we used the mouse retroviral bone marrow transduction/transplantation 

model of CML and Ph+ B-ALL to determine the role of NF-κB and IKKs in myeloid and 

lymphoid leukemogenesis mediated by BCR-ABL1.  
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Figure 2.1. The structure of core proteins in NF-κκκκB signaling pathway in 

mammalian cells. Members of the NF-κB transcription factor protein family all share 

a Rel homology domain (RHD). The family could be further divided into two 

subfamilies (Rel and NF-κB). While C-terminal of Rel subfamily has transcriptional 

activation domains (TAD), the NF-κB subfamily has ankyrin repeat sequences (red 

bars) at their C-termini, which share similar structure with IκBs. Serine residues of 

IκBs, which are phosphorylated by IKK kinase complex and target IκBs for 

proteasome degradation, are listed. IKKα and IKKβ contain a kinase domain (KD), 

helix-loop-helix (HLH), leucine zipper (LZ) and NEMO binding (NBD) domains, 

while NEMO/IKKγ has a kinase binding domain (KBD), LZ, and ZF domains.  Their 

functions are described in text. The lysine and two serine residues in IKK kinase 

domain, whose phosphorylation is important for activation of kinase activity, are 

listed.  



48

 

Figure 2.2 
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Figure 2.2. NF-κκκκB signal transduction pathways. In the canonical (or classical) NF-

κB pathway, the NF-κB dimers (such as RelA/p50) are sequestered by IκBs (often 

IκBα) in cytoplasm. This pathway can be activated by proinflammation cytokines, 

such as IL-1β or TNFα.  The binding of such ligands to their receptors activates IKK 

kinase complex including IKKα, IKKβ and NEMO (IKKγ), which subsequently 

phosphorylates IκBα at two serine residues and targets IκBα for ubiquitination and 

proteasome degradation. NF-κB dimers then are released from cytoplasm and enter 

the nucleus to turn on target genes whose promoters or enhancers have the κB 

sequence. The non-canonical (or alternative) pathway is mainly for activation of 

p52/RelB complexes through activation of IKKα dimers. The binding of different 

class of ligands to their receptors (such as Lymphotoxin B (LTβ), B-cell activating 

factor (BAFF) and CD40 could activate NF-κB-inducing kinase (NIK), which could 

subsequently activate IKKα. Active IKKα 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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2.3 RESULTS 

2.3.1 NF-κκκκB contributes to BCR-ABL1-mediated lymphoid transformation in vitro 

To address whether NF-κB is involved in BCR-ABL1 induced leukemia, we first 

used a mutant “super-repressor” form of IκBα (IκBαSR) to block NF-κB nuclear 

translocation and transactivation in the presence of BCR-ABL1. IκBαSR contains serine 

to alanine mutations at position 32 and 36, which blocks phosphorylation of IκBαSR by 

its upstream regulatory kinases and prevents its subsequent degradation by the 

proteasome. To co-express both BCR-ABL1 and IκBαSR, the two genes were cloned 

together into a modified murine stem cell virus (MSCV) vector by replacing the GFP 

gene from the retrovirus BCR-ABL1/pMIGRI (Pear et al., 1998) with a cDNA encoding 

IκBαSR. The MSCV vector contains an internal ribosome entry site (IRES) sequence, 

which allows translation of two proteins from the same mRNA transcript. Thus, BCR-

ABL1 is expressed from the upstream cistron while IκBαSR is expressed downstream of 

the IRES sequence (BCR-ABL1/IκBαSR) (Figure 2.3A).  

To verify that IκBαSR is functional and has an effect on BCR-ABL1–mediated 

transformation, we first transduced Ba/F3 and 32D cells with either BCR-ABL1/pMIGRI 

or BCR-ABL1/IκBαSR 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 culture media 

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 previous findings 

by Reuther et al. (Reuther et al., 1998) that IκBαSR had no effect on the viability of 32D 
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cells expressing BCR-ABL1 in the absence of IL-3, we did not observe increased 

apoptosis in 32D cells expressing BCR-ABL1/IκBαSR upon IL-3 deprivation (Figure 

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

both BCR-ABL1 and IκBαSR can grow independently in the absence of IL-3 (Figure 

2.3B). However, we did observe that co-expression of IκBαSR inhibited IL-3-

independent cell growth mediated by BCR-ABL1, as the cells grew slower than cells 

expressing BCR-ABL1/GFP. We did not observe increased apoptosis in BaF3 cells co-

expressing IκBαSR (Figure 2.4), suggesting the inhibitory effect of IκBαSR on BCR-

ABL1-mediated IL-3 independent cell growth is predominantly on proliferation rather 

than on survival.  

We further verified the expression of BCR-ABL1 and IκBαSR in cells cultured in 

the absence of IL-3 by immunoblot analysis. Whereas the level of BCR-ABL1 expression 

was similar between cells transduced with BCR-ABL1/GFP or BCR-ABL1/IκBαSR, we 

observed lower endogenous IκBα expression in BCR-ABL1/IκBαSR transduced cells 

(Figure 2.3C). This is a good indication of IκBαSR activity, since the expression of IκBα 

is regulated by NF-κB (Reuther et al., 1998). We also observed another IκB species with 

higher mobility, which was recognized by anti-IκBα antibody but not anti-phospho-IκBα 

antibody (suggesting this form of IκBαSR is resistant to phosphorylation). Consistent 

with previous findings by Kirchner et al. (Kirchner et al., 2003), there was increased 

phospho-IκBα in cells expressing BCR-ABL1 alone relative to parental cells. Co-

expression of IκBαSR reduced phospho-IκBα compared to cells expressing BCR-ABL1 

alone (Figure 2.3C) 
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To determine whether the defect in cell growth correlated with decreased NF-κB 

activation, we examined nuclear RelA expression in transformed cells by 

immunofluorescence staining in combination with confocal microscopy. Expression of 

BCR-ABL1 enhanced the expression of nuclear RelA to a similar extent as in Ba/F3 

parental cells stimulated with NF-κB agonist TNFα, while cells co-expressing BCR-

ABL1 and IκBαSR showed significantly reduced nuclear RelA nuclear expression 

(Figure 2.5). Together, these results suggest that NF-κB acts downstream of BCR-ABL1 

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

We next asked if NF-κB contributes to BCR-ABL1–mediated transformation of 

primary B-lymphoid progenitors. BCR-ABL1 can stimulate the in vitro outgrowth of 

immature B-lymphoid cells that are stroma-dependent and not highly leukemogenic in 

mice (McLaughlin et al., 1989). A modified assay by plating serial dilutions of BCR-

ABL1 transduced bone marrow cells was described earlier, which allows more 

quantification assessment of oncogene transformation (Smith et al., 2003).  As shown in 

Figure 2.6A, as few as 3000 BCR-ABL1/GFP-transduced bone marrow cells can reach 

confluence of outgrowth of primary B-lymphoid progenitors but at least 10-fold more 

BCR-ABL1/IκBαSR–transduced cells were required to achieve the same outcome.  

BCR-ABL1/IκBαSR–transduced bone marrow cells exhibited slower outgrowth than 

cells transformed by BCR-ABL1/GFP. Like in BaF3 cells transformed by BCR-

ABL1/IκBαSR, co-expression of IκBαSR primarily inhibited proliferation (Figure 2.6B, 

P<0.0001, t-test) but not survival (data not shown) of primary B-lymphoid progenitors 

transformed BCR-ABL1. Further analyzing nuclear RelA expression, we found BCR-
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ABL1/IκBαSR transformed primary B-lymphoid progenitors have significantly lower 

nuclear RelA expression than cells transformed by BCR-ABL1/GFP (Figure 2.6C, 

P=0.018). These results indicate that NF-κB contributes to transformation of B-lymphoid 

progenitors by BCR-ABL1.  

2.3.2 NF-κκκκB is required for efficient induction of lymphoid and myeloid leukemias 

by BCR-ABL1  

We next assessed whether inhibition of NF-κB through co-expression of IκBαSR 

might cause a defect in BCR-ABL1–mediated leukemogenesis in vivo. We first tested 

whether IκBαSR 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/GFP or BCR-

ABL1/IκBαSR. Transduced cells were then transplanted into irradiated syngeneic mice. 

Consistent with the previous study (Roumiantsev et al., 2001), recipients transplanted 

with BCR-ABL1/GFP transduced marrow developed B-ALL and died within 4 weeks 

after transplantation.  Diseased mice were characterized by circulating malignant BP1+ 

and B220+ cells in peripheral blood, lymphadenopathy, moderate splenomegaly (average 

weight 0.3 g), and a hemorrhagic malignant pleural effusion. Mice transplanted with 

BCR-ABL1/IκBαSR–transduced marrow also developed B-ALL with similar 

pathological features but had a modest but significant increase in their survival (Figure 

2.7A, P=0.0096, Mantel-Cox test). Nuclear RelA expression was further evaluated in 

primary pleural effusion lymphoblasts or cultured B-lymphoid cells derived from mice 

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



54

expressing BCR-ABL1/IκBαSR had decreased nuclear RelA expression relative to the 

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

To determine whether inhibiting NF-κB 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 cohorts. 

Genomic DNA from malignant tissue of B-ALL mice induced by BCR-ABL1/GFP or 

BCR-ABL1/IκBαSR was extracted and subjected to Southern blot analysis with an IRES 

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-ABL1/IκBαSR transduced 

marrow had a lower average number of proviral clones (5.8±0.6), which was of 

borderline statistical significance (Figure 2.7B, P=0.0697, t-test). These results 

demonstrate that inhibition of NF-κB impairs B-lymphoid leukemogenesis by BCR-

ABL1.  

We next tested if IκBαSR had an effect on pathogenesis of the CML-like 

myeloproliferative neoplasm (MPN) induced by BCR-ABL1 in retroviral bone marrow 

transduction/transplantation mouse model. To induce CML-like MPN in mice, bone 

marrow was harvested from donors pre-treated with 5-fluorouacil (5-FU). After 

incubation and transduction with matched-titer retroviruses expressing BCR-ABL1/GFP 

or BCR-ABL1/IκBαSR in the presence of myeloid cytokines (IL-3, IL-6 and SCF), 

transduced marrow was transplanted into irradiated recipient mice. All mice transplanted 

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 greatly elevated leukocyte 

count in peripheral blood (about 1-2x105 /µl), splenomegaly (mean spleen weight 1.2 g), 

lung hemorrhages and massive expansion of Gr-1+ Mac-1+/CD11b+ progenitors in bone 

marrow, spleen, liver, and peripheral blood. Mice transplanted with BCR-ABL1/IκBαSR 

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 NF-κB 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 from each arm was 

extracted and subjected to Southern blot analysis with the IRES probe. 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 with BCR-

ABL1/IκBαSR–transduced marrow (Figure 2.9B, 6.8±0.5 independent clones, P=0.0096, 

t-test). This result suggests that NF-κB 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 were affected 

by the expression of IκBαSR, protein lysates from spleens of mice with CML-like MPN 

induced by BCR-ABL1/GFP or BCR-ABL1/IκBαSR were subjected to immunoblot 

analysis. Previous studies indicated that c-Myc gene and the prosurvival gene Bcl-X both 

contain κB 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-expression of IκBαSR 

reduced the expression of c-Myc but not Bcl-X (Figure 2.10). As in Ba/F3 cells, myeloid 

leukemia cells from disease mice induced by BCR-ABL1/IκBαSR transduced marrow 

had reduced expression of IκBα, indicative of suppression of NF-κB signaling.  

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

transformation in vitro 

To investigate the mechanism of activation of NF-κB in BCR-ABL1-expressing 

cells, we further tested whether two upstream kinases that negatively regulate IκBα, 

IKKα/IKK1 and IKKβ/IKK2, were involved. To accomplish this, we engineered 

retroviruses co-expressing BCR-ABL1 and kinase-inactive IKKα (IKKαKM) or IKKβ 

(IKKβKM) mutants, created by substitution of alanine for lysine within the ATP binding 

site. The ability of these IKKαKM and IKKβ KM mutants to block NF-κB activation has 

been demonstrated previously (Nakano et al., 1998). The GFP gene from BCR-

ABL1/GFP retrovirus was replaced with either IKK mutant to create BCR-

ABL1/IKK αKM or BCR-ABL1/IKKβKM retroviruses (Figure 2.11A). 

