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ABSTRACT 

 Chronic myeloid leukemia (CML) is a hematological malignancy characterized by the 

presence of a novel fusion oncoprotein called BCR-ABL1 in a hematopoietic stem cell. BCR-

ABL1 has constitutively active tyrosine kinase activity and deregulates many intracellular 

signaling pathways contributing to cancer formation, maintenance, and progression. 

 The consistent genetic aberration of BCR-ABL1 in CML led to the development of the 

first molecularly-targeted cancer therapy called imatinib (IM), which revolutionized the 

treatment of early phase CML. However, IM is not curative, and 40% of patients with advanced 

CML experience primary intolerance or acquire resistance to IM. In addition, leukemic stem 

cells (LSCs) are relatively insensitive to IM and do not exclusively rely on BCR-ABL1 for 

survival. Therefore, it is important to investigate alternative pathways that are critical for LSC 

maintenance, to develop a strategy to eradicate them.  

 The Hedgehog (HH) pathway, and particularly the protein Smoothened (SMO), has 

recently been described to be essential for CML LSCs in a mouse model. I hypothesized that 

the HH pathway was critical for the survival of CML stem/progenitor cells, and that dual 

inhibition of BCR-ABL1 and SMO would be superior to either alone in killing CML LSCs. I 

used a variety of biological and molecular assays to investigate expression changes of several 

HH pathway-associated genes and the functionality of different leukemic cell subsets from 

primary CML patient samples.  

 I observed that HH pathway genes SMO and GLI2 were upregulated in CML compared 

with healthy bone marrow controls, and were more highly expressed in CD34+ cells from IM 

non-responders as compared with responders. In addition, these genes were most highly 
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expressed in the stem cell-enriched Lin-CD34+CD38- subpopulation in IM non-responders 

compared with progenitors and mature leukemic cells in the same patients. I also observed that 

CD34+ IM non-responder cells were more sensitive to SMO inhibition compared with 

responders in terms of viability, apoptosis, re-plating potential, and colony-forming ability 

following long-term culture. 

Taken together, my results support the hypothesis that the HH pathway is more critical 

for primitive CML cells from IM non-responders, and may represent a mechanism by which 

drug-resistant cells evade eradication by TKIs.  
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LAY SUMMARY 

Chronic myeloid leukemia (CML) is a blood cancer with an effective treatment strategy 

for some patients. However, in others, the treatment fails due to the persistence of drug-

resistant cells in their blood and bone marrow. In order to evade eradication, these cells will 

use other cellular pathways that promote their survival. One such pathway is the Hedgehog 

(HH) pathway. In my study, I observed that expression of HH pathway genes was elevated in 

CML cells, and to the greatest extent in the most primitive CML cells, particularly from 

patients that did not respond to the standard treatment. I also observed that more of these cells 

could be eliminated when given a combination of the standard treatment with a HH pathway 

inhibitor. My results suggest that this combination therapy may represent a treatment option 

for CML patients that do not respond well to conventional therapies. 
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CHAPTER 1 INTRODUCTION 

 

1.1   CML 

1.1.1 Background 

 Chronic myeloid leukemia (CML) is a potentially lethal hematologic malignancy 

characterized by a reciprocal chromosomal translocation between the long arms of 

chromosomes 9 and 22 t(9;22) in a hematopoietic stem cell (HSC). First described by Nowell 

and Hungerford in 1960 (Nowell & Hungerford, 1960), the “minute” chromosome was later 

referred to as the Philadelphia chromosome (Ph) by Tough and colleagues from the University 

of Pennsylvania (Tough et al., 1961). It was not until more than a decade later, when 

chromosomal banding techniques had improved, that Janet Rowley determined that this small 

chromosome was indeed the result of a chromosomal translocation (Rowley, 1972). While the 

precise chromosomal location of the breakpoints varies, all translocations result in the 

juxtaposition of the breakpoint cluster region (BCR) gene on chromosome 22 and the Abelson 

murine leukemia viral oncogene homolog 1 (ABL1) on chromosome 9, resulting in the 

formation of an oncogenic fusion gene, BCR-ABL1. The loss of regulatory elements upstream 

of ABL1 upon fusion with BCR render the tyrosine kinase domain of ABL1 constitutively 

active, promoting autophosphorylation and activation of many intracellular signaling proteins 

involved in proliferation (Massimino et al., 2014), evasion of apoptosis (Jagani et al., 2008), 

autophagy (Rothe et al., 2014), cell cycle (Gesbert et al., 2000), and genome stability (Koptyra 

et al., 2006), among others (Figure 1.1). The deregulation of these pathways, including 

RAS/MAPK, JAK/STAT, and PI3K/AKT, drive the malignancy (Steelman et al., 2004). 
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Figure 1.1 Overview of the classical hematopoietic hierarchy and CML. Schematic 
detailing the cell of origin in CML, the long-term hematopoietic stem cell (LT-HSC). This cell 
is able to give rise to all hematopoietic cell types by the successive constriction of 
differentiation potential, while also retaining the capacity for self-renewal. Chronic phase 
CML (CP-CML) is characterized by an increased number of mature granulocytes in the 
peripheral blood (PB) and bone marrow (BM), whereas the terminal phase of the disease, blast 
crisis (BC) CML is characterized by an increased number of cells with features of myeloid or 
lymphoid progenitors that are blocked in their ability to differentiate further. The red boxes 
delineate the shared characteristics of groups of hematopoietic cells according to their 
differentiation potential and can be separated according to the presence or absence of particular 
cell surface markers. ST-HSC = short-term hematopoietic stem cell. MPP = multi-potent 
progenitor. CMP = common myeloid progenitor. CLP = common lymphoid progenitor. GMP 
= granulocyte-macrophage progenitor. MEP = megakaryocyte-erythroid progenitor. Figure 
adapted from Weissman & Shizuru, 2008. 
 

CML occurs at a frequency of approximately 1 in 100,000 people in the general 

population and represents approximately 12% of new leukemia diagnoses. CML has a slight 

male bias, and the median age at diagnosis is 64 years (Canadian Cancer Statistics, 2016). 

Initial symptoms of the disease may include fatigue, general malaise, weight loss, and 

discomfort caused by splenomegaly (Quintas-Cardama & Cortes, 2006). Due to the mild 
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nature of these symptoms, CML is commonly detected as a secondary finding in routine blood 

work, first recognized as an increased white blood cell count. If inadequately treated, the 

disease follows a triphasic course, beginning with the chronic phase. Chronic phase CML (CP-

CML) is characterized by an increased number of granulocytes in the peripheral blood (PB) 

and bone marrow (BM) and accompanied by other hematologic findings such as mild to 

moderate anemia, and an increase in basophils and eosinophils (Quintas-Cardama & Cortes, 

2006). A diagnostic criterion of CML is the detection of the Ph chromosome by karyotype or 

fluorescence in-situ hybridization (FISH) and/or the detection of BCR-ABL1 transcripts by 

reverse transcription PCR (RT-PCR). If no treatment is initiated or it is inadequate, the disease 

will progress to the accelerated phase (AP-CML), which is characterized by the detection 15-

29% immature myeloid cells in PB and BM and then usually rapidly to a terminal stage referred 

to as the blast phase or blast crisis (BC-CML) that closely resembles an aggressive acute 

leukemia. BC-CML is characterized by >30% immature myeloid blasts in the PB and BM 

(Baccarani et al., 2013). At this stage, the disease is usually relatively refractory to any current 

treatment, due to the numerous new mutations acquired by cells in the leukemic clone 

(Grossman et al., 2011; Kim et al., 2017), and death typically ensues within months.  