We first tested the effect of co-expression of IKKαKM or IKKβKM on BCR-

ABL1–mediated B-lymphoid transformation in the stromal growth assay (Smith et al., 

2003). Expression of either kinase-inactive mutant significantly impaired BCR-ABL1-

mediated transformation, as marrow cultures transduced with BCR-ABL1/IKKαKM or 

BCR-ABL1/IKKβKM 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 the same 

outgrowth. BCR-ABL1/GFP–transduced marrow cultures could efficiently reach 

confluence when ≥ 3000 cells were seeded, but a >30-fold increase in the number of 

BCR-ABL1/IKKαKM– or BCR-ABL1/IKKβKM–transduced cells were required to 

achieve maximal growth in all wells (Figure 2.11B). In a complementary transformation 

assay, pre-B cell colony formation in agarose (Rosenberg and Baltimore, 1976; Warren et 

al., 2003), bone marrow transduced with BCR-ABL1/IκBαSR, or either BCR-

ABL1/IKK-KM formed significantly fewer colonies (Figure 2.11C) that were much 

smaller in size (Figure 2.11D) than those generated by BCR-ABL1/GFP–transduced 

marrow. Primary B-lymphoblasts transformed by either BCR-ABL1/IKK-KM retrovirus 

also had significantly reduced nuclear RelA expression relative to BCR-ABL1/GFP 

expressing cells (Figure 2.12, P<0.0001, t-test). Together, these results demonstrate that 

inhibition of IKKs impairs BCR-ABL1-mediated B-lymphoid transformation by 

interfering with NF-κB 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/IKKαKM, or BCR-

ABL1/IKK βKM without myeloid cytokines. Transduced marrow was subsequently 

transplanted into irradiated recipients. As before, recipients of BCR-ABL1/GFP–

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 survival 

than BCR-ABL1/GFP recipients (P<0.0001, Mantel-Cox test) and displayed a milder 

disease phenotype, with smaller malignant pleural effusions (Figure 2.13B) and lymph 

nodes (data not shown) at the time of morbidity or death. Interestingly, inhibition of 

IKKα appeared to have a greater effect on lymphoid leukemogenesis than IKKβ. 

Recipients of BCR-ABL1/IKKαKM–transduced marrow survived significantly longer 

than those with BCR-ABL1/IKKβKM–transduced marrow (Figure 2.13A, median 

survival 67 days vs. 41 days for BCR-ABL1/IKKβKM recipients, P=0.0007, Mantel-Cox 

test). These results suggest that IKKα might affect IKKβ–independent signaling 

pathway(s) downstream of BCR-ABL1.  

Since both IKK-KM mutants were FLAG-tagged, we could confirm the expression 

of FLAG-tagged kinase-inactive IKK mutants in transformed lymphoblasts from 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 leukemic 

cells from B-ALL induced by BCR-ABL1/GFP have higher RelA nuclear expression 

than those transformed by BCR-ABL1/IKKαKM (P= 0.0003, t-test) or BCR-

ABL1/IKK βKM (P<0.0001, t-test). Southern blot analysis of the number of leukemic 

clones in mice with B-ALL demonstrated that co-expression of either IKK-KM mutant 

with BCR-ABL1 significantly reduced the number of LICs that initiated the B-ALL. 

While recipients of BCR-ABL1/IKKαKM or BCR-ABL1/IKKβKM 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 leukemia was 6.2 ± 0.8 

(P=0.001, and P=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 also affected 

primary myeloid progenitor transformation by BCR-ABL1. Bone marrow cells from 

donors pretreated with 5-FU were transduced with BCR-ABL1/GFP or either BCR-

ABL1/IKK-KM retrovirus in the presence of myeloid cytokines. Transduced cells were 

subsequently either plated in methylcellulose culture in vitro without any cytokines or 

transplanted into syngeneic irradiated recipients to study the development of CML-like 

MPN in vivo.  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 progenitors 

transduced by either BCR-ABL1/IKK-KM formed fewer colonies in methylcellulose 

culture, demonstrating that both IKK mutants impaired BCR-ABL1–mediated myeloid 

transformation in vitro.  

In the in vivo study to test the effect of IKK mutants on BCR-ABL1 induced CML-

like MPN, we observed that all recipients with BCR-ABL1/GFP–transduced marrow 

developed CML-like MPN within 25 days of transplantation (Figure 2.15B). By contrast, 

mice receiving bone marrow transduced with either BCR-ABL1/IKK-KM retrovirus 

survived significantly longer (P<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 such as B-ALL or 

histiocytic sarcoma, sometimes in combination with MPN. Mice that develop mixed 

CML-like MPN and B-ALL are frequently observed in recipients of BCR-ABL1–

transduced bone marrow under conditions when CML-like disease is attenuated 

(Roumiantsev et al., 2001). Using immunoblot analysis, we confirmed the expression of 

the mutant IKKs and BCR-ABL1 in leukemic myeloid cells from diseased mice  (Figure 

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-initiating cells in 

recipients of either BCR-ABL1/IKK-KM–transduced bone marrow. While CML-like 

MPN induced by BCR-ABL1/GFP was polyclonal (7.6± 0.6 independent clones), the 

disease induced by BCR-ABL1/IKKαKM and BCR-ABL1/IKKβKM had 1.4 ± 0.3 and 

3.3 ± 0.5 independent clones, respectively (Figure 2.15D, P<0.0001 and P=0.0003, t-

test). These results suggest that both IKKα and IKKβ are involved in establishing and 

maintaining the population of B-ALL and CML leukemia-initiating or leukemic stem 

cells.  

To determine how the kinase-inactive mutants affected the signaling pathways 

downstream of BCR-ABL1 to impair its transformation ability, we analyzed protein 

lysates from leukemic tissues of mice with CML-like MPN (Figure 2.16) by immunoblot 

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 consistent 

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-transformed cells 
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(Sawyers et al., 1992), was more variable but was found in some MPNs induced by BCR-

ABL1/IKK βKM. The expression of IκBα was lower in cells expressing either IKK 

mutant, suggesting inhibition of NF-κB activity. These results are in accord with our 

previous findings with IκBαSR, and indicate that the canonical IKKβ-IκBα pathway 

may regulate proliferation as well as survival in CML.  

2.3.6 IκκκκBααααSR 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 NF-κB through co-expression of 

IκBαSR or either kinase-inactive IKK mutant attenuates lymphoid and myeloid 

leukemogenesis by BCR-ABL1, validating components in NF-κB pathway as potential 

therapeutic targets in Ph+ leukemia. Therefore, we further tested if co-expression of these 

mutants could enhance sensitivity of BCR-ABL1-epxressing leukemic cells to TKIs, such 

as imatinib or dasatinib. Primary B-lymphoid progenitors transformed by BCR-

ABL1/GFP, BCR-ABL1/IκBαSR, BCR-ABL1/IKKαKM, or BCR-ABL1/IKKβKM 

were subjected to cell growth analysis in the presence of increasing concentration of 

TKIs. Co-expression of IκBαSR sensitized leukemic cells to imatinib (Figure 2.17A). 

While cells expressing BCR-ABL1/GFP had an IC50 for imatinib of 348 nM, cells 

expressing BCR-ABL1/IκBαSR had modest but significantly decreased IC50 at 127 nM 

(P<0.0001, t-test).  

Similarly, co-expression of IKKαKM or IKKβKM increased the sensitivity of 

BCR-ABL1 expressing lymphoblasts to imatinib, with IC50 falling from 720 nM to 
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171nM and 146 nM, respectively (Figure 2.17B, P<0.0001 in both cases, t-test). Co-

expression of either IKK mutant also sensitized leukemic cells to a more potent second-

generation TKI, dasatinib. While growth of BCR-ABL1/GFP–transformed cells were 

inhibited by dasatinib with an IC50 of 0.76 nM, cells transformed by BCR-

ABL1/IKK αKM or BCR-ABL1/IKKβKM were significantly more sensitive to dasatinib, 

with IC50 at 0.255 nM and 0.439 nM, respectively (Figure 2.17C, P<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, Figure 2.18). Our 

results show that co-expression of either kinase-inactive IKK mutant sensitize BCR-

ABL1-transformed leukemic cells to imatinib and dasatinib, suggesting that IKK 

inhibition in combination with TKIs may be a rational strategy for treatment of Ph+ 

leukemias.  
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Figure 2.3. IκκκκBααααSR inhibits BCR-ABL1 transformation ability. (A) Structure of BCR-

ABL1/GFP and BCR-ABL1/IκBαSR retroviruses. Both viruses had BCR-ABL1 

expressed at upstream of IRES (yellow box), and either GFP or IκBαSR expressed 

downstream of the IRES. (B) 4x104 Ba/F3 parental or cells transduced with retrovirus 

expressing BCR-ABL1/GFP or BCR-ABL1/IκBαSR were plated in triplicate in the 

absence of IL-3 at day 0. Viable cells were determined by trypan blue staining every 24 

hrs. The difference between cells expressing BCR-ABL1/GFP and BCR-ABL1/IκBαSR 

at 96 hours was significant (P<0.0001, t-test). (C) Immunoblot of protein extracts from 

the cell lines in (B), demonstrating expression of IκBαSR and BCR-ABL1.  

 

A 

B C 
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Figure 2.4. IκκκκBααααSR 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/IκBαSR 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-ABL1/IκκκκBααααSR have reduced nuclear 

RelA expression relative to cells transformed by BCR-ABL1/GFP. (A) Representative 

confocal photomicrographs of nuclear RelA expression in Ba/F3 parental cells 

unstimulated or treated with TNFα (20 ng/ml) for 15 min, and of Ba/F3 cells expressing 

BCR-ABL1/GFP or BCR-ABL1/IκBαSR. Cells were stained with antibody against RelA 

(red) and counterstained with Hoechst dye (blue). Scale bar=10 µm. (B) Quantification of 

nuclear RelA fluorescence intensity per cell in cells shown in (A). Data are presented as 

mean of fluorescence intensity (MFI) of RelA staining relative to cells expressing BCR-

ABL1/GFP. P values are indicated (t-tests).  
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Figure 2.6 



67

Figure 2.6. IκBαSR inhibits primary B-lymphoid transformation by BCR-ABL1 . 

(A) Bone marrow cells from Balb/c mice were transduced with retroviruses expressing 

BCR-ABL1/GFP or BCR-ABL1/IκBαSR and plated in triplicate at decreasing numbers 

of cells per well, as indicated by the colored lines. Nontransduced cells were added to 

106 total cells per well to provide stromal support. Positive wells were scored vs. time 

when the viable non-adherent cell number reached 106/well. (B) Proliferation of primary 

B-lymphoid progenitors transformed by BCR-ABL1/GFP or BCR-ABL1/IκBαSR. 

Equal number of cells were plated in triplicate at day 0. Viable cells were determined by 

MTS assay. The difference in viable cell number at 96 hours was significant (P<0.0001, 

t-test). (C) Representative confocal photomicrographs of nuclear RelA (red) expression 

in B-lymphoblasts expressing BCR-ABL1/GFP or BCR-ABL1/IκBαSR. Cells were 

counterstained Hoechst dye (blue). Scale bar=10 µm. (D) Quantification of nuclear 

RelA fluorescence expression of cells shown in (C). Data are presented as mean nuclear 

RelA fluorescence intensity per cell relative to cells expressing BCR-ABL1/GFP. The 

average nuclear RelA expression of BCR-ABL1/IκBαSR-transformed B-lymphoid cells 

was significant reduced (P=0.0026, t-test). 
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Figure 2.7 
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Figure 2.7. IκκκκBααααSR 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/ IκBαSR transduced marrow. The number of individual mice in each arm is 

indicated. All mice developed B-ALL as described. Mice with B-ALL induced by BCR-

ABL1/ IκBαSR survived significant longer than control (P=0.0096, Mantel-Cox test). 

(B) Genomic DNA from pleural effusion lymphoblasts of B-ALL mice was subjected to 

Southern blot analysis to quantify the number of proviral clones with IRES probe. The 

difference between B-ALL mice induced by BCR-ABL1/GFP (lane 1-10, 8.1±1.1 

independent clones) and BCR-ABL1/ IκBαSR (lane 11-22, 5.8±0.6 independent clones) 

was of borderline significance (P=0.0697, t-test). Two control DNAs (Con, lane 23-24) 

were from cell lines that each contained a single BCR-ABL1 provirus. The same blot 

was later probed with a human ABL1 probe to calculate total proviral copy number per 

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

ALL. Representative confocal micrographs of nuclear RelA expression in pleural 

effusion lymphoblasts (A) or cultured B-lymphoid cells (B) derived from mice with B- 

ALL induced by BCR-ABL1/GFP or BCR-ABL1/IκBαSR. Cells were stained with 

antibody against RelA (red) and counterstained with Hoechst dye (blue). Images were 

taken under confocal microscope. Quantification of nuclear RelA fluorescence intensity 

per cell is shown next to images.  Data are presented as mean of fluorescent intensity 

(MFI) of nuclear RelA expression relative to cells expressing BCR-ABL1/GFP.  
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Figure 2.9 
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Figure 2.9. Expression of IκBαSR 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/IκBαSR. 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/IκBαSR transduced marrow developed 

CML-like MPN (closed square), except for one recipient who developed B-ALL (open 

square).  Recipients of marrow transduced with BCR-ABL1/IκBαSR had significant 

longer survival than recipients of BCR-ABL1/GFP-transduced bone marrow (P<0.0001, 

Mantel-Cox test).  (B) Analysis of number of proviral clones in recipients from the two 

cohorts in (A) by Southern blotting with IRES probe. 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-ABL1/IκBαSR-transduced marrow (lane 12-19, 

6.8±0.5 clones, P=0.0096, t-test). The control DNA (Con, lane 20) was from a cell line 

that contained a single BCR-ABL1 provirus. The blot was reprobed with human ABL1 

probe to determine total proviral copy number per genome.  
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Figure 2.10. IκBαSR inhibits c-Myc 

expression in BCR-ABL1-induced 

CML-like MPN. Immunoblot of protein 

lysates from spleens of mice with CML-

like MPN induced by BCR-ABL1/GFP 

(lane 2 and 3) or BCR-ABL1/IκBαSR 

(lane 4 and 5), probed with the indicated 

antibodies. Lysate from untransduced 

Balb/c mouse (lane 1) serves as control. 

The expression of c-Myc was quantified 

and normalized to actin. Relative c-Myc 

and IκBα expression are shown in the bar 

graph below. 
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Figure 2.11 
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Figure 2.11. Kinase inactive IKK mutants inhibit B-lymphoid transformation 

by BCR-ABL1. (A) Structure of retroviruses expressing BCR-ABL1/GFP, BCR-

ABL1/IKK αKM, or BCR-ABL1/IKKβKM. All viruses had BCR-ABL1 expressed 

upstream of the IRES (yellow box), while GFP or either kinase-inactive mutant 

expressed downstream of the IRES. Bone marrow from non-5-FU treated Balb/c 

mice was harvested and transduced with retroviruses expressing BCR-ABL1/GFP, 

BCR-ABL1/IKKαKM or BCR-ABL1/IKKβKM. Transduced bone marrow was 

evaluated for the ability to initiate stroma dependent B-lymphoid outgrowth (B) or to 

form colonies in agarose (C, D). (B) Transduced cells were plated in triplicate at 

decreasing cell number, as indicated by colored lines. Nontransduced cells were 

added to 106 total cells per well to provide stromal support. Positive wells were 

scored vs. time when the viable non-adherent cell number reached 106/well. (C) 

Transduced cells (2x106 per plate, in duplicate) were seeded in agarose as described 

in Methods. Colony formation was assessed at day 14 post-seeding. Co-expression 

of IκBαSR (P=0.0063, t-test), IKKαKM (P=0.0082, t-test) and IKKβKM 

(P=0.0101, t-test) significantly reduced B-lymphoid colony formation mediated by 

BCR-ABL1. (D) Representative photomicrographs of the relative sizes of the 

colonies indicated by arrowheads. Grid size = 2 mm.  

 



76

 

Figure 2.12. Co-expression of either kinase inactive IKK mutant reduces 

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/IKKαKM, or BCR-

ABL1/IKK βKM. Cells were counterstained with Hoechst dye (blue). Scale bar=10 

µm. (B) Quantification of nuclear RelA fluorescence expression of cells shown in 

(A). Data are presented as mean of fluorescent intensity (MFI) of nuclear RelA per 

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

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

ABL1/IKK βKM (**) was significant reduced (P<0.0001, t-test). 
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Figure 2.13 
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Figure 2.13. Kinase inactive IKK mutants attenuate B-lymphoid leukemogenesis 

by BCR-ABL1 in mice. (A) Kaplan-Meier survival curve for B-ALL mice induced by 

BCR-ABL1/GFP, BCR-ABL1/IKKαKM or BCR-ABL1/IKKβKM. The number of 

individual mice in each arm is indicated. All recipients developed B-ALL. Co-

expression of either IKKαKM or IKKβKM significantly prolonged the survival of 

mice with BCR-ABL1-induced B-ALL (P<0.0001, Mantel-Cox test). In addition, 

mice with B-ALL induced by BCR-ABL1/IKKαKM survived significantly longer 

than those induced by BCR-ABL1/IKKβKM (P=0.0007, Mantel-Cox test). (B) Total 

cell number collected from malignant pleural effusions in leukemic mice from the 

cohorts in (A). Compared to B-ALL induced by BCR-ABL1/GFP, recipients with B-

ALL induced by BCR-ABL1/IKKαKM (P=0.0039, t-test) or BCR-ABL1/IKKβKM 

(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), BCR-

ABL1/IKK αKM (lane 6-12) or BCR-ABL1/IKKβKM (lane 13-17). Bone marrow 

(nlBM) from untransplanted mouse was loaded as a control (lane 1). Blots were 

analyzed with antibodies against c-Abl, FLAG and actin. (D) 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 αKM, or BCR-ABL1/IKKβKM. Cells were counterstained with Hoechst 

dye (blue). Scale bar=10 µm. (E) Quantification of nuclear RelA fluorescence 

expression of cells shown in (D). Data are presented as mean fluorescence intensity 

(MFI) of nuclear RelA per cell relative to cells expressing BCR-ABL1/GFP. 

Leukemic cells expressing BCR-ABL1/GFP showed significant higher nuclear RelA 

expression than cells expressing BCR-ABL1/IKKαKM (P= 0.0003, t-test) or BCR-

ABL1/IKK βKM (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 αKM (lane 7-12) or BCR-ABL1/IKKβKM (lane 13-19) by 

Southern blot with IRES probe to detect distinct proviral integration 

events. Two control DNAs (Con, lanes 20-21) were from cell lines that 

each contains a single BCR-ABL1 provirus. B-ALL induced by BCR-

ABL1/IKK αKM (P=0.001, t-test) and BCR-ABL1/IKKβKM (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 with BglII and 

analyzed with a human ABL1 probe.  
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Figure 2.15 
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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/IKKαKM or BCR-

ABL1/IKK βKM. Transduced cells were plated in methylcellulose culture (A) or 

transplanted into irradiated recipients to induce CML-like MPN (B). (A) Myeloid 

colony assay. 1x104 transduced bone marrow cells were seeded per plate in triplicate. 

Colony number was determined at day 14th post-seeding. (B) 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 are indicated. 

Recipients of bone marrow transduced by BCR-ABL1/IKKαKM (P<0.0001, Mantel-

Cox test) or BCR-ABL1/IKKβKM (P<0.0001, Mantel-Cox test) survived significantly 

longer than BCR-ABL1/GFP recipients. (C) Immunoblot analysis of protein lysate 

from spleen of mice with CML-like MPN induced by BCR-ABL1/GFP (lane 4-9), 

BCR-ABL1/IKKαKM (lane10-12), and BCR-ABL1/IKKβKM (lane13-16). Lysates 

from spleens of three untransplanted mice (nl SP, lane 1-3) were loaded as controls. 

The blot was analyzed with antibodies against c-Abl, FLAG and actin. (D) Analysis of 

genomic DNA from leukemic tissues of mice with CML-like MPN induced by BCR-

ABL1/GFP (lane 3-10), BCR-ABL1/IKKαKM (lane 11-17) or BCR-ABL1/IKKβKM 

(lane 18-23) by Southern blot with IRES probe to detect distinct proviral integration 

events. Two control DNAs (Con, lanes 1-2) were from cell lines that each contained 

single BCR-ABL1 provirus. CML-like MPN induced by BCR-ABL1/IKKαKM 

(P<0.0001, t-test) and BCR-ABL1/IKKβKM (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 with BglII and hybridized with a human 

ABL1 probe to determine the proviral copy number, as indicated.  
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Figure 2.16. Kinase-inactive IKK mutants inhibit Bcl-X expression 

induced by BCR-ABL1 in myeloid leukemia cells. Lysates 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/IKKαKM (lane 

9-11, 22-25) or BCR-ABL1/IKKβKM (lane 12-14, 26-29) were analyzed by 

immunoblot for expression of BCR-ABL1, IκBα, 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 
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Figure 2.17. IκκκκBααααSR and kinase-inactive IKK mutants sensitize BCR-

ABL1- transformed B-lymphoid progenitors to TKIs. (A)  Equal numbers 

of BCR-ABL1/GFP or BCR-ABL1/IκBαSR-transformed primary B-

lymphoid progenitors were incubated with different concentrations of 

imatinib as indicated. Cell viability was determined by MTS assay after 96 

hours of incubation. (B) Equal numbers of primary B-lymphoid progenitors 

transformed by BCR-ABL1/GFP, BCR-ABL1/IKKαKM or BCR-

ABL1/IKK βKM 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 and IC50 

values were calculated with Prism software. The pairwise differences in IC50 

values between BCR-ABL1/GFP-transformed primary B-lymphoblasts and 

leukemic cells expressing IκBαSR, IKKαKM or IKKβKM for imatinib were 

in all cases highly significant (P<0.0001, extra sum-of squares F test). The 

pairwise differences in IC50 values between BCR-ABL1/GFP-transformed 

primary B-lymphoblasts and leukemic cells expressing IKKαKM or 

IKKβKM for dasatinib were also significant (P<0.0001 and P=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 αKM or BCR-ABL1/IKKβKM 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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2.4 DISCUSSION 

Despite the current success of TKIs in treating the majority of patients with CML-

CP, limitations of TKIs still exist, which reduce their therapeutic efficacy. Long-term (>2 

years) complete molecular remission can only be achieved in less than 10% of patients 

(Okimoto and Van Etten, 2011), while relapse occurs in majority of patients after 

discontinuation of imatinib (Mahon et al., 2010). In addition, currently available TKIs are 

not effective in treating patients with advanced stages of CML or with Ph+ ALL (Druker 

et al., 2001a; Sawyers et al., 2002); neither do they have an effect on patients acquiring 

TKI resistance. It is likely that TKIs alone may control disease development, but will not 

be curative. To achieve permanent cure for Ph+ leukemia and overcome TKIs resistance, 

identification of critical signaling pathways as new therapeutic targets in the Ph+ 

leukemias is necessary (Van Etten, 2004).   

In this regard, the NF-κB signaling pathway is an attractive candidate, and has been 

described to play roles in regulating development of several different types of tumors and 

hematological malignancies (Basseres and Baldwin, 2006). In acute myeloid leukemia 

(AML), NF-κB activation can be found in myeloid blasts (Baumgartner et al., 2002) and 

primitive leukemia-initiating cells (Guzman et al., 2001). In Ph+ leukemia, NF-κB 

activation is also observed in BCR-ABL1 transformed cell lines as well as blasts from 

CML-BC or Ph+ B-ALL (Kirchner et al., 2003; Munzert et al., 2004; Reuther et al., 

1998). Using biochemical or pharmacological approaches, several in vitro studies have 

demonstrated that inhibition of NF-κB 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 leukemias in vivo. Therefore, we 

have used two well- characterized genetic approaches and performed a series of in vitro 

and in vivo studies in physiologically accurate and quantitative mouse model of CML and 

Ph+ ALL and for the first time we have demonstrated that NF-κB as 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 IκBα, IκBαSR, which is resistant to phosphorylation by IKKs and inhibits NF-

κB signaling by sequestering NF-κB complex in cytoplasm (Feuerhake et al., 2005). In 

the second part of the study, we used kinase-inactive forms of IKKα and IKKβ, which 

have been shown to impair NF-κB 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-ABL1-induced leukemias as 

demonstrated by immunofluorescence staining. While a previous report indicated that the 

p185 form of BCR-ABL1 increased the transactivation ability of NF-κB without 

increasing its nuclear translocation in Ba/F3 cells (Reuther et al., 1998), we did find that 

the p210 form of BCR-ABL1 can enhance RelA nuclear expression in Ba/F3 cells while 

co-expression IκBαSR decreased nuclear RelA expression to the levels observed in 

unstimulated parental cells. Co-expression of either IKKαKM or IKKβKM individually 

with BCR-ABL1 was slightly less effective at suppressing relative levels of nuclear 

RelA, possibly because of compensation from the other IKK subunit.  
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In agreement with previous findings by Reuther et al., who demonstrated IκBαSR 

has no effect on the viability of 32D cells expressing p185 form of BCR-ABL1 after IL-3 

depletion (Reuther et al., 1998), we also found IκBαSR has no effect on survival of 

Ba/F3 or 32D cells expressing the p210 form of BCR-ABL1 in the absence of IL-3.  

Interestingly, we did find co-expression of IκBαSR inhibits IL-3-independent Ba/F3 cell 

growth as well as primary lymphoid transformation by the p210 form of BCR-ABL1, 

assessed by a more quantitative and dynamic B-lymphoid transformation assay. The 

mechanism of activation of NF-κB by BCR-ABL1 is controversial, with studies in 

different cell lines suggesting either IKK-dependent (Duncan et al., 2008; Mihailovic et 

al., 2004) or independent mechanisms (Kirchner et al., 2003; Munzert et al., 2004). Our 

results demonstrate that co-expression of either IKKαKM or IKKβKM attenuated 

transformation and leukemogenesis ability of BCR-ABL1, linking IKK to the activation 

of NF-κB in BCR-ABL1+ leukemias and validating IKK as a therapeutic target in these 

diseases. 