1.1.2 CML Treatment 

As early as the 19th century, what was thought to be CML was described in the 

literature (Bennet, 1845). Treatments initially included arsenic-containing compounds (Conan-

Doyle, 1882) and later radiotherapy and alkylating agents such as busulfan (Haut et al., 1961) 

and hydroxyurea (Kennedy & Yarbro, 1966). While busulfan and hydroxyurea could 

normalize blood counts and alleviate symptoms, they were unable to prevent disease 
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progression and median survival was approximately 2.7 and 5.6 years, respectively (Hehlmann 

et al., 1993). Disease progression was due to the persistence of Ph+ cells, and so therapies that 

could target these cells were clearly needed. In the 1970’s, allogeneic stem cell transplantation 

(SCT) was first described (Fefer et al., 1979) and associated with prolonged survival (McGlave 

et al., 1994), with complete and permanent cytogenetic remissions possible for some patients. 

SCT remains the only curative therapy for CML; however, it is associated with significant 

morbidity and mortality due to infections and graft-versus-host disease (Speck et al., 1984) 

and it is only available to patients with a suitable donor. Another treatment strategy was 

recombinant human interferon (rIFN-a). rIFN-a increased median survival and demonstrated 

a cytogenetic response compared to chemotherapy (Hehlmann et al., 1994), but was associated 

with considerable adverse events including muscle pain, nausea, vomiting, hair loss, and 

depression, among others (Talpaz et al., 1986). 

CML therapy was revolutionized when Levitzki and colleagues hypothesized that it 

might be possible to treat ABL-associated human leukemias with specific ABL kinase 

inhibitors (Anafi et al., 1992). In 1996, Druker et al. demonstrated that a compound called 

CGP57148, later STI571, and now referred to as imatinib mesylate (IM), could inhibit cellular 

proliferation, colony formation, and regeneration of disease in mice transplanted with BCR-

ABL1-expressing cells (Druker et al., 1996). Mechanistically, IM selectively inhibits the 

ABL1 protein kinase by blocking the binding of adenosine triphosphate, preventing the 

phosphorylation of downstream targets that drive the production of the leukemia cells. In the 

phase I clinical trial in CP-CML patients with previous rIFN-a treatment failure, 98% achieved 

a complete hematological response with daily doses of >300 mg IM. In addition, 54% of 
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patients treated with >300 mg daily had major or minor cytogenetic responses, with 13% 

achieving complete cytogenetic remission in a relatively short time frame (Druker et al., 2001). 

Shortly after, the IRIS study (international randomized study of interferon and cytarabine 

versus STI571), which included 1100 newly-diagnosed CML patients, published results that 

revolutionized the treatment and management of CML. In particular, at a median follow-up of 

18 months, 76% of the patients in the IM arm achieved complete cytogenetic remission, and 

40% achieved a 3-log reduction in BCR-ABL1 transcripts by 12 months (O’Brien et al., 2003). 

After 8 years of follow-up, event-free survival for patients on IM was 81%, and progression-

free survival was 92% (Deininger et al., 2009).  

1.1.3 IM Treatment Challenges 

Unfortunately, IM is not curative and not all patients respond to the drug, particularly 

if treatment is initiated at in AP (Talpaz et al., 2002) or BC (Sawyers et al., 2002). The absence 

of efficacy (primary resistance), loss of a previously-attained response (acquired resistance), 

and/or intolerance to therapy also remain significant issues. BCR-ABL1-dependent factors that 

may contribute to primary or acquired resistance include BCR-ABL1 gene amplification (le 

Coutre et al., 2000) and the development of point mutations in the ABL1 kinase domain, which 

decrease drug binding (Gorre et al., 2001). BCR-ABL1-independent mechanisms of resistance 

include decreased influx or increased efflux of IM through deregulation of drug transporter 

proteins (Illmer et al., 2004; Jiang et al., 2007; Wang et al., 2008), contact with BM 

mesenchymal stromal cells (Vianello et al., 2010), and the activation of other pro-survival 

pathways including autophagy (Rothe et al., 2014) and possibly the Hedgehog (HH) pathway 

(Dierks et al., 2008; Zhao et al., 2009) (Figure 1.2), among others (Burchert et al., 2005; Wang 
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et al., 2007; Agarwal et al., 2008; Gioia et al., 2011). In addition, primitive, quiescent leukemic 

stem cells (LSCs) do not rely on BCR-ABL1 activity for their survival, and are often 

responsible for disease relapse once therapy with tyrosine kinase inhibitors (TKIs) has been 

discontinued (Holyoake et al., 1999; Jiang et al., 2007; Mahon et al., 2010; Corbin et al., 2011; 

Hamilton et al., 2012) (Figure 1.2). 

Figure 1.2 Mechanisms of TKI resistance in CML. The right side of the figure outlines 
BCR-ABL1-dependent mechanisms of resistance including 1. BCR-ABL1 kinase domain 
mutations and 2. Increases in BCR-ABL1 expression or amplification of the BCR-ABL1 gene. 
The left side of the figure outlines BCR-ABL1-independent mechanisms of TKI resistance 
including 3. Increased TKI efflux and 4. Decreased TKI influx. Other mechanisms include 5. 
Contact with the protective BM stromal cells and 6. The activation of other pro-survival 
pathways, including the Hedgehog (HH) pathway. 
 

1.1.4 2nd Generation TKIs Including Bosutinib (BOS) 

To combat the issue of kinase-specific mutations promoting resistance to IM, as well 

as other resistance/intolerance mechanisms, second and more recently, third generation ABL1 
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TKIs have been developed. They include dasatinib (DA), nilotinib (AMN), BOS; and 

ponatinib. IM remains the standard first-line therapy for many CML patients at diagnosis; 

however, DA and AMN have also been approved for first-line use in the U.S. and Europe. 

BOS in currently indicated for adult Ph+ CML with resistance or intolerance to prior therapy 

(Wei et al., 2010). For the purposes of this work, I will further emphasize what has been 

described about BOS exclusively, as it was the TKI utilized for my project.  

BOS is an orally bioavailable dual SRC/ABL kinase inhibitor. Unlike the 

aforementioned TKIs, BOS does not inhibit other kinases such as the platelet-derived growth 

factor receptor and c-KIT (Boschelli et al., 2001), which are associated with toxicities such as 

myelosuppression and pleural effusion in some patients (Giles et al., 2009). In preclinical 

models, BOS potently inhibits cell proliferation and survival in CML cell lines with IC50s 

ranging from 88 nM to 210 nM. Oral treatment of nude mice with K562 xenografts led to 

complete tumour regression for up to 64 days (Golas et al., 2003). Importantly, BOS is also 

active against a number of IM-resistant BCR-ABL mutants including Q252H and L384M 

(insensitive to both DA and AMN). However, similar to DA and AMN, BOS cannot inhibit 

the “gatekeeper” mutation T315I (Redaelli et al., 2009), which is insensitive to all TKIs except 

ponatinib (Cortes et al., 2011a). 