It is interesting that attenuation of both lymphoid and myeloid leukemogenesis by 

the IKK mutants (Figures 2.13 and 2.15) was more profound than that mediated by 

IκBαSR (Figures 2.7 and 2.9), despite less effective inhibition of nuclear RelA. These 

results suggest IKKs might affect BCR-ABL1- mediated leukemogenesis partially 

through IκBα independent mechanisms. Indeed, substrates of IKK other than IκBα have 

been implicated in regulating pro-inflammatory, survival, proliferative and tumor-

promoting function of IKKs (Perkins, 2007). While IKKβ was shown to support anti-

apoptosis of breast cancer cell lines through phosphorylating and inhibiting FOXO3a (Hu 
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et al., 2004a), it was also shown to stabilize mRNA of cytokine, chemokines and growth 

factor through phosphorylating 14-3-3β to inhibit tristetraprolin/14-3-3β mRNA-binding 

complex (Gringhuis et al., 2005). Both IKKα and IKKβ can directly phosphorylate RelA, 

which enhances nuclear translocation and transcactivation ability of RelA independent of 

IκBα degradation (Adli et al., 2010; Perkins, 2007). Recent study by Baldwin and 

colleagues also demonstrated that IKKs are involved in regulating the expression of 

autophagic genes in a NF-κB independent manner (Comb et al., 2011).  

 Another interesting finding in our current study is IKKαKM mutant acts more 

effectively in attenuating BCR-ABL1-meidated leukemogenesis than IKKβKM, although 

IKKβ is generally considered to be the principal player in IKK mediating activation of 

NF-κB in the canonical pathway (Li et al., 1999b). The function of IKKα in the 

alternative pathway regulating mature B-cell development (Kaisho et al., 2001) might be 

relevant to its role in the pathogenesis of BCR-ABL1-induced B-ALL. On the other hand, 

p100 was aslo shown to sequester p50/RelA heterodimers in the cytoplasm while IKKα-

mediated phosphorylation and proteolytic processing of p100 allow p50/RelA to enter the 

nucleuus and regulate target genes (Dejardin et al., 1995). Recently, IKKα was 

implicated as direct mediator regulating TNFα-induced NF-κB activation in canonical 

pathway (Adli et al., 2010).  

The precise mechanism of the inhibition of BCR-ABL1 leukemogenesis by NF-κB 

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 NF-κB inhibition seems to be on cell proliferation rather than 

survival, with no observation of increase in apoptosis. On the other hand, NF-κB 

inhibition seems to effect survival pathways in myeloid cells, as we found decreased 

expression of Bcl-X in CML-like MPN induced by either BCR-ABL/IKK-KM, with a 

variable effect on c-Myc, consistent with a previous study in the Ph+ myeloid cell line 

K562 (Morotti et al., 2006).  

By using IκBαSR or either IKK-KM mutant to inhibit NF-κB activation, our 

results for the first time have implicated NF-κB in the maintenance of BCR-ABL1 

leukemia-initiating cells, defined here as distinct provirally marked clones that contribute 

to a fatal leukemia following transplantation (Krause et al., 2006). Co-expression of these 

mutants significantly attenuated the frequency of distinct leukemia-initiating cells in bone 

marrow to initiate B-ALL or CML-like MPN in mice (Li et al., 1999a). Studies by our 

group have demonstrated that mice transplanted with 5-FU pretreated marrow transduced 

with BCR-ABL1 developed exclusively CML-like disease within 3-5 weeks (Li et 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-ABL1 is impaired, 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 induce Ph+ 

leukemia in mice have demonstrated that the target cells for these three diseases are 

distinct. While the hematopoietic stem cell is the target cell for induction of CML-like 

disease, committed B-lymphoid and monocyte progenitors are responsible for inducing 

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 proteins in NF-κB 

pathway, especially IKKαKM or IKKβKM, significantly reduced the frequency of cells 

that initiate CML-like MPN, but do not completely eliminate cells initiating B-ALL or 

macrophage disease. As a result, some recipients with BCR-ABL/IKK-KM–transduced 

marrow eventually developed mixed disease with CML-like MPN and either B-lymphoid 

leukemia or histiocytic sarcoma in the mouse model of CML. In line with previous 

findings in AML, in which NF-κB inhibition induce apoptosis of leukemic primitive 

AML cells (Guzman et al., 2001), our results suggest the NF-κB pathway also plays a 

significant role in maintaining leukemia-initiating cells that induce B-ALL or CML-like 

MPN. It would be interesting to see if NF-κB inhibition causes a defect in the initial 

homing or engraftment of these leukemia-initiating cells.  

 



92

2.5 METHODS 

Retroviral constructs 

To co-express both BCR-ABL1 and IκBαSR in a retroviral vector, cDNA of 

IκBαSR (Feuerhake et al., 2005; Suh et al., 2002), IKKαKM and IKKβKM (Nakano et 

al., 1998) were cloned into pMIGR1 (Pear et al., 1998) vector by replacing GFP. An 

IκBαSR cDNA without the five prime and three prime untranslated region was amplified 

with polymerase chain reaction (PCR) from plasmid MSCV-eGFP-SR-IκBα (kind gift of 

Dr.  M. A. Shipp (Feuerhake et al., 2005)), using a 5’ primer containing BamHI site and 

Kozak sequence and 3’ primer containing BamHI site (5’ primer, 5’-CGC GGA TCC 

ACC ATG TTC CA-3’, 3’ primer, 5’-CGC GGA TCC TCA TAA CGT CAG A-3’). 

BamHI linker was previously introduced into 3’ of IRES sequence in pMIGR1 and 

cDNA of IκBαSR was subcloned into pMIGR1 with BamHI site. BCR-ABL1 was 

subsequently cloned into EcoRI site at 5’ end of IRES to make retrovirus expressing 

plasmid BCR-ABL1/IκBαSR.  

IKKαKM, IKK βKM cDNA was amplified with PCR from pCR-FLAG-IKKα-KM 

or pCR-FLAG-IKKβ-KM (Addgene), and SalI was introduced at both end of cDNAs 

during PCR reaction. To amplify IKKαKM, 5’primer containing SalI site and Kozak 

sequence and 3’ primer containing SalI 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 IKKβKM, but different 3’ 

primer was used (3’ primer, 5’-CGG TCG ACT CAG TCA CAG GC-3’). SalI site was 
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used to subsequently cloned cDNA of IKKαKM or IKKβKM into pMIGR1.  BCR-ABL1 

was cloned into pMIGR1 at HpaI site to make BCR-ABL1/IKKαKM, or BCR-

ABL1/IKK βKM. 

Generation of retrovirus stocks 

All DNAs for making retrovirus stock were prepared by two rounds of buoyant 

density centrifugation with CsCl. High-titer, replication-defective ecotropic retroviral 

stocks were made  by transient transfection of 293T cells with retroviral vector DNA and 

kat packaging construct (Finer et al., 1994; Gavrilescu and Van Etten, 2008). Medium 

was changed at 24 hours post-transfection and virus supernatant was collected at 48 hours 

post-transfection. Virus supernatant was frozen immediately at -80 °C after 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 transduced cells 

was extracted and subject to Southern blot analysis to determine proviral copy number 

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 10% CO2 in RPMI-

1640 medium containing 10% heat-inactivated fetal bovine serum, 200 µM L-glutamine, 

5% (vol/vol) WEHI-3B cell-conditioned medium (as a source of Interleukin-3), 

penicillin/ streptomycin. Cells were later transduced with retrovirus co-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 transduced cells in 
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the absence of IL-3, 4x104 cells 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 blue staining 

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 tibia with a syringe 

and 27-gauge needle. Marrow cells were then cultured ex vivo with high glucose 

Dulbecco's Modification of Eagle's Medium (DMEM) (cellgro) containing 15% (vol/vol) 

heat-inactivated FBS (Gibco), penicillin/ streptomycin (cellgro), 1.0g/ml ciprofloxicin 

(Sigma), 200 µM 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 in medium with 

same condition but supplemented with retroviral stocks, 4 µg/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 next day, second 

round of transduction and cosedimentation was performed. Cells were collected and 

washed with HBSS 2 hours later. For assessment of myeloid leukemogenesis, 2-5x105 

transduced BM cells were injected intravenously into lethally irradiated (621-777 cGy) 

recipients.  
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For assessment of myeloid colony formation, 1x104 transduced cells/35mm dish 

were plated in triplicate in cytokine-free methylcellulose (M3234, Stem Cell 

Technologies) and culture in 37°C, 5% CO2. 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 stocks at 1,000 g for 90 min in a Sorvall RT-6000 

centrifuge in the presence of 4 µg/mL polybrene (Sigma), 15% (vol/vol) heat-inactivated 

FBS (Gibco), penicillin/ streptomycin (cellgro), 1.0g/ml ciprofloxicin (Sigma), 10mM 

HEPES (Cellgro), 5% (vol/vol) WEHI-3B cell-conditioned medium, and 50 µM 2-

mercaptoethanol (EMD). Transduced cells were washed and collected 2-4 hours after 

cosedimentation. For assessment of lymphoid leukemogenesis, 1x106 transduced donor 

cells per recipient were injected intravenously into irradiated female Balb/c recipients 

(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 (Smith et al., 

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) supplemented 

with 20% FBS, 50 µM 2-mercaptoethanol (EMD), and penicillin/ streptomycin (cellgro). 

2x106 cells were plated in 35-mm plastic Petri dishes (Nunclon™∆ Surface) 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, transduced cells 

were plated in triplicate in 24-well plates at 1x105, 3x104, 1x104, 3x103, 1x103, 3x102 and 

1 x102 per well density in RPMI 1640 medium (cellgro) supplemented with 20% fetal 

bovine serum (Gibco), 200 µM L-glutamine (cellgro), 50 µM 2-mercaptoethanol (EMD) 

1.0g/ml ciprofloxicin (Sigma), and penicillin/ streptomycin (Cellgro). All wells were 

supplemented with untransduced bone marrow to make final total cell number equal to 

1x106. 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, nonadherent cells 

were counted daily. A cell density of 1x106 cells per well was scored as positive growth.  

Analysis of diseased mice 

 Recipient mice were evaluated for their disease development daily after transplant. 

Animals showing signs of morbidity, failure to thrive, and splenomegaly were euthanized 

by CO2 asphyxiation. Peripheral blood was obtained by submandibular venous plexus 

puncture. Hematopoietic tissues were harvested and used for analyzing clinical disease 

features by cytospin, histopathologic analysis or lineage analysis by FACS with 

antibodies against Ter119, CD90 (Thy1.2), CD45RA (B220), BP-1, CD11b (Mac1) and 

Gr-1 (BD Pharmingen). Based on animal pathological features, we diagnosed CML-like 

leukemia, B-ALL or histiocytic sarcoma as described previously (Li et al., 1999a; 

Roumiantsev et al., 2001). Hematopoietic tissues were also subjected to genomic DNA 
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preparation, protein lysate preparation and intracellular staining for further analysis of 

molecular features of disease mice. All mouse experiments were approved by the 

Institutional Animal Use and Care Committee of Tufts Medical Center. 

Southern blot analysis 

To determine the frequency of leukemia-initiating cells, distinct proviral integration 

events were quantified by Southern blot analysis of genomic DNA from leukemia tissues, 

as described (Krause et al., 2006). To analyze distinct proviral integration events between 

disease mice induced by BCR-ABL1/GFP or BCR-ABL1/IκBαSR, genomic DNA from 

disease mice was digested with BglII, transferred to nylon membranes and hybridized 

with a radioactive probe derived from the IRES. To analyze proviral integration events 

between disease mice induced by BCR-ABL1/GFP, BCR-ABL1/IKKαKM, or BCR-

ABL1/IKK βKM, genomic DNA was digested with NsiI and analyzed with IRES probe. 

To determine proviral copy number per cell, genomic DNA was digested with BglII, and 

subjected to Southern blot analysis with a radioactive probe derived from human c-ABL1 

gene, which detects a 2.2-kb fragment from each BCR-ABL1 provirus, as described (Li et 

al., 1999a). Intensity of hybridization was determined by PhosphorImager analysis 

(Molecular Dynamics). Intensity of hybridization to endogenous murine c-Abl was used 

as internal control to normalize differences during DNA loading. Copy number was 

determined by comparing ratio between intensity of hybridization of BCR-ABL1 and 

endogenous c-Abl 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 from bone marrow, 

spleen or peripheral blood by direct boiling. 107 cells were resuspended in 100 µl of 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 standardized by SDS-

PAGE and Commassie blue staining or analyzed by 660 nm Protein Assay (Thermo 

Scientific Pierce) in the presence of Ionic Detergent Compatibility Reagent (Thermo 

Scientific Pierce). Equal amount of protein were subjected to SDS-PAGE, transferred to 

nitrocellulose membranes, and probed with antibodies against ABL1 (BD Pharmingen), 

IκBα (Cell Signaling), phospho-IκBα (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% paraformaldehyde 

(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 0.1% 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 were imaged using 

a Leica TCS SP2 confocal microscope. Leica LCS software was used to quantify RelA 

nuclear expression.  
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 Cell viability assay with TKIs 

Primary B-lymphoid cells were plated in triplicate in 96-well plates in RPMI 1640 

medium (Cellgro) supplemented with 20% fetal bovine serum (Gibco), 200 µM L-

glutamine (Cellgro), 50 µM 2-mercaptoethanol (EMD), 1.0g/ml ciprofloxicin (Sigma). 

Imatinib (Novartis Pharmaceuticals) or dasatinib (Bristol-Myers Squibb) were included 

in media with increasing concentrations. At 96 hours post-incubation, cell viability was 

determined by MTS assay (Promega), following manufacture’s instruction. 
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3.1 INTRODUCTION 

As mentioned in Chapter 1, residual LICs in Ph+ leukemia patients after treatment 

with TKIs are postulated to be the fundamental cause of relapse and progression to blast 

crisis. In order to develop better therapeutic strategies to eradicate LICs to achieve 

permanent cure for Ph+ leukemia, we need a better understanding of the mechanisms 

maintaining these LICs. The role of β-catenin in regulating the development of normal 

stem cells has been studied but remains controversial, and it is not clear how the nuclear, 

active form of β-catenin regulates the development of Ph+ leukemia. Hence, in this 

chapter we used the retroviral bone marrow transduction/transplantation mouse model to 

test the role of constitutively active β-catenin in BCR-ABL1–mediated leukemia.  

3.1.1 ββββ-catenin signaling pathway 

β-catenin is a central molecule in the canonical Wnt signaling pathway. In 

unstimulated cells, β-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 (GSK3β), casein kinase 1 (CK1), axin and adenomatous 

polyposis coli (APC) (Figure 3.1). The binding of a Wnt ligand to its receptor, Frizzled, 

will simulate Dishevelled (DSH) to inactivate the GSK3β complex, which stabilizes β-

catenin and allows it to enter the nucleus and function as a coactivator for the 

transcription factor LEF/TCF to activate target genes (Malhotra and Kincade, 2009; 

Pardal et al., 2003).
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Figure 3.1. An overview of Wnt/ββββ-catenin pathway. β-catenin normally resides in 

the cytoplasm and is regulated by a disruption complex containing glycogen 

synthase kinase 3 beta (GSK3β), casein kinase 1 (CK1), axin and adenomatous 

polyposis coli (APC). GSK3β and CK1 phosphorylate β-catenin in the cytoplasm, 

which causes β-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 allows β-

catenin to enter the nucleus. Nuclear active β-catenin can then act as a coactivator 

for the transcription factor LEF/TCF, to activate target genes encoding proteins that 

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

Using gain- or loss-of-function approaches, the role of β-catenin in normal 

hematopoiesis has been studied. Conditional deletion of β-catenin in adult murine 

hematopoietic stem cells did not impair their ability to initiate hematopoiesis or 

repopulate lethally irradiated recipient mice (Cobas et al., 2004; Koch et al., 2008); by 

contrast, conditional deletion of β-catenin from fetal liver-derived HSCs impaired their 

ability to self-renew and repopulate recipient mice competitively (Zhao et al., 2007). 

These results suggest that β-catenin is essential in early HSC development but might be 

dispensable in adult hematopoiesis.  

Several different gain-of-function approaches have been utilized to understand the 

role of β-catenin in regulating hematopoiesis. Using retroviral transduction, Reya et al. 

showed that expression of a constitutively active mutant of β-catenin in HSCs from Bcl-2 

transgenic mice expanded the pool of HSCs in culture, which could functionally 

repopulate lethally irradiated recipients (Reya et al., 2003). However, Baba et al. showed 

expressing active β-catenin in HSCs from wild type mice can promote expansion of 

HSCs in culture but not their ability to reconstitute irradiated recipients (Baba et al., 

2006), suggesting that Bcl-2 expression might play a role in the observation of Reya et al. 

Two other independent studies using transgenic mice simultaneously reported that 

conditional activation of β-catenin in adult HSCs can block their differentiation ability 

and cause failure of hematopoiesis (Kirstetter et al., 2006; Scheller et al., 2006). Several 
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genes important in regulating function of HSCs, such as Cdkn1a, Hoxb4, Bmi1, and 

Sfpi1, were shown to be down-regulated in the presence of constitutively active β-

catenin. Together, these studies indicate a complicated role for active β-catenin in 

regulating hematopoiesis, suggesting the expression of β-catenin is required to be finely 

regulated, probably through interaction with other signaling molecules, in order to 

balance the self-renewal and differentiation ability of HSCs (Malhotra and Kincade, 

2009).   

3.1.3 Previous studies of ββββ-catenin in regulating leukemia-initiating cells 

Previous in vitro studies showed that BCR-ABL1 could stabilize β-catenin by 

phosphorylating β-catenin at Tyr86, and Tyr 654, which interferes with its binding with 

Axin (Coluccia et al., 2007). A few in vivo studies evaluating the role of β-catenin in 

regulating LICs have also been carried out. Using a loss-of-function strategy, Reya and 

colleagues showed conditional deletion of β-catenin using HSC from Vav-Cre transgenic 

mice impaired the frequency of development of CML-like MPN in recipient mice in the 

bone marrow transplantation/transduction model, but still allowed development of B-

ALL in the majority of recipients (Zhao et al., 2007). This study as well as a study by Li 

and colleagues showed that β-catenin deficiency prevented propagation of disease from 

primary CML to secondary recipients (Hu et al., 2009; Zhao et al., 2007), suggesting an 

essential role of β-catenin for maintenance of BCR-ABL1-expressing stem cells. 

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

important role of active β-catenin in development of acute myeloid leukemia and CML 
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myeloid blast crisis. Recent work by Armstrong and colleagues demonstrated that 

granulocyte-macrophage progenitors (GMP) transformed by the transcription factors 

HoxA9 and Meis1 could initiate acute myeloid leukemia (AML) only when a 

constitutively active mutant form of β-catenin was co-expressed. They further showed 

inhibition of β-catenin through pharmacological or genetic approaches impaired AML 

development initiated from GMP expressing the leukemic fusion protein MLL-AF9 

(Wang et al., 2010). On the other hand, elevated expression of β-catenin has been found 

in GMPs from CML patients in myeloid blast crisis (CML-MBC) but not in chronic 

phase, which can be propagated in a serial replating assay, suggesting β-catenin provides 

self-renewal ability in BCR-ABL1–expressing GMP (Jamieson et al., 2004). The same 

group subsequently identified an in-frame misspliced variant of GSK3β expressed 

exclusively in GMP from CML-MBC, which might contribute to enhanced β-catenin 

expression and transformation of GMP to become LICs (Abrahamsson et al., 2009). 

However, direct evidence that β-catenin itself could provide self-renewal ability on BCR-

ABL1 expressing myeloid progenitors in physiological condition is lacking. We also 

need to understand if active β-catenin plays a role in the development of lymphoid blast 

crisis.  

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

loxP system 

Here, we proposed to study the role of active β-catenin in BCR-ABL1–mediated 

leukemogenesis with the Ctnnb1Fl/+ mouse strain that carries a conditionally activated β-



106

catenin allele (Harada et al., 1999).  The exon 3 of the β-catenin allele in this transgenic 

mouse is flanked by loxP sites. The exon 3 contains the serine and threonine residues that 

can be phosphorylated by GSK3β, which subsequently targets β-catenin for proteasome 

degradation. Cre recombinase-mediated in-frame deletion of exon 3 generates a 

constitutively active form of β-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 ββββ-catenin allele. The wild type β-

catenin gene has 15 exons. To engineer a conditional active β-catenin allele, exon 3 

(containing the phosphorylation sites recognized by the GSK destruction complex) 

was flanked with loxP sites (black arrows). Tissue-specific expression of Cre 

recombinase leads to excision of exon 3 and in frame splicing of exons 2 and 4, 

which results in recombined allele encoding a stable form of β-catenin. The location 

of start and stop codons are listed.  
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3.1.5 Rationale 

Although deregulated active β-catenin has been shown to be required for 

maintaining LICs in AML and is associated with progression of CML to myeloid blast 

crisis (Jamieson et al., 2004; Wang et al., 2010), direct proof from in vivo studies is still 

required in order to evaluate whether Wnt/β-catenin is an essential target for treating Ph+ 

leukemia and for the development of therapeutic strategies. Based on previous studies, 

we hypothesized that the activation of β-catenin 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 that 

activated β-catenin might be involved in the development of Ph+ B-ALL or lymphoid 

blast crisis. By using Ctnnb1fl/+ mice as donors or a constitutively active β-catenin 

retroviral allele (Reya et al., 2003) in combination with the retroviral bone marrow 

transduction/transplantation mouse model, we carried out several in vitro and in vivo 

experiments to examine the role of active β-catenin in BCR-ABL1–mediated leukemia.  
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3.2 RESULTS 

3.2.1 Activated ββββ-catenin inhibits BCR-ABL1–mediated primary lymphoid 

transformation 

By using the Ctnnb1fl/+ mouse strain and retrovirus co-expressing BCR-ABL1 and 

a GFP-CRE fusion protein (Heinrich et al., 2004) (BCR-ABL1/GFP-CRE), we first tested 

the effect of activated β-catenin in primary B-lymphoid transformation mediated by 

BCR-ABL1 (McLaughlin et al., 1989; Smith et al., 2003). Bone marrow from wild type 

(Ctnnb1+/+) or Ctnnb1Fl/+ mice was harvested and transduced with BCR-ABL1/GFP-CRE 

to activate the Ctnnb1Fl 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 transformed Ctnnb1+/+ progenitors initiated outgrowth faster than 

transformed Ctnnb1Fl/+ cells. As few as 30,000 transduced Ctnnb1+/+ cells initiated 

outgrowth of B-lymphoid progenitors, but more than 100,000 transduced Ctnnb1Fl/+ cells 

were required to initiate any outgrowth. This initial result indicates that activated β-

catenin inhibits the B-lymphoid transformation ability of BCR-ABL1 in vitro, which 

suggests that activated β-catenin might also interfere with B-ALL development mediated 

by BCR-ABL1.  



110

3.2.2 Activated ββββ-catenin is associated with loss of GFP-Cre expression and alters 

BCR-ABL1-induced B-lymphoid leukemogenesis  

To test if activated β-catenin affects the development of B-ALL mediated by BCR-

ABL1, we induced B-ALL in recipient mice with donor marrow from Ctnnb1+/+ or 

Ctnnb1Fl/+ 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). All mice receiving BCR-ABL1/GFP-CRE transduced Ctnnb1+/+ 

marrow developed B-ALL, with a latency around 5-10 weeks (Figure 3.5A). Some mice 

receiving BCR-ABL1/GFP-CRE–transduced Ctnnb1Fl/+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 HSCs (Huntly 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 splenomegaly (Figure 

3.5B), lung hemorrhage, and expansion of Gr-1+ and Mac-1/CD11b+ myeloid cells in 

bone marrow, spleen, liver, and peripheral blood. No statistically significant difference 

was found in survival between two arms. The absolute number of distinct proviral clones 

was similar between the two cohorts (Figure 3.6, Ctnnb1+/+, 1.88 ± 0.35 clones; 

Ctnnb1Fl/+, 1.8 ± 0.2 clones, P=0.8777). 

Although marrow from both Ctnnb1+/+ and Ctnnb1Fl/+ donors was transduced with 

the same retrovirus expressing BCR-ABL1/GFP-CRE, only two mice from the cohort 
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receiving transduced Ctnnb1Fl/+ marrow had GFP-positive cells in malignant tissue, while 

leukemic cells from all recipients of transduced Ctnnb1+/+ marrow expressed GFP. We 

hypothesized that deleterious effects of activated β-catenin 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 integrity in leukemic cells 

from diseased mice using Southern blotting with ABL1 and GFP probes (Figure 3.7A). 

While all mice transplanted with transduced Ctnnb1+/+ marrow had intact proviral GFP-

CRE and BCR-ABL1 gene structures (Figure 3.7B), most recipients of transduced 

Ctnnb1Fl/+ marrow had rearrangement or deletion of the GFP-CRE gene (5 out of 9), and 

a few mice (3 out of 9) also had evidence of BCR-ABL1 gene rearrangement, as assessed 

by a 3’ ABL1 probe. Although these mice had the BCR-ABL1 gene rearranged, we 

observed intact BCR-ABL1 protein expression in lysates from leukemic cells of diseased 

mice with transduced Ctnnb1Fl/+ marrow (Figure 3.8), suggesting the expression of 

functional BCR-ABL1 was preserved to induce disease in these recipients. Although 

constitutive expression of Cre recombinase in mammalian cells has been associated with 

genomic instability (Silver and Livingston, 2001), we did not observe proviral 

rearrangements in Ctnnb1+/+ cells (Figure 3.7B, left panel). Hence, these results suggest 

that the presence of a conditional active β-catenin allele is associated with selection for 

proviral rearrangement/deletion and loss of GFP-CRE expression in transduced cells.  