In a phase 1/2 clinical trial of BOS for IM-intolerant or IM-resistant CML patients, 

31% of patients achieved a major cytogenetic response after 6 months. In addition, after a 

median follow-up of approximately 2 years, 86% of patients achieved complete hematologic 

remission. 53% of these achieved a major cytogenetic response. Progression-free survival was 
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79% and overall survival was 92% (Cortes et al., 2011b). The results of this trial suggested 

that BOS was effective for IM-resistant or intolerant CML patients.  

1.1.5 Disease Monitoring 

 With survival now measured in years for most CML patients on TKIs, guidelines have 

been put in place and continually updated for the management of what was once thought of as 

a lethal disease (Baccarani et al., 2013). As stated previously, IM, DA, and AMN are all 

approved first-line therapies. Once TKI therapy has been initiated, response is measured by 

quantifying the amount of BCR-ABL1 transcripts relative to pre-treatment levels by qRT-PCR 

at 3, 6, and 12 months. In addition, detection of the Ph chromosome by FISH or karyotype at 

these time points is often employed. An optimal response is defined as £10% BCR-ABL1 

transcripts at 3 months (1-log reduction), <1% at 6 months (2-log reduction), and £0.1% at 12 

months (3-log reduction). If these milestones are not achieved, it may indicate treatment 

failure, and prompt a recommended switch to a different TKI. Cytogenetically, a partial 

cytogenetic response (PCyR; 1%-35% Ph+ metaphases) at 3 months and a complete 

cytogenetic response (CCyR; no Ph+ metaphases) by 6 months define an optimal response 

(Baccarani et al., 2009). 

 Molecular monitoring of the disease by qRT-PCR is generally favoured over 

cytogenetics because it is simpler to perform and only requires a blood draw as opposed to a 

BM biopsy. However, it is recommended that both cytogenetic and molecular tests are 

performed until a CCyR and a major molecular response (MMR; 3-log reduction in BCR-

ABL1 transcripts) are achieved (Baccarani et al., 2013). Despite the fact that some TKI-

responding patients have undetectable levels of BCR-ABL1 transcripts, designated as 
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complete molecular remission, the European LeukemiaNet guidelines recommend that patients 

continue treatment indefinitely. However, this may not be possible for some patients, 

particularly in the United States, where IM costs $146,000 per year (as of 2016) (Kantarjian, 

2016). 

 Outcomes for many CML patients on TKIs have been incredibly positive, and deep 

molecular responses (reduction of BCR-ABL1 transcript levels by > 3-logs) have been 

possible in many patients. Consequently, there has been interest in studying the effects of 

discontinuation of TKI therapy. A study undertaken by Mahon and colleagues, the STop 

IMatinib (STIM) study, reported that in patients that had maintained complete molecular 

remission for at least two years, 39% did not relapse within 12 months. However, the other 

61% did (Mahon et al., 2010), indicating that, despite undetectable levels of BCR-ABL1 

transcripts, LSCs had still persisted and were able to reconstitute the malignancy. The results 

highlight the necessity for therapies that can selectively target LSCs. One suggested approach 

has been the use of combination therapies – one drug to target the LSCs, and a TKI to target 

the mature leukemic cells, which constitute the bulk of the malignancy. One method to target 

TKI-resistant LSCs is to inhibit other pro-survival signaling pathways that are crucial to these 

cells, besides those controlled by BCR-ABL1. One possible mechanism is through the 

inhibition of the Hedgehog pathway. 

 

1.2   The Hedgehog Signaling Pathway 

1.2.1 Introduction of Key Proteins in the Hedgehog Pathway 
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The Hedgehog (HH) gene was first described in Drosophila melanogaster in 1980 as 

the result of a genetic screen (Nusslein-Volhard & Wieschaus, 1980). The larval mutants that 

were hh null had a lawn of disorganized denticles on their ventral surface that resembled 

hedgehog spines. The HH pathway is critical for pattern formation in the developing embryo 

as well as adult homeostasis (reviewed in Petrova & Joyner, 2014). The initiator of the pathway 

is the HH ligand. In mammals, there are three HH proteins: Indian Hedgehog (IHH), Desert 

Hedgehog (DHH), and Sonic Hedgehog (SHH); all of which seem to have distinct expression 

patterns with few overlapping roles (Bitgood & McMahon, 1995; Hammerschmidt et al., 

1997). IHH is involved in early hematopoiesis (Dyer et al., 2001) and skeletal development 

(St. Jacques et al., 1999); whereas DHH plays a role in spermatogenesis (Bitgood et al., 1996). 

Lastly, SHH is the best studied HH homolog and is critical for the establishment of the lateral-

medial (left-right) axis in the mouse embryo (Tsukui et al., 1999), ventral cell fates in the 

central nervous system (Ericson et al., 1997), and antero-posterior limb development (Riddle 

et al., 1993). However, although these different ligands regulate the formation of diverse 

structures, their mode of action appears to be the same.  

These secreted ligands bind to and inactivate a 12-pass transmembrane protein called 

Patched (PTCH) through a direct palmitate-dependent interaction (Tukachinsky et al., 2016). 

HH ligand binding prevents the action of PTCH, which is involved in the constitutive 

inactivation of the transmembrane protein called Smoothened (SMO), a member of the G 

protein-coupled receptor superfamily. Although the precise mechanism of SMO inhibition by 

PTCH still remains unclear, it is known that PTCH contains a sterol-sensing domain and is 

structurally similar to members of the RND transporter family (Tseng et al., 1999). It has been 
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demonstrated that mutations in the RND permease motif of PTCH diminish the repression of 

SMO (Taipale et al., 2002), suggesting that PTCH may control the influx or efflux of a 

molecule that regulates SMO. In addition, many natural and synthetic SMO agonists and 

antagonists are structurally related to sterols (Ruat et al., 2014). Taken together, it is plausible 

that PTCH regulates SMO by transporting a sterol-like ligand across the membrane, and that 

this ligand either activates or represses SMO.  

Downstream of SMO, the roles of the key intracellular mediators of the pathway have 

yet to be completely delineated in vertebrates; however, it is understood that the primary cilium 

is an essential organelle that facilitates this process (Goetz & Anderson, 2010). Upon HH 

pathway activation, SMO accumulates at the basal body of the primary cilium via interactions 

with b-arrestin and KIF3A (Chen et al., 2004; Kovacs et al., 2008). Simultaneously, the 

ultimate effectors of the pathway, the glioma-associated (GLI) zinc finger transcription factors 

are found at the tip of the primary cilium in complex with a repressive protein called 

Suppressor of Fused (SUFU) (Wen et al., 2010). In the presence of HH ligand, GLI-SUFU 

complexes dissociate, and full-length, activated GLI proteins translocate to the nucleus and 

turn on HH pathway target genes involved in proliferation (Kenney et al., 2003) and cell cycle 

progression (Kenney & Rowitch, 2000). This includes the induced expression of the negative 

regulator PTCH, as well as the GLI genes themselves, suggesting a very tightly regulated 

feedback loop (Figure 1.3A). However, in the absence of HH ligands, GLI remains bound to 

SUFU, which promotes the phosphorylation and subsequent proteolytic processing of GLI to 

a repressive form (GLIR). GLIR translocates to the nucleus and prevents to transcription of 

HH pathway targets (Niewiadomski et al., 2014) (Figure 1.3B).  
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Figure 1.3 Hedgehog signaling in vertebrates. A) In the presence of HH ligand, PTCH1 
cannot inactivate SMO. SMO is internalized and traffics to the primary cilium concurrently 
with SUFU/GLI complexes, which stimulates the dissociation of GLI from SUFU. Full-length 
GLI proteins translocate to the nucleus and turn on HH pathway genes. B) In the absence of 
HH, PTCH1 inactivates SMO, preventing its accumulation at the primary cilium. GLI remains 
bound to SUFU and is phosphorylated by CK1a, PKA, and GSK3b, which promotes 
proteolytic processing by the proteasome. The cleaved and repressive GLI-R isoform 
translocates to the nucleus and prevents the transcription of HH pathway targets.  
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1.2.2 Role in Development 

 The HH pathway plays many diverse roles in development. HH ligands can act as 

morphogens, mitogens, or differentiation factors, depending on the cellular context (Kenney 

et al., 2003; Dessaud et al., 2008; Saldana et al., 2016). SHH is detected as early as E9.5 in 

the mouse embryo, equivalent to approximately the 3rd week of human development, and in 

the region of the notochord (Echelard et al., 1993). In this context, SHH acts as a morphogen. 