As mentioned above, the appearance of CML-like MPN in recipients of marrow 

transduced with BCR-ABL1 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 mice cannot 

initiate CML-like MPN following BCR-ABL1 retroviral transduction (Huntly et al., 

2004), this in turn led us to hypothesize that activated β-catenin might confer self-

renewal to myeloid progenitors, allowing development of CML-like disease in this B-

ALL mouse model. To investigate the efficiency of recombination of the Ctnnb1Fl allele 

mediated by Cre recombinase, genomic DNA from diseased mice was subjected to 

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 shown in Figure 

3.10B, all recipients transplanted with transduced WT+/+ marrow had only the wild-type 

allele detected, as expected. The recombined Ctnnb1 allele can be observed in control 

DNA from thymocytes of CD4Cre–Ctnnb1Fl/+ transgenic mice (Guo et al., 2007); (Figure 

3.10B, lane 19), but unexpectedly it was not detected in diseased mice that received 

BCR-ABL1/GFP-CRE–transduced Ctnnb1Fl/+ marrow. Interestingly, we did not observe 

significant recombination of the floxed Ctnnb1 allele even in myeloid cells from mice 

with mixed MPN and B-ALL (lane 4-9). These results suggest a possibility that cells 

expressing active β-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). The appearance of CML-like MPN in recipients of 

BCR-ABL1/GFP-CRE–transduced Ctnnb1Fl/+ marrow therefore cannot be ascribed to 

active β-catenin, and remains unexplained. 



113

3.2.3 BCR-ABL1 cannot compensate for the hematopoiesis defect caused by Mx-

Cre–mediated activation of ββββ-catenin  

To rule out the possibility that remaining unrecombined floxed allele we observed 

in diseased mice transplanted with transduced Ctnnb1Fl/+ marrow was due to inefficient 

recombination mediated by GFP-CRE, we chose to use a different method of Cre 

recombinase expression to test if activation of β-catenin by Mx-Cre–mediated 

recombination has an effect on development of BCR-ABL1–induced CML-like MPN. 

The expression of Cre recombinase in Mx-Cre transgenic mice is under the control of 

type I interferon-inducible Mx promoter (Kuhn et al., 1995), and can be induced by 

administration of polyinosinic-polycytidylic acid (poly(I:C)), a synthetic double-stranded 

RNA. Previous studies have shown that 100% recombination of β-catenin floxed allele 

can be achieved in bone marrow of Mx-Cre;Ctnnb1Fl/+ mice 12 days after poly(I:C) 

injection (Scheller et al., 2006).  

Hence, Ctnnb1Fl/+ mice were crossed with Mx-Cre transgenic mice to generate Mx-

Cre;Ctnnb1Fl/+ donor mice. To test the role of active β-catenin in CML development 

mediated by BCR-ABL1, bone marrow from 5-FU-pretreated Ctnnb1Fl/+ or Mx-

Cre;Ctnnb1Fl/+ mice was transduced with retrovirus co-expressing BCR-ABL1 and GFP 

(BCR-ABL1/GFP) in the presence of myeloid cytokines. Transduced bone marrow cells 

were transplanted into irradiated recipient mice at day 0. Recipient mice were 

subsequently treated with poly(I:C) at day 10, 12 and 14 post-transplant to induce 

expression of Cre recombinase under control of the Mx promoter, or not poly(I:C) treated 

(Figure 3.11). Mice transplanted with BCR-ABL1/GFP–transduced Ctnnb1Fl/+ marrow 
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treated with poly(I:C) or untreated, as well as recipients of transduced Mx-Cre;Ctnnb1Fl/+ 

marrow that were not treated with poly(I:C) (predicted to not express activated β-catenin) 

all succumbed to CML-like disease around 3-4 weeks following transplantation (Figure 

3.12A). However, mice receiving BCR-ABL1-transduced Mx-Cre;Ctnnb1Fl/+ marrow that 

were treated with poly(I:C), which should express activated β-catenin upon 

recombination of the floxed Ctnnb1 allele [Mx-Cre;Ctnnb1Fl/+, Poly(I:C)], survived 

longer than the control group (P<0.0005, Mantel-Cox test, Figure 3.12A). Whereas 

control mice gradually developed CML-like disease with high peripheral blood leukocyte 

counts (PBL) after bone marrow transplantation, mice from [Mx-Cre; Ctnnb1Fl/+, 

Poly(I:C)] group had moderate PBL counts around day 18 post-transplant, but dropped to 

less than 5000/µl PBL counts around day 24 (Figure 3.12B). All the mice in this group 

eventually died of hematopoiesis failure, with pancytopenia (Figure 3.12C). Only the last 

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 mice from the 

Mx-Cre; Ctnnb1Fl/+, Poly(I:C) cohort were due to active β-catenin, the recombination 

efficiency mediated by Mx-Cre was evaluated. Diseased mice from control arm, 

Ctnnb1Fl/+, Poly(I:C), retained their floxed Ctnnb1 allele as expected (Figure 3.13A). In 

contrast, the floxed allele disappeared in splenocytes from mice in the Mx-Cre; 

Ctnnb1Fl/+, Poly(I: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-Ctnnb1Fl/+ thymocytes (Figure 3.13A, lane 14). This 

suggests BCR-ABL1–expressing donor cells with active β-catenin 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 result was further confirmed 

by immunofluorescence staining of β-catenin in malignant tissue from the diseased mice. 

As shown in Figure 3.13B, very few peripheral blood leukocytes expressed detectable 

nuclear β-catenin in a representative mouse from the Mx-Cre; Ctnnb1Fl/+, Poly(I:C) 

cohort, while nearly 100% of CD4Cre-Ctnnb1Fl/+ thymocytes expressed active β-catenin. 

Notably, we did not observe significant nuclear active β-catenin in malignant tissue from 

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

Cre; Ctnnb1Fl/+, Poly(I:C) (data not shown).  

 The prolonged survival of diseased mice from the Mx-Cre; Ctnnb1Fl/+, Poly(I:C) 

cohort was not due to reduced numbers of  engrafting LICs, as there was no difference in 

the number of proviral clones in hematopoietic cells from control mice (Ctnnb1Fl/+, 

Poly(I:C); 9±1.0 independent clones) and the Mx-Cre; Ctnnb1Fl/+, Poly(I:C) cohort 

(6.6±1.3 independent clones, P=0.169, t-test; Figure 3.13C). Previously, Scheller et al. 

have shown that hematopoietic stem cells from poly(I:C)–treated Mx-Cre;Ctnnb1Fl/+ 

donor mice have a defect in differentiation and fail to repopulate irradiated recipients 

(Scheller et al., 2006).  Our results further suggest that the differentiation defect resulting 

from activated β-catenin in HSCs cannot be rescued or overcome by BCR-ABL1 

expression. As a corollary, it appears that in BCR-ABL1-expressing HSC, constitutively 

active β-catenin generated by Cre-mediated recombination from the Ctnnb1Fl/+ allele also 

results in exhaustion and a differentiation block of LICs, which causes the mice to 

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

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

Unlike the very strong active β-catenin allele generated by Cre recombination of 

the Ctnnb1Fl/+ allele described earlier, the constitutively active retroviral allele of β-

catenin does not appear to adversely affect LIC maintenance, at least in the AML model 

(Wang et al., 2010). Therefore, we extended our previous findings by using a retrovirus 

expressing a constitutively active form of β-catenin (∆Catnb/GFP) (Barth et al., 1999) to 

evaluate whether activated β-catenin plays a positive or negative regulatory role in BCR-

ABL1–mediated leukemogenesis. This mutant form of β-catenin has alanine substitutions 

for the NH2-terminal serine and threonine residues, which prevent its phosphorylation by 

GSK3β and subsequent degradation by the proteasome.  

 We first used the in vitro B-lymphoid transformation assay as described earlier to 

test the effects of retroviral expression of mutant β-catenin. Bone marrow from donors 

not treated with 5-FU was transduced with a cocktail of two retroviruses expressing 

BCR-ABL1/mRFP and ∆Catnb/GFP, respectively. As control, a portion of the donor 

marrow was transduced with retroviruses expressing BCR-ABL1/mRFP and empty 

vector only expressing GFP (MIG). Transduced cells expressing both mRFP and GFP 

were enriched by flow sorting and subjected to the primary B-lymphoid transformation 

assay. Whereas marrow co-transduced with BCR-ABL1/mRFP and MIG could initiate 

lymphoid outgrowth with as low as 3000 cells plated per well, marrow co-transduced 

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 suggests that the 
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constitutively active retroviral allele of β-catenin also interferes with B-lymphoid 

transformation mediated by BCR-ABL1.  

The ability of co-transduced marrow to initiate B-ALL in mice was subsequently 

tested by transplanting the cells into irradiated syngeneic recipients over a range of 1x105 

to 1x104 co-transduced marrow cells per recipient (Figure 3.14B). For the cohorts 

transplanted with BCR-ABL1/mRFP and MIG co-transduced marrow, recipients of ≥ 

3x104 cells succumbed to B-ALL with latency between 26 and 69 days. One out of two 

recipients transplanted with 1x104 co-transduced marrows cells also developed B-ALL. 

In contrast, none of the mice transplanted with BCR-ABL1/mRFP and ∆Catnb/GFP co-

transduced marrow showed evidence of disease upon sacrifice at day 120 post-

transplantation. These results demonstrate that constitutively active retroviral allele of β-

catenin not only inhibits transformation of B-lymphoid progenitors by BCR-ABL1 in 

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

We further investigated whether activated β-catenin has a negative effect on 

development of BCR-ABL1-induced CML-like disease in mice. Bone marrow from 5-

FU-treated C57BL/6 donor mice was harvested and transduced with retroviruses 

expressing BCR-ABL1/mRFP and ∆Catnb/GFP after myeloid cytokine prestimulation. 

Co-transduced cells expressing both mRFP and GFP were enriched by cell sorting and 

transplanted at different cell doses into irradiated syngeneic recipient mice. As a control, 

some recipients were transplanted with BCR-ABL1/mRFP and MIG co-transduced donor 

marrow. Recipients in the control arm transplanted with ≥ 1.5 x104 co-transduced marrow 

succumbed to CML-like MPN around 7 weeks after transplantation, but none of 
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recipients of marrow co-transduced with BCR-ABL1/mRFP and ∆Catnb/GFP, expected 

to express activated β-catenin, 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 of β-catenin also has a profound negative effect on 

BCR-ABL1–induced CML-like MPN as well as on B-lymphoid leukemogenesis. 
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Figures- Results 

Figure 3.3. Active ββββ-catenin inhibits primary B-lymphoid transformation 

mediated by BCR-ABL1. Bone marrow cells from Ctnnb1+/+  or Ctnnb1Fl/+  

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 3x105 cells/well to 100 cells/well, 

as indicated by colored lines. Nontransduced cells were added to 106 total cells 

per well to provide stromal support. Positive wells were scored vs. time when 

the viable non-adherent cell number reached 106/well.  
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Figure 3.4. Scheme of experiment to test if active ββββ-catenin affects 

BCR-ABL1-mediated B-ALL in mice. Bone marrow from Ctnnb1+/+ 

or Ctnnb1Fl/+  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 floxed Ctnnb1 allele, the cohorts expected to have active β-catenin 

are indicated.   
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Figure 3.5. Active ββββ-catenin alters the development of B-ALL mediated by BCR-

ABL1. (A) Kaplan-Meier survival curve for recipient mice transplanted with Ctnnb1+/+ 

or Ctnnb1Fl/+ donor marrow transduced with retrovirus expressing BCR-ABL1/GFP-

CRE. The number of individual mice in each arm is indicated. All mice receiving 

transduced Ctnnb1+/+ marrow developed B-ALL. Among mice receiving transduced 

Ctnnb1Fl/+ marrow, some developed B-ALL (open squares) while few developed B-ALL 

and CML-like disease simultaneously (closed squares). No significant 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, B-ALL/CML mixed 

disease). The difference in spleen weight between two arms was significant (P<0.05, t-

test). 
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Figure 3.6. B-ALL mice carrying BCR-ABL1/GFP-CRE-transduced 

Ctnnb1+/+ or Ctnnb1Fl/+ 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 clones with IRES 

probe. No significant difference in proviral clone number was found between 

B-ALL induced by BCR-ABL1/GFP-CRE –transduced Ctnnb1+/+  (lane 8-17, 

1.88 ± 0.35 clones) or Ctnnb1Fl/+  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 single BCR-ABL1 provirus.  
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Figure 3.7. Active ββββ-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 of ABL1 and GFP probes as well as 

restriction enzymes used in panel (B) are indicated: BglII (B2) and EcoRI (R1). 

(B) Integrity of proviral GFP-CRE and BCR-ABL1 genes was assessed by 

subjecting genomic DNA from disease mice receiving BCR-ABL1/GFP-CRE 

transduced Ctnnb1+/+ (lane 1-9) or Ctnnb1Fl/+ (lane 10-18) donor marrow to 

Southern blot analysis. For analyzing GFP-CRE integrity, the DNA was 

digested with BglII and analyzed with a GFP probe. To assess BCR-ABL1 

integrity, DNA was digested with EcoRI and analyzed with a human ABL1 

probe. 

A 

B 
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Figure 3.8. BCR-ABL1 expression in B-ALL mice carrying BCR-

ABL1/GFP-CRE-transduced Ctnnb1+/+ or Ctnnb1Fl/+ marrow. Immunoblot 

of protein lysates from malignant tissue of B-ALL mice induced by BCR-

ABL1/GFP-CRE-transduced Ctnnb1+/+  (lanes 9-10) or Ctnnb1Fl/+  marrow 

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

rearrangement of BCR-ABL1 in Figure 3.6.  
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Figure 3.9. Using PCR to determine recombination efficiency of floxed 

Ctnnb1 allele mediated by BCR-ABL1/GFP-CRE. (A) Locations of primer sets 

used to detect Cre-mediated recombination efficiency of Ctnnb1Fl allele. The first 

primer set (pink) was used to detect WT and floxed alleles. The second primer set 

(green) was used to detect the recombined allele. (B) Genomic DNA from 

malignant tissue of disease mice receiving BCR-ABL1/GFP-CRE-transduced 

Ctnnb1+/+ (lane 1-3) or Ctnnb1Fl/+ (lane 4-9) marrow was subjected to PCR 

analysis to determine recombination efficiency by using two primer set described 

in (A). Genomic DNA from thymocytes of LckCre- Ctnnb1Fl/+ was mixed with 

genomic DNA from Ctnnb1Fl/+ 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 floxed Ctnnb1 allele in mice with 

leukemia induced by BCR-ABL1/GFP-CRE retrovirus. (A) Schematic map 

demonstrating the location of the XbaI (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) alleles. (B) 

Genomic DNA from malignant tissues from diseased mice receiving BCR-

ABL1/GFP-CRE–transduced Ctnnb1+/+ (lane 10-15) or Ctnnb1Fl/+ (lane 1-9) marrow 

was subjected to Southern blot analysis to assess recombination efficiency of the 

floxed allele mediated by Cre recombinase. DNA was digested with XbaI and 

analyzed with a probe from exon 4 of Ctnnb1. Genomic DNA of thymocytes from of 

CD4Cre-Ctnnb1Fl/+ (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-type allele, 

(Ex3)∆: recombined allele.   

A  

B  
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Figure 3.11. Scheme of experiment to test if active ββββ-catenin affects BCR-

ABL1-mediated CML-like MPN in mice . Bone marrow from Ctnnb1Fl/+ or Mx-

Cre;Ctnnb1Fl/+ 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. Recipients were treated with or without poly(I:C) at day 

10, 12 and 14 to induce the expression of Cre recombinase. The cohort expected to 

have expression of active β-catenin is indicated.   
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Figure 3.12. BCR-ABL1 cannot rescue the hematopoiesis defect caused by activation 

of ββββ-catenin mediated by Mx-Cre.  (A) Kaplan-Meier survival curve for recipient mice 

transplanted with bone marrow transduced with retrovirus expressing BCR-ABL1/GFP, as 

described in Figure 3.8. Donor marrow was either from control (Ctnnb1Fl/+) or Mx-

Cre;Ctnnb1Fl/+ mice. The number of individual mice in each arm is indicated. The survival 

between Ctnnb1Fl/+ and Mx-Cre;Ctnnb1Fl/+ mice treated with poly(I: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 transplanted with 

Ctnnb1Fl/+ or Mx-Cre;Ctnnb1Fl/+ marrow. Mice from both arms were treated with poly(I:C). 

(C) Red blood cells (RBC) counts, hemoglobin (Hb), hematocrit (HCT) and platelet (PLT) 

counts in diseased mice that were recipients of Ctnnb1Fl/+ or Mx-Cre;Ctnnb1Fl/+ BCR-

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

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

recipient mice. (A) Efficiency of recombination of the floxed Ctnnb1 allele in 

poly(I:C)–treated recipient mice carrying BCR-ABL1-transduced marrow from 

control (Ctnnb1Fl/+) and Mx-Cre;Ctnnb1Fl/+ donor mice. Fl: floxed allele, WT: wild-

type allele, (Ex3)∆: recombined allele. Genomic DNA from disease mice were 

digested with XbaI and subjected to Southern blot analysis with probe located within 

exon 4 of Ctnnb1. (B) Immunofluorescence staining of β-catenin (red) in peripheral 

blood leukocytes of recipients of BCR-ABL1-transduced Ctnnb1Fl/+ or Mx-Cre; 

Ctnnb1Fl/+ marrow. Both mice were treated with poly(I:C). Thymocytes from CD4Cre-

Ctnnb1Fl/+ were stained as positive control (left panel). Cells were counterstained with 

Hoechst dye (blue). (C) To determine proviral clone number (LIC frequency) in 

poly(I:C)–treated recipient mice of transduced marrow from control (Ctnnb1Fl/+) or 

Mx-Cre;Ctnnb1Fl/+ donor mice, genomic DNA from hematopoietic tissues of diseased 

mice was digested with BglII and analyzed with Southern with a GFP probe. Note 

mouse # 763 and 770 were the last two surviving mice that developed symptoms of 

CML-like MPN.  

 

A 

B 

C 
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Figure. 3.14. A constitutively active retroviral allele of ββββ-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 either ∆Catnb/GFP or a control virus, 

MIG. Co-transduced cells expressing both mRFP and GFP were purified by cell sorting 

and seeded in triplicate at indicated cell number per well. Nontransduced cells were 

added to 106 total cells per well to provide stromal support. Positive wells were scored 

vs. time when the viable non-adherent cell number reached 106/well. (B) Kaplan-Meier 

survival curve for B-ALL mice receiving BCR-ABL1/mRFP and MIG or ∆Catnb/GFP 

co-transduced marrow from Balb/c donors. Co-transduced cells expressing mRFP and 

GFP enriched by cell sorting were transplanted into sublethally irradiated recipients at 

different cell dosages, as 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 of ββββ-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-transduced with BCR-

ABL1/mRFP and either MIG or ∆Catnb/GFP. Co-transduced cells expressing mRFP and 

GFP were enriched by cell sorting and transplanted into irradiated syngeneic recipients at 

different cell dosages, as indicated by the colored lines. The number of individual mice in 

each arm is listed. Control mice receiving ≥ 1.5 x104 cotransduced marrows succumbed to 

CML-like disease while none of the recipients of BCR-ABL1/mRFP and ∆Catnb/GFP co-

transduced marrow showed any signs of disease upon sacrifice.  
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3.3 DISCUSSION 

Although imatinib or second generation TKIs are currently front-line treatment for 

patients with CML in chronic phase, they are less effective in CML patients with 

accelerated or blast-crisis phase. Disease relapse or progression during imatinib treatment 

occurs and may be due to existence of residual LICs, which seem to have some level of 

intrinsic resistance to TKIs. Therefore, it is important to understand the mechanisms that 

these LICs depend on for their maintenance and survival in order to develop effective 

therapy to eradicate them. One of attractive candidate pathways is the Wnt/β-catenin 

pathway, due to its documented role in regulating normal HSCs. Several studies have 

used gain- or loss-of-function approaches to investigate the role of β-catenin in regulating 

functions of normal HSC and LICs. By using loss-of-function strategies to study normal 

HSC and LICs, previous studies suggest that β-catenin may be dispensable during adult 

normal hematopoiesis but is essential for the maintenance of BCR-ABL1 expressing 

LICs to initiate CML-like disease in mice (Cobas et al., 2004; Hu et al., 2009; Koch et 

al., 2008; Zhao et al., 2007).  

Results from gain-of-function approaches to study how β-catenin regulates HSCs 

function are interesting but remain controversial. While Reya et al. showed that Wnt 

pathway stimulation can enhance self-renewal potential of HSCs from a Bcl-2 transgenic 

background (Reya et al., 2003), two independent studies using the Cre-loxP system to 

induce active β-catenin in HSCs from wild type mice demonstrated that  active β-catenin 

actually caused HSC exhaustion and failure to maintain normal hematopoiesis (Kirstetter 

et al., 2006; Scheller et al., 2006). Although deregulated active β-catenin has been shown 
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to be required for maintaining LICs in AML and is associated with progression of CML 

to myeloid blast crisis (Jamieson et al., 2004; Wang et al., 2010), direct proof from in 

vivo studies is still required in order to evaluate whether Wnt/β-catenin is an essential 

target for treating Ph+ leukemia and for the development of therapeutic strategies.   

Based on previous studies, we hypothesized that the activation of β-catenin alone 

would be sufficient to confer self-renewal ability on BCR-ABL1-expressing myeloid 

progenitors, and might accelerate disease transformation from chronic phase to myeloid 

blast crisis. We further hypothesized that activated β-catenin may be involved in the 

development of Ph+ B-ALL or lymphoid blast crisis. To study the role of β-catenin in 

BCR-ABL1–mediated leukemogenesis, we conducted several in vitro and in vivo 

experiments using the retroviral bone marrow transduction/transplantation mouse model 

in combination with conditional activated β-catenin allele in transgenic mice (Harada et 

al., 1999) or a constitutively active β-catenin retroviral allele (Reya et al., 2003).  We first 

found that activated β-catenin inhibited B-lymphoid transformation ability of BCR-ABL1 

in vitro, when a retrovirus expressing BCR-ABL1/GFP-CRE was used to delete exon 3 of 

β-catenin in B-lymphoid progenitors from Ctnnb1Fl/+ mice. Similar results were 

subsequently observed when activated β-catenin was introduced by transducing B-

lymphoid progenitors with retrovirus expressing ∆Catnb/GFP. As we extended these in 

vitro studies to the B-ALL mouse model, we found that activated β-catenin also had a 

negative effect on the development of acute lymphoid leukemia mediated by BCR-ABL1 

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

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/transplantaion model of B-

ALL. While it is possible that the expression of activated β-catenin in B-lymphoid 

progenitors may alter their potential to transdifferentiate into myeloid cells to allow these 

Ph+ lymphoid progenitors to initiate myeloid leukemia (Baba et al., 2005), it is also 

possible that activated β-catenin 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 myeloid progenitors, 

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 

question remains unanswered and will be addressed in future experiments (see below).  

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 floxed Ctnnb1 allele even in myeloid cells from mice 

with mixed MPN and B-ALL. These results indicate the possibilities that cells expressing 

active β-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 constitutively active 

retroviral allele of β-catenin also inhibited B-ALL development mediated by BCR-

ABL1. Previous studies analyzing proviral integration sites in different hematopoietic 
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lineages and testing isolated stem/progenitor populations for the ability to induce Ph+ 

leukemia in mice showed that the LICs for CML-like disease are HSCs, while B-

lymphoid progenitors are responsible for inducing B-ALL (Hu et al., 2006; Huntly et al., 

2004; Li et al., 1999a; Million and Van Etten, 2000; Roumiantsev et al., 2001). 

Analyzing proviral integrity and recombination efficiency mediated by GFP-CRE 

showed extensive proviral gene rearrangements in recipients of BCR-ABL1/GFP-CRE 

transduced Ctnnb1Fl marrow. As a result, only clones with the unrecombined form of the 

Ctnnb1Fl allele gave rise to leukemias. Therefore, it is also possible that activation of β-

catenin by BCR-ABL1/GFP-CRE caused the exhaustion of early B-lymphoid 

progenitors, so that rare BCR-ABL1-transformed HSCs, which are ordinarily out-

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

On the other hand, we found that BCR-ABL1 expressing HSCs cannot tolerate 

activated β-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;Ctnnb1Fl/+ donor 

to initiate CML-like disease, activation of β-catenin upon poly(I:C) treatment resulted in 

severe pancytopenia in all recipients. Expression of active β-catenin did not reduce the 

number of LIC clones, but nonetheless still appeared to cause differentiation defects in 

LICs, which could not be overcome or rescued by BCR-ABL1. Consistent with this, we 

observed very few cells containing active β-catenin in the leukocytes from these mice by 

using Southern blot analysis (Figure 3.13A) or immunofluorescence staining (Figure 

3.13B). This observation was further confirmed in recipients transplanted with BCR-

ABL1/mRFP and ∆Catnb/GFP cotransduced marrows from 5-FU pretreated donors. No 
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recipients showing any sign of disease development upon sacrifice. Unlike the AML 

disease model involving overexpression of HoxA9 and Meis1 (Wang et al., 2010), in 

which expression of constitutively active β-catenin 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 active β-

catenin. Even though a previous study in primary leukemic cells from patients showed 

aberrant expression of activated β-catenin in GMPs that was associated with acquisition 

of self-renewal and progression of CML from chronic phase to myeloid blast crisis 

(Jamieson et al., 2004), our data suggest that too much β-catenin can cause a defect in 

leukemogenesis mediated by BCR-ABL1. The positive effect of β-catenin on the self-

renewal ability of normal HSCs or leukemic cells might depend on its expression level at 

a specific range.  It would be interesting to further investigate how much active β-catenin 

could transform GMP to initiate CML-like disease in mice with a pharmacological 

regimen.  