Its secretion establishes a concentration gradient along the ventral neural tube which regulates 

the expression of transcription factors. A transcriptional code according to this concentration 

gradient demarcates spatially distinct progenitor domains, which in turn inform ventral CNS 

cell fates (Lupo et al., 2006).  

 During odontogenesis, SHH acts as a mitogen. SHH is produced and secreted by dental 

epithelium, acting in an autocrine manner by enhancing epithelial cell proliferation. It also 

comes in contact with the underlying mesenchyme, in a paracrine manner, to stimulate tooth 

germ growth (Wu et al., 2003). In addition, SHH can act as a differentiation factor in 

embryonic stem (ES) cell and induced pluripotent stem (iPS) cell models of Parkinson’s 

disease (Cooper et al., 2010). Specifically, the addition of SHH promotes the differentiation 

of ES and iPS cells to FOXA2+ neural progenitor cells (NPC), and the sequential addition of 

other factors directs differentiation of NPCs to dopaminergic neurons.  

 

1.2.3 Role in Congenital Syndromes and Cancer 

The consequence of mutations in different HH pathway members is often redundant, 

depending on whether the overall effect of the mutation suppresses or enhances pathway 
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activity. In addition, the timing and location of the mutation in the greater tissue context also 

informs the overall consequence to the organism. The role of the HH pathway in human disease 

was first described in 1996 when inherited inactivating mutations in SHH were linked with 

holoprosencephaly (HPE), a midline defect involving the development of the forebrain and 

midface (Roessler et al., 1996). Inactivating mutations in GLI2 and PTCH1 are also associated 

with HPE (Ming et al., 2002; Roessler et al., 2003). In addition, mutations in GLI3 can give 

rise to three distinctive congenital anomalies: Greig cephalopolysndactyly syndrome, Pallister-

Hall syndrome, and Postaxial polydactyly type A1. Greig syndrome is characterized by 

hypertelorism, preaxial or postaxial polydactyly, and syndactyly. Point mutations, large 

deletions, and translocations around the zinc-finger domain of GLI3 have been described in 

Greig syndrome patients (Kruger et al., 1989; Wild et al., 1997; Demurger et al., 2015). 

Pallister-Hall syndrome patients have postaxial polydactyly, anal abnormalities, and 

hypothalamic hamartomas. Frameshift mutations downstream of the zinc-finger domain of 

GLI3, leading to premature truncation of the protein, have been described in patients (Kang et 

al., 1997). Postaxial polydactyly type A1 is inherited in an autosomal dominant fashion and is 

characterized by the presence of a well-formed and functional supernumerary digit. It is 

associated with mutations closer to the C-terminus of the GLI3 protein (Radhakrishna et al., 

1997). 

Alternatively, inherited mutations that lead to hyperactivation of the pathway often 

predispose to cancer. Indeed, gain-of-function mutations in SHH contribute to the formation 

of basal cell carcinoma (Oro et al., 1997). Also, heterozygous loss-of-function mutations in 

PTCH1 cause Gorlin syndrome or basal cell nevus syndrome, which is characterized by 
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skeletal abnormalities, increased frequency of basal cell cancers, and other neoplasms 

including medulloblastoma (Gorlin, 2004).  HH pathway activation has also been described as 

a driver in different forms of cancer, including pancreatic (Thayer et al., 2003), breast (Kubo 

et al., 2004), small cell-lung cancer (Watkins et al., 2003), gastric adenocarcinoma (Ma et al., 

2005), AML (Wellbrock et al., 2015) and CML (Dierks et al., 2008; Zhao et al., 2009). 

1.2.4 Role in CML 

 The role of the HH pathway in CML was not appreciated until two landmark papers 

were published in 2008 and 2009. Dierks and colleagues and Zhao and colleagues, 

respectively, demonstrated that intact HH signaling was required for CML LSC maintenance. 

 In the Dierks et al. study, they observed that homozygous loss of SMO in mouse fetal 

HSCs retrovirally transduced with BCR-ABL1/GFP had an impaired ability to cause leukemia 

when injected into immunodeficient mice. Indeed, disease latency was increased by more than 

three months in this group compared to wild-type controls, and only 60% of recipients 

developed any lethal disease. To further investigate the effects of HH signaling in the LSC 

compartment, BM from the diseased mice was collected and re-transplanted into secondary 

hosts. No mice receiving SMO-/- BCR-ABL1/GFP+ cells developed leukemia, compared with 

controls, who developed leukemias within two months after secondary transplantation. 

 Next they tested a pharmacological inhibitor of SMO called cyclopamine in 

combination with AMN in vitro and in vivo and observed that the combination was superior to 

a TKI alone in reducing the in vitro colony-forming ability of CML stem and progenitor cells 

from patients, and in decreasing spleen and liver weights in mice. Overall, the results obtained 
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by Dierks and colleagues supported the hypothesis that intact HH signaling, mediated by SMO 

was essential for the expansion of LSCs both in vitro and in vivo. 

 Less than one year later, Zhao et al. published a similar study investigating the effects 

of SMO inhibition on CML cell initiation and maintenance. Using a conditional knockout 

mouse model in which SMO was selectively deleted in hematopoietic cells, they observed that 

mice injected with retrovirally-transduced BCR-ABL1/GFP+ primitive (Lin-Sca-1+c-Kit+, 

LSK) mouse BM cells survived significantly longer than mice with intact SMO (94% recipients 

with intact SMO had CML within 3 months vs 47% in SMO-deficient mice). In addition, SMO-

/- mice had significantly fewer BCR-ABL1/GFP+ LSK cells in the BM compared to mice with 

wild type SMO (2% vs 8%, p<0.01). In a similar experiment, leukemic mice were treated with 

cyclopamine, a pharmacological inhibitor of SMO, and the treated mice survived significantly 

longer than controls (60% treated mice were alive after 7 weeks whereas all control animals 

succumbed to a CML-like disease within 4 weeks) and had significantly fewer BCR-

ABL1/GFP+ LSK cells in their BM (1% vs 14%, p<0.05). These results suggested that HH 

activity is required for the maintenance of LSCs. Taken together with the results from the 

Dierks et al. study, they raised the possibility that the HH pathway, and particularly SMO, may 

be a therapeutic target for drug-insensitive CML LSCs.  

 

1.3 Summary 

 The persistence of LSCs remains a significant barrier to achieving cures in CML 

patients. Great effort has been invested in uncovering alternative mechanisms that LSCs 

exploit to evade eradication by TKIs. One such mechanism is the activation of HH signaling, 
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an important pathway during early embryonic development that has recently been described 

to play a role in LSC maintenance in CML mouse models (Dierks et al., 2008; Zhao et al., 

2009). An attractive therapeutic strategy, therefore, would be the use of a TKI to target the 

bulk of the mature leukemic cells in combination with HH pathway suppression, through the 

inhibition of SMO, to eradicate the CML LSCs. However, the extent to which the HH pathway 

is activated in CML patients is unknown, particularly between IM responders and IM non-

responders, and a better understanding of the reliance of human CML LSCs on HH signalling 

is clearly needed.  

	  
1.4 Hypotheses 

1) The HH pathway is critical for the survival of primitive CML cells. 

2) Inhibition of the HH pathway in addition with a TKI, may provide a more effective 

therapeutic effect on primitive CML cells. 

 

1.5 Thesis Objectives 

1) Investigate the expression of HH pathway genes in HBM controls and CML patient 

samples, and in different hematopoietic cell populations; 

2) determine how ABL1 inhibitor BOS and SMO inhibitor PF913 affect different 

populations of CML cells alone, and in combination; 

3) demonstrate that SMO inhibition via PF913 results in the decreased expression of HH 

pathway target genes. 
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CHAPTER 2 MATERIALS AND METHODS 

 

2.1 Cell Culture 

2.1.1 Patient Samples 

 Heparin-anticoagulated PB or BM cells were collected from healthy donors and CML 

patients at diagnosis, prior to the initiation of TKI therapy. Informed consent was obtained in 

accordance with the Declaration of Helsinki and all procedures were approved by the 

University of British Columbia Clinical Research Ethics Board (certificate number H12-

02372). Mononuclear cells were isolated using Ficoll-Paque density gradient separation and 

CD34+ cells were enriched using the EasySep™ Human CD34 Positive Selection Kit 

(STEMCELL Technologies). Purity was verified by staining isolated cells with an anti-CD34 

antibody conjugated to allophycocyanin (APC) (BD BioSciences, Mississauga, ON) followed 

by flow cytometry on a FACSCalibur™ cytometer (BD Biosciences) and analysis by FlowJo® 

10 software. A purity of at least 85% CD34+ cells was considered acceptable.  

 Purified CD34+ cells were cultured in serum-free medium consisting of Iscove’s 

Modified Dulbecco’s Medium (MDM) with BIT 9500 Serum Substitute supplemented with 

human growth factors (20 ng/mL IL-3, 20 ng/mL IL-6, 100 ng/mL Flt3 ligand, and 20 ng/mL 

G-CSF) (all from STEMCELL Technologies). 

 Samples were obtained from newly diagnosed patients that were retrospectively 

characterized as either IM responders or IM non-responders according to the European 

LeukemiaNet CML treatment guidelines (Baccarani et al., 2013). IM responders were defined 

as individuals who achieved at least a 3-log reduction in BCR-ABL1 transcript levels after 12 
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months using qRT-PCR. CCyR was defined by the absence of Ph+ cells detected by 

cytogenetic analysis or FISH at 6 months. IM non-responders were classified as those that did 

not meet these criteria or that subsequently lost an initial response. 

 

Table 2.1 Clinical information for CML patient samples 

Patient 
number 

 
Sex 

Age at 
Diagnosis 

WBC at 
Diagnosis 
(•103/mL) 

Disease 
Stage at 

Diagnosis 

IM 
Response 

CML 1 M 45 392.3 CP-CML NR 
CML 2 M 22 212.8 CP-CML NR 
CML 3 M N/A N/A CP-CML NR 
CML 4  F 66 492.0 CP-CML NR 
CML 5 M 55 676.6 CP-CML NR 
CML 6 M 48 140.0 CP-CML NR 
CML 7 M 21 202.9 CP-CML NR (BC) 
CML 8 M 24 88.7 CP-CML NR 
CML 9 F 19 355.5 CP-CML NR 
CML 10 M 28 225.5 CP-CML NR (non-

compliant) 
CML 11 M 27 480 CP-CML NR 
CML 12 F N/A 197 CP-CML NR 
CML 13 M 42 244.2 CP-CML NR 
CML 14 F 56 301.6 CP-CML R 
CML 15 M 23 324.4 CP-CML R 
CML 16 F 78 192.3 CP-CML R 
CML 17 M N/A N/A CP-CML R 
CML 18 M 32 353.2 CP-CML R 
CML 19 M 57 450 CP-CML R 
CML 20 M 54 77 CP-CML R 
CML 21 M 59 37.6 CP-CML R 

N/A = not applicable, patient information not available 

2.1.2 Inhibitors 

 BOS and PF-04449913 were obtained from Pfizer (New York, NY) and reconstituted 

from powder in 100% DMSO. Drugs were stored at -20°C as 10 mM stock solutions. Working 
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solutions were made by diluting the stock solution 1/10 in 40% DMSO in Iscove’s MDM. 

Subsequent dilutions, if necessary, used Iscove’s MDM alone. 

2.1.3 Fluorescence-Assisted Cell Sorting 

 Primary mononuclear PB or BM cells were isolated and washed with Hank’s Balanced 

Salt Solution (HBSS) (STEMCELL Technologies) with 2% FBS. Cells were then stained with 

anti-human CD38-FITC and CD34-APC antibodies (both from BD Biosciences) and incubated 

on ice for 30-45 minutes. Cells were then washed with HBSS with 2% FBS and 1 µg/mL PI 

and filtered. CD34+ subpopulations were sorted as described previously (Jiang et al., 2007) 

and used for experimental applications. 

 

2.2 Molecular Techniques 

2.2.1 RNA Extraction 

 Total RNA was extracted using TRIzol® (ThermoFisher Scientific, Burlington, ON) 

according to the manufacturer’s instructions. 10 µg RNase-free glycogen was added as a 

carrier to assist with the visualization of the RNA pellet. Purified RNA was diluted in 

UltraPure™ DNase/RNase-free distilled water (ThermoFisher Scientific, Burlington, ON) and 

stored at -80°C. RNA purity was determined by the A260/A280 optical density (OD) ratio and 

the RNA concentration was measured using a NanoDrop™ spectrophotometer (ThermoFisher 

Scientific, Burlington, ON). 

2.2.2 RNA Sequencing and Bioinformatic Analysis  

 1 µg total RNA was isolated from CD34+ cells isolated by FACS from 3 healthy BM 

(HBM) control samples, 3 IM responder CP-CML patient samples, and 3 IM non-responder 
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CP-CML patient samples. Polyadenylated mRNA was purified using the MultiMACS mRNA 

Isolation Kit (Miltenyi Biotec, Auburn, CA) and cDNA was synthesized using the Maxima H 

Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientific). cDNAs were amplified 

using the Illumina PE primer set and paired-end sequenced on the HiSeq 2000 platform 

(Illumina, San Diego, CA) at the BC Genome Sciences Centre (Vancouver, BC).  