There is also a possibility that additional mutations provide survival signals in 

acute myeloid leukemia or CML in advanced stage that allow hematopoietic progenitors 

to tolerate the expression of activated β-catenin. Under the protection of survival signals 

through these unknown mutations, LICs could not only escape from exhaustion caused 

by activated β-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 if 

activated β-catenin is expressed in the mouse model of CML myeloid blast crisis induced 

by cooperation between BCR-ABL1 and NUP98/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 introducing a 

constitutively active retroviral allele of β-catenin into HSCs from Bcl-2 transgenic mice 

could enhance HSC self-renewal ability as measured by repopulation. In contrast to the 

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 study suggests 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-ABL1 itself has 

been reported to up-regulate several pro-survival proteins including Bcl-2 (Sanchez-

Garcia and Grutz, 1995; Skorski et al., 1997) and Bcl-X (Gesbert and Griffin, 2000), it 

will be important to investigate whether activated β-catenin has a positive effect on BCR-

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

Mice and genotyping 

Ctnnb1Fl/+ mice (kind gift from Dr. Fotini Gounari, The University of Chicago) and 

Mx-Cre mice (kind gift from Dr. Paul Ney, St. Jude Children’s Research Hospital) have 

been described previously (Harada et al., 1999; Kuhn et al., 1995). Mx-Cre mice were 

crossed with Ctnnb1Fl/+ mice to generate (Mx-Cre;Ctnnb1Fl/+) mice. To genotype Mx-Cre 

mice, primers (5'-AGGCGTTTTCTGAGCATACC-3', 5'-

TAGCTGGCTGGTGGCAGATG-3’) were used while primers (5’-

AGAATCACGGTGACCTGGGTTAAA-3’, 5’-CATTCATAAAGGACTTGGGAGGT-

3’) were used to genotype Ctnnb1Fl/+ mice. 

Retroviral constructs and generation of retrovirus stocks 

The retroviral vector expressing BCR-ABL1/GFP was described previously 

(Krause et al., 2006). ∆Catnb/GFP (Reya et al., 2003) was obtained from Addgene. To 

engineer a retroviral vector expressing BCR-ABL1/mRFP, BCR-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 was described in 

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 excision of Ctnnb1Fl by 

Mx-Cre, each transplanted recipient was injected with 250 µg per mouse of (poly(I:C)) 

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

Southern blot analysis 

Distinct proviral integration events were counted as described in Methods section 

of Chapter 2, to determine the number of leukemia-initiating cells. To analyze distinct 

proviral integration events in mice with disease induced by BCR-ABL1/GFP-CRE, 

genomic DNA from malignant tissues of diseased mice was digested with EcoRI and 

analyzed with a probe derived from IRES. To analyze proviral integration events in mice 

with disease induced by BCR-ABL1/GFP, DNA was digested with BglII and analyzed 

with GFP probe.  

To analyze recombination efficiency of Ctnnb1Fl/+ allele mediated by Cre 

recombinase, genomic DNA from diseased mice was digested with XbaI, and analyzed 

with probe derived from exon 4 of Ctnnb1. The digestion generated 3.9-kilobase floxed 

allele, 3.3-kilobase wild-type allele, and 3-kilobase recombined allele. The blot was 

quantified with PhosphorImager (Molecular Dynamics) to determine recombination 

efficiency.  
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To assess the integrity of GFP-CRE in mice with diseases induced by BCR-

ABL1/GFP-CRE, genomic DNA was digested with BglII and analyzed with a GFP 

probe. To study the integrity of proviral BCR-ABL1, DNA was digested with EcoRI and 

analyzed with a human ABL1 probe.  

Immunofluorescence staining of ββββ-catenin 

 Cells were washed with cold PBS, fixed with 2% paraformaldehyde (Electron 

Microscopy Sciences) on ice for 15 mins and permeabilized with PBS buffer containing 

2% serum and 0.1% saponin (Sigma) buffer for 10 min at room temperature. Cells were 

then incubated with 1:100 rabbit anti-β-catnein (Invitrogen) 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 half hour. After 

washing with saponin buffer, cells were placed on coverslips by using a Cytospin 

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

Conclusions and Future directions 
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Although TKI treatment can induce cytogenetic remissions in the majority of 

patients with CML in chronic phase, acquired resistance to TKI therapy and relapse of 

leukemia occurs quiet frequently. Hence, TKI therapy alone might not be able to achieve 

permanent cure for majority of patients with Ph+ leukemia. Other targeted therapies are 

needed to overcome TKIs resistance and eradicate the remaining LICs that are 

responsible for relapse. To verify if two attractive signaling pathways, NF-κB and β-

catenin, could be potential therapeutic targets in treating Ph+ leukemia, in this thesis we 

used genetic approaches and conducted several in vitro and in vivo experiments to define 

their roles in BCR-ABL1-induced leukemias.  

In Chapter 2, by expressing different mutant forms of regulatory proteins in the 

NF-κB pathway, we demonstrated a role of this pathway in BCR-ABL1-induced myeloid 

and lymphoid leukemias. We found that NF-κB is activated predominantly through the 

canonical IKK pathway and is important in maintaining LICs that initiate the disease. We 

further showed that expression of IκBαSR, IKKαKM or IKKβKM sensitize BCR-

ABL1–expressing B-lymphoid blasts to TKIs such as imatinib and dasatinib. This result 

suggests combination therapy with TKIs plus an IKK inhibitor might be a more specific 

and effective targeted therapy for Ph+ CML or B-ALL patients, and might also reduce the 

side effects associated with traditional cytotoxic therapies, including TKIs and 

chemotherapy or corticosteroid treatment (Ohno, 2010; Vignetti et al., 2007).  Our results 

also suggest that dual inhibition of both IKKα and IKKβ might augment the efficacy of 

inhibiting leukemogenesis by BCR-ABL1, supporting the development of small molecule 

inhibitors against IKKα or IKKα/β in addition to the available IKKβ inhibitors that are 

currently in clinical trials. Depending on safety and anti-leukemic effect of these 
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inhibitors in preclinical studies, targeting NF-κB pathway might be a promising therapy 

in Ph+ ALL and CML. 

In Chapter 3, we used different genetic approaches to activate β-catenin in BCR-

ABL1+ leukemic cells to study its function in the development of Ph+ leukemia. The 

results demonstrated that constitutive expression of an active β-catenin can impair the 

development of BCR-ABL1-induced myeloid and lymphoid leukemias despite the 

documented involvement of deregulated active Wnt/β-catenin pathway in oncogenesis 

and tumor progression in several malignancies. Is active β-catenin a friend or foe in 

fighting Ph+ B-ALL and CML? There are two potential possibilities.  First, its effect 

might depend on the specific and narrow range expression level of active β-catenin in 

leukemic cells.  A second possibility might be the existence of other mutations (eg, Bcl-

2) to counteract hematopoiesis defect resulting from too much β-catenin 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 MIG or ∆Catnb/GFP and observe 

disease development in irradiated recipients of cells expressing both mRFP and GFP. If 

we do see that disease development is possible from HSCs co-expressing BCR-ABL1 

and activated β-catenin, we will further isolate HSCs and myeloid progenitors, perform 

co-transduction with BCR-ABL1/mRFP and ∆Catnb/GFP retroviruses, and test by serial 

transplantation if active β-catenin provides self-renewal ability in BCR-ABL1-expressing 

myeloid progenitors (Figure 4.1). We will also test whether active β-catenin enhances the 

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 of Ph+ leukemias. 

Given the fact that both the NF-κB and β-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 between these two 

pathways in regulating BCR-ABL1-induced leukemias? Previous studies have shown that 

two upstream catalytic kinases in NF-κB pathway, IKKα and IKKβ, can also 

phosphorylate β-catenin. While IKKβ decreased transcription activity of β-catenin, IKKα 

increased β-catenin-dependent transcription activation (Albanese et al., 2003; Lamberti et 

al., 2001). Interestingly, β-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 expression of β-

catenin further restored the DNA binding ability of RelA/p50 heterodimers (Deng et al., 

2002; Kim et al., 2005). Whether the same observations can be found in Ph+ leukemias is 

unclear. On the other hand, CK1α and GSK3-β, two upstream kinases that phosphorylate 

and negatively regulate β-catenin, have also been shown to play a role in regulating NF-

κB pathway. While CK1α acts bifunctionally to first turn on and then terminate antigen-

receptor-induced NF-κB activation in human lymphoma cell lines (Bidere et al., 2009), 

inhibition of GSK3-β reduces the transactivation activity of NF-κB in murine embryonic 

fibroblasts (Hoeflich et al., 2000). Together, these results suggest the NF-κB and β-

catenin pathways might have different roles in regulating the same target genes. Since 

activated β-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 pathways regulates 

disease progression of Ph+ leukemias.  

 

Figure 4.1. Scheme for using HSCs or myeloid progenitors from H2K-Bcl-2 

transgenic mice to study if ββββ-catenin provides progenitors self-renewal ability to 

initiate CML- or AML-like disease in mice. Sorted HSCs (Lin–Sca-1+c-Kit+), 

CMP (Lin–Sca-1–c-Kit+CD34+ FcγRII/III low), and GMP (Lin–Sca-1–c-

Kit+CD34+FcγRII/III high) will transduced with BCR-ABL1/mRFP and MIG or 

∆Catnb/GFP. Transduced cells will be transplanted into irradiated recipients. 
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INDUCING PH
+
 LEUKEMIA WITH ISOLATED HSCS OR MYELOID 

PROGENITORS   (C/GMP) EXPRESSING BCR-ABL1  AND ACTIVE ββββ-CATENIN  

Because some mice that received BCR-ABL1/GFP-CRE–transduced Ctnnb1Fl/+ 

marrow developed mixed CML/B-ALL disease (Figure 3.5), it is possible that active β-

catenin confers myeloid development potential to B-lymphoid progenitors (Baba et al., 

2005) or increases the self-renewal capacity of committed myeloid progenitors allowing 

them to initiate myeloid leukemia (Jamieson et al., 2004). To test the latter possibility, we 

induced diseased from lineage-specific hematopoietic progenitor populations purified by 

known cell surface markers. HSC and myeloid progenitors including common myeloid 

progenitors (CMP) and GMP were isolated by using the combination of cell-surface 

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 HSCs (Lin–c-Kit+CD150+) 

as well as myeloid progenitors (Lin–c-Kit+FcγRII/III +CD34+) were purified from 

Ctnnb1Fl/+ donor marrow. Isolated cells were pre-stimulated with myeloid cytokines and 

transduced with retroviruses expressing BCR-ABL1/GFP-CRE or BCR-ABL1/GFP as 

control. Transduced cells were transplanted into irradiated recipient mice. Due to 

contamination of B-lymphoid progenitors during purification process, mice receiving 

transduced myeloid progenitors either developed B-ALL or showed no sign of disease 

upon sacrifice at day 120 post-transplantation. One mouse from the cohort that received 

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 Ph+ leukemias from transduced cells expected to 

have active β-catenin (ie. cells transduced with retrovirus expressing BCR-ABL1/GFP-

CRE) is longer than that from transduced control cells. In agreement with our previous 

findings, these results suggest activated β-catenin generated by Cre-loxP system inhibits 

Ph+ leukemogenesis. However, we were not able to address our original hypothesis due to 

technical problems with contamination with lymphoid progenitors. We will further test if 

activated β-catenin provides Ph+ myeloid progenitors self-renewal ability in the presence 

of overexpressing Bcl-2. Future experiments will be carried out by using donor mice in 

an H2K-Bcl-2 background, as described in Figure 4.1s.  
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Figure A1. Inducing Ph+ leukemia with isolated HSCs or myeloid progenitors   

(C/GMP) expressing BCR-ABL1 and active ββββ-catenin. (A) Scheme of the 

experiment. Purified cells from Balb/c mice were transduced with retroviruses BCR-

ABL/GFP or BCR-ABL/GFP-CRE, followed by transplantation into syngeneic 

recipients. Each mouse either received 5000 transduced myeloid progenitors or 2500 

transduced HSCs. (B) Kaplan-Meier survival curve for recipients transplanted with 

BCR-ABL/GFP or BCR-ABL/GFP-CRE transduced HSCs or myeloid progenitors 

from Ctnnb1Fl/+ 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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