The resulting sequence data was aligned to GRch37-lite genome-plus-junctions 

reference using the Burrows-Wheeler Aligner and human reference genome version 10 

coordinates (Li et al., 2009; Butterfield et al., 2014). Raw read values were expressed as reads 

per kilobase of transcript per million mapped reads (RPKM) and coverage was determined by 

summing the sequence reads for protein-coding genes, pseudogenes, processed transcripts, and 

other non-coding RNAs. 	 

Differential gene expression between HBM controls and CP-CML samples was 

quantified using DESeq2 analysis (Love et al., 2014). To minimize a high false discovery rate, 

p-values were adjusted using the Benjamini-Hochberg (B-H) method (Benjamini & Yekutieli, 

2001). 

2.1.3 Quantitative Reverse Transcription Polymerase Chain Reaction 

 100-200 ng RNA was reverse transcribed into cDNA using the Superscript® VILO 

cDNA Synthesis Kit (ThermoFisher Scientific) according to the manufacturer’s instructions. 

The resulting cDNA was then diluted 1/10 in ddH2O. qRT-PCR was performed with 1X SYBR 

Green PCR Master Mix (ThermoFisher Scientific), 50% v/v diluted cDNA, and 5 nmol each 

of the forward and reverse primers in a 96-well plate using a 7500 Real Time PCR System 

(ThermoFisher Scientific). SYBR was used as the reporter dye and ROX as the passive 
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reference. Gene expression was quantified using the DDCt method with b2-microglobulin 

(b2M) as the housekeeping control gene. Primers used are listed in Table 2.2.  

Table 2.2 Specific primer sequences for qRT-PCR 

Primer Sequence (5¢à3¢) 
b2M-F TAGCTGTGCTCGCGCTACT  
b2M-R TCTCTGCTGGATGACGTGAG  
PTCH1-F CCACAGAAGCGCTCCTACA 
PTCH1-R CTGTAATTTCGCCCCTTCC 
SMO-F TTACCTTCAGCTGCCACTTCTACG 
SMO-R GCCTTGGCAATCATCTTGCTCTTC 
GLI1-F TTCCTACCAGAGTCCCAAGT 
GLI1-R CCCTATGTGAAGCCCTATTT 
GLI2-F GGATTCCAGCTGTCTTGTCTT 
GLI2-R CCAGAGAGGATGCCCATAAAC 

 

2.3 Biological Assays 

2.3.1 Viability Assay  

1.2´104 CD34+ CML cells were seeded in Falcon® 96-well round-bottom tissue culture plates 

(Corning) containing 100 µL serum-free medium with growth factors ± inhibitors, and cell 

viability was assessed after 72 hours using the trypan blue exclusion method. Total viable cell 

numbers were determined using a Neubauer hemocytometer and expressed as a percentage 

relative to untreated controls. 

2.3.2 Apoptosis Assay 

 To quantify cell apoptosis, the Annexin V Apoptosis Detection Kit APC (eBioscience, 

San Diego, CA) was used according to the manufacturer’s instructions. Cells were harvested 

after 72-hour exposure to inhibitors and stained with an Annexin V-APC antibody and PI. 

Flow cytometry analysis was performed and the proportion of apoptotic cells was determined 
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by summing “early” (Annexin V+/PI-) and “late” apoptotic (Annexin V+/PI+) cell 

subpopulations. This number was expressed as a percentage above the amount of apoptosis in 

untreated controls, in order to account for the variability in the level of basal apoptosis between 

primary patient samples. 

2.3.3 CFC Assay 

 103 CD34+ cells ± inhibitors were plated in duplicate 35 mm cultures dishes 

(STEMCELL Technologies) per 1 mL of MethoCult™ H4230 (STEMCELL Technologies) 

medium with growth factors (20 ng/mL IL-3, 20 ng/mL IL-6, 50 ng/mL G-CSF, 50 ng/mL 

GM-CSF, and 2 U/mL EPO, all from STEMCELL Technologies). After a 12-14-day 

incubation at 37ºC and 5% CO2, erythroid, granulopoietic, and mixed colonies were 

enumerated and the numbers of test arms expressed as a percent of the numbers measured in 

parallel untreated control assays (Hogge et al., 1996). Mixed colonies (GEM; granulocyte/ 

erythroid/macrophage) composed a very small proportion of the total colony number (never 

more than two colonies in any given assay), so I decided to remove them from all figures. 

 To investigate the effect of drugs on more primitive hematopoietic cells, the resulting 

colonies from the CFC were isolated, individual cells counted, and 104 cells per 1 mL of 

MethoCult™ H4230 with growth factors and without drugs were re-plated in duplicate. 

Colonies were scored 7 days later in the same manner as above. The CFCs derived from the 

re-plating experiment were expressed as a percent of the total number of cells harvested at the 

end of the 2-week replating experiment, and back calculated per the original input of 103 cells 

per 1 mL MethoCult™ into the initial CFC. The resulting value from the untreated control was 
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considered 100%, that is, no change in re-plating potential because there was no treatment. All 

values from the treatment arms were expressed as a percentage of the untreated control. 

 

2.3.4 Long-term Culture-Initiating Cell (LTC-IC) Assay 

 To investigate the effect of inhibitors on primitive leukemic stem cells, the LTC-IC 

assay was utilized (Hogge et al., 1996). 2 x 104 CD34+ cells were cultured for 6 weeks in 

MyeloCult™ H5100 medium (STEMCELL Technologies) in Falcon® 24-well flat bottom cell 

culture plates on a mix of 2 irradiated mouse stromal cell lines that have been genetically 

engineered to secrete human growth factors (IL-3, G-CSF, and stem cell factor; kindly 

provided by Dr. C. Eaves, BC Cancer Agency, Vancouver). Inhibitors were added at the outset 

of the experiment, and one half medium changes were performed once per week without the 

addition of inhibitors. After 6 weeks, the cells were harvested and 104 viable cells per 1 mL 

Methocult™ H4230 with growth factors were plated in CFC assays as described above. Results 

were calculated by dividing the number of CFC colonies by the number of cells plated into the 

CFC. This value was then multiplied by the total number of cells harvested from the liquid 

culture after six weeks and then divided by the original input of 2 x 104 cells. Similar to the 

CFC, all values were expressed as a percentage and normalized to the untreated control. 
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CHAPTER 3 RESULTS 

 

3.1 Identification of differentially expressed HH pathway-associated genes in CD34+ 

CML cells compared with HBM controls 

RNA sequencing (RNA-seq) was performed on three CD34+ HBM controls and six 

CD34+ CML patient samples obtained at diagnosis. The differential expression of 42 HH 

pathway-associated genes (Briscoe & Therond, 2013; Kanehisha et al., 2017) was investigated 

using Bioconductor DESeq2 analysis (Love et al., 2014). Of the 42 genes investigated, 17 were 

significantly (Benjamini-Hochberg-adjusted p-value<0.05) differentially expressed (-

0.58<log2 fold change>0.58; corresponds to 1.5-fold) in CD34+ cells from the CML samples 

compared with HBM controls (Table 3.1). For these, transcript levels of 10 genes were 

decreased in the CML samples and 7 genes were increased. In particular, transcripts for one of 

the principal HH pathway genes, GLI2, were particularly elevated in the CD34+ CML cells 

(67-fold, p=1.11´10-18, Figure 3.1). In addition, SMO transcripts were higher (1.7-fold), 

transcripts of the negative-regulator PTCH1 were slightly lower (1.6-fold), and transcripts of 

GLI1 were significantly reduced (4.3-fold, p=1.73´10-5). These results suggest that the HH 

pathway is more active in CD34+ CML cells compared with CD34+ cells from HBM. 
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Figure 3.1 Identification of differentially expressed HH pathway-associated genes in 
CD34+ CML cells compared with HBM controls. A) Volcano plot demonstrating differential 
gene expression of 42 HH pathway-associated genes between CD34+ CML patient samples 
(n=6) and HBM controls (n=3) by Bioconductor DESeq2 analysis. The principal HH pathway 
genes are highlighted in red. The size of the dots corresponds to mean expression level in 
absolute read counts and normalized for sequencing depth. The broken red line demarcates the 
threshold of significance (Benjamini-Hochberg-adjusted p-value < 0.05). B) Expression of the 
principal HH pathway genes between HBM and CML quantified in RPKM. **** = p<0.0001. 
The RNA-seq experiment and DESeq2 analysis was performed by Dr. Hanyang Lin in 
collaboration with Dr. Ryan Brinkman of the Terry Fox Laboratory, BC Cancer Agency. I 
extracted the results for the relevant genes and Robert Izett, UBC, created Panel A. 
 
 
Table 3.1 Differential expression of 42 HH pathway-associated genes between 3 
CD34+ HBM and 6 CD34+ CML samples by RNA-seq analysis 
 
 

Gene Name 
Sequencing Mean 

Expression 
(absolute 

normalized read 
count) 

Fold Change 
(log2) 

Benjamini-
Hochberg 

Adjusted p-value 

GLI2 630 6.1 1.11E-18 
KIF3B 2500 -0.83 1.05E-08 
ARRB1 4100 1.1 2.80E-07 
CUL3 9000 -0.69 1.30E-06 
NUMB 6300 -0.75 1.35E-06 

CSNK1A1 17000 -0.50 1.19E-05 
GLI1 76 -2.1 1.73E-05 

STK36 1900 1.2 2.57E-05 
FBXW11 3500 -0.88 0.00013 

A)   B)  
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Gene Name 

Sequencing Mean 
Expression 
(absolute 

normalized read 
count) 

Fold Change 
(log2) 

Benjamini-
Hochberg 

Adjusted p-value 

EVC 2200 2.0 0.00016 
BOC 5.4 -3.8 0.00138 
SUFU 1700 -0.84 0.00150 

GSK3B 7700 -0.75 0.00212 
CCND1 510 1.7 0.00293 

MYC 18000 1.2 0.00694 
KIF7 1500 -0.71 0.01638 
EVC2 560 1.0 0.01992 
GLI4 630 0.35 0.04043 

PRKACA 2800 0.32 0.05779 
LRP2 66 1.1 0.05804 
BMI1 8400 0.38 0.06114 

PTCH2 370 -0.50 0.06701 
SMO 1500 0.79 0.07276 

ARRB2 3500 -0.32 0.10527 
PRKACB 22000 0.35 0.13193 

IHH 5.1 -1.4 0.15359 
KIF3A 970 0.27 0.25332 
BCL2 3400 0.35 0.28759 
CDO1 8.2 -1.2 0.29298 
KIF3C 2000 -0.25 0.43424 
CUL1 7600 -0.13 0.46816 
GLI3 120 1.0 0.51055 

PTCH1 38 -0.72 0.53682 
DHH 6.2 -0.79 0.54207 
HIP1 6800 0.14 0.56271 

SPOPL 6700 -0.11 0.74558 
GPR161 340 -0.17 0.75306 

GAS1 36 0.36 0.79083 
SHH 2.8 0.029 0.98689 

PRKACG 0.19 0.12 NA 
HHIP 230 -6.9 NA 
IGF2 77 -7.6 NA 
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3.2 Several key genes in the HH pathway are differentially expressed in CD34+ cells 

from IM non-responders compared to IM responders 

Next, gene expression differences between IM responder and IM non-responder patient 

samples were compared using RNA-seq analysis. Of the six CD34+ CML patient samples used 

for the experiment, three were retrospectively characterized as IM responders, and three were 

non-responders. In general, the variation in expression was high in all of the investigated genes, 

which precluded most of the genes from reaching statistical significance (Table 3.1). Of the 

four principal HH pathway genes (SMO, GLI2, GLI1, PTCH1), transcripts for GLI1 were 

marginally significantly more decreased in IM responders than in non-responders (Figure 

3.2A) but for PTCH1 were not different. SMO transcripts were slightly higher in IM responder 

patient samples (1.4-fold relative to HBM), and even more so in IM non-responders (2.4-fold 

relative to HBM). GLI2 transcripts followed a similar, yet more striking pattern to SMO 

transcripts in being more elevated in IM responders (48-fold relative to HBM), and even more 

so in IM non-responders (166-fold relative to HBM; 3.5-fold relative to IM responders). 

To further test these RNA-seq results, qRT-PCR was performed in more patient 

samples. The results of these measurements generally mirrored those obtained by RNA-seq 

(Figure 3.2B). Specifically, GLI2 transcripts were significantly higher in CD34+ cells from IM 

non-responders compared to those from IM responders (4-fold, p<0.05), and significantly 

higher in CD34+ cells from IM non-responders compared to those from HBM (60-fold, 

p<0.01). SMO transcripts followed a similar pattern (higher in IM non-responder cells 

compared to IM responders (2.6-fold, p<0.05), and significantly higher in IM non-responder  
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Figure 3.2 Several key HH pathway genes are differentially expressed in CD34+ cells 
from IM non-responders compared with IM responders. A) Expression of principal HH 
pathway genes relative to CD34+ HBM cells (black bar, n=3) in IM responders (CML IM-R, 
blue bar, n=3) and IM non-responders (CML IM-NR, red bar, n=3) from RNA-seq. B) qRT-
PCR validation on 8 CD34+ HBM, 8 CD34+ CML IM responders, and 9 CD34+ CML IM 
non-responder samples. Individual values are shown as shapes and bars represent the mean ± 
SEM. (*=p<0.05; **=p<0.01). Statistical significance was determined by one-way ANOVA 
using the Bonferroni correction for multiple testing. From the raw RNA-seq files, I extracted 
the relevant gene expression information to make Panel A. I performed qRT-PCR on 
approximately half of the samples used for the validation study in Panel B, and the results 
from the remainder of the samples were provided by Dr. Katharina Rothe, Terry Fox 
Laboratory. 

A)  

B)  
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cells relative to HBM (3.6 fold, p<0.01). Taken together, these results suggest that the HH 

pathway may be more critical in regulating the properties of stem/progenitor cells from IM 

non-responder patients compared with IM responders. 

 

3.3 The transcript levels of GLI2 and SMO are more highly expressed in the more 

primitive CD34+ CML cells  

qRT-PCR analysis of HH pathway-associated gene expression in different 

subpopulations of CD34+ was then also performed. Relative to CD34- CML cells, GLI2 

transcripts were highly increased in the Lin-CD34+38- (stem-enriched) fraction (38-fold), 

compared with the Lin-CD34+38+ (progenitor) subpopulation (7-fold), and the difference 

between the stem-enriched fraction and the progenitors and mature cells was statistically 

significant (Figure 3.3, p<0.05). This effect was amplified when comparing the differences in 

GLI2 expression in the different CD34-subpopulations between IM responders and IM non-

responders. Compared with IM responders, IM non-responder cells expressed GLI2 at a level 

>4-fold higher than in the stem-enriched subpopulation. A similar effect was seen, but to a 

lesser extent, in the other subpopulations from IM responders and non-responders. 

SMO transcripts were also present at higher levels in the stem-enriched fraction relative 

to CD34- CML cells (10-fold), with a similar expression level seen in the progenitor subset as 

well. Again, this effect was exacerbated when comparing IM non-responders and IM 

responders, in that the non-responders expressed SMO in the stem/progenitor fractions to a 

greater extent than the IM responders (7-fold). 
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Figure 3.3 Transcript levels of GLI2 and SMO are higher in primitive hematopoietic 
cell subpopulations compared with more mature cells. Relative GLI2 and SMO 
expression by qRT-PCR in Lin-CD34+CD38- stem-enriched subpopulation (circles), Lin-

CD34+CD38+ progenitor subpopulation (squares), and Lin+CD34-  mature hematopoietic 
subpopulations (triangles). The first column from left (purple) demonstrates SMO and GLI2 
expression in all CML patient samples (n=9). The second column is expression in IM non-
responders (n=5, red symbols) and IM responders (n=4, blue symbols). Each dot represents 
the relative expression of a particular patient sample with mean expression ± SEM also 
plotted. *=p<0.05, **=p<0.01. Statistical significance was determined by one-way ANOVA 
using the Bonferroni correction for multiple testing.  Dr. Katharina Rothe sorted the cells and 
performed the qRT-PCR experiment and I generated the figure from the raw data. 
 

These results demonstrate that both SMO and GLI2 are most highly expressed in the 

stem-enriched subpopulation in both IM responder and IM non-responder CML patient 

samples, compared with more mature cell subsets. Most interestingly, they were more highly 
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expressed in the stem-enriched fraction from IM non-responder patient samples compared with 

IM responders, which may indicate that IM non-responders utilize the HH pathway as a pro-

survival mechanism to evade eradication by TKIs. 

 

3.4 CD34+ cells from IM non-responders are more sensitive to SMO inhibition in vitro 

compared with IM responder cells  

 Next, I interrogated the effect of a highly selective SMO inhibitor, PF-04449913 

(further referred to as PF913) on different CML cell populations. I first performed relatively 

short-term assays of CD34+ cell viability and apoptotic responses. After 72 hours exposure, 

PF913 had a modest effect on the viability and apoptosis of CD34+ cells from IM responders. 

Specifically, at doses up to 10 µM, viability decreased by 31% and apoptosis was induced in 

only 2% of cells (n=3, Figure 3.4A and B, blue bars). CD34+ cells from IM non-responders 

showed a slightly greater decrease in cell viability (43% reduction), and more apoptosis (10%) 

compared with IM responders (n=3, Figure 3.4A and B, red bars). However, the differences 

between these two groups were modest and only marginally significant.  

To examine the effects of SMO inhibition on more primitive leukemic cells, I tested 

PF913 on CD34+ CML cells using the CFC assay. Compared with CD34+ CML cells from IM 

responder patients (n=3), IM non-responders (n=3) were slightly more sensitive to PF913 

(Figure 3.4C, 19% vs 10% reduction in colony formation relative to control assays without 

PF913). The drug did not appear to differentially target particular colony types in either IM 

responder or IM non-responder patient samples. All cells from the CFC assay were harvested 

and a proportion re-plated in fresh methylcellulose without drugs and enumerated 7 days later. 
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Re-plating interrogates a more primitive subset of leukemic progenitors that retain or have 

generated CFC capacity during the first two weeks in culture. PF913 did not have any effect 

on re-plated cells from IM responders, but resulted in a significant reduction in CFC yields 

from the primary re-plated assays compared with untreated control assays of the IM non-

responder patient samples (2-fold, p<0.01, Figure 3.4D).  

Overall, these results suggested that more primitive leukemic cells are more sensitive 

to SMO inhibition and that IM non-responders are more sensitive to SMO inhibition compared 

with IM responders. These results are in concordance with the gene expression data described 

in Chapter 3.2 and 3.3 and supported the hypothesis that the cell subsets that express key HH 

pathway genes to a greater extent are more sensitive to HH pathway inhibition.  
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Figure 3.4 CD34+ cells from IM non-responders are more sensitive to SMO inhibition 
in vitro compared to IM responders. A) Viability assay in CD34+ cells after 72-hour 
exposure to increasing doses of PF-04449913 using trypan blue exclusion (n=3). B) Apoptosis 
assay in CD34+ cells after 72-hour exposure to increasing doses of PF-04449913 using PI and 
Annexin V staining followed by FACS analysis (n=3) *=p<0.05. C) CFC assay (n=3). CD34+ 

CML cells were plated in methylcellulose with growth factors ± inhibitors and colonies were 
enumerated and distinguished by type 14 days later D) CFC re-plating assay (n=3). A 
proportion of the cells from the CFC assay were harvested and re-plated into fresh 
methylcellulose with growth factors and no drugs. Colonies were enumerated and 
distinguished by type 7 days later. **=p<0.01. Blue bars represent IM responders and red bars 
represent IM non-responders. Bar patterns refer to colony-type based on morphology. BFU-E 
= burst-forming unit-erythroid, CFU-GM = colony-forming unit-granulocyte/ macrophage. 
Values represent mean ± SEM. Statistical significance was determined using a two-tailed 
Student’s t-test. I performed all assays that contributed to this figure. 
 

 

 

 

A)   B)  

C)   D)  
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3.5 CD34+ stem/progenitor cells from IM non-responders are sensitive to 

simultaneous SMO inhibition via PF913 and BCR-ABL1 via BOS 

 Since CD34+ cells from IM non-responders were more sensitive to SMO inhibition 

compared with IM responders, and represent a more clinically interesting patient population, 

I decided to focus further experiments on IM non-responder patient samples. Viability, 

apoptosis, CFC, CFC re-plating, and LTC-IC assays were then performed in order to compare 

the effect of PF913 with a second generation ABL1 inhibitor, BOS on CD34+ CML cells. I 

hypothesized that a combination approach might be more effective on IM-insensitive leukemic 

stem/progenitor cells compared to either agent alone. While primary CD34+ CML cells did not 

appear to be very sensitive to PF913 alone (Figure 3.4A), reported IC50s for BOS are in the 

low nanomolar range in BCR-ABL+ cell lines (Puttini et al., 2006; Keller-von Amsberg & 

Koschmieder, 2013) and in the low micromolar range for CD34+ CFCs from CML patients 

(Konig et al., 2008). In preliminary experiments with BOS alone at varying concentrations in 

CFC assays of 6 CML samples, I determined the IC50 to be 2 µM (Figure 3.5.1), which is 

similar to the value previously reported (Konig et al., 2008). In short-term (72-hour) viability 

assays, I observed an approximate 50% reduction in cell viability at approximately 0.5 µM 

BOS (Figure 3.5.2A). 

In short-term (72-hour) viability and apoptosis assays, the drug combination was not 

superior to single agents in CD34+ cells from three IM non-responder samples (Figure 3.5.2 

A&B), and indeed, PF913 alone had no effect. In CFC assays, a significant decrease in colony 

number was observed in the combination treatment arm relative to single treatment with BOS 
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(n=3, Figure 3.5.2C, 54% vs 69% reduction, p<0.01), and colonies were almost completely 

ablated upon re-plating in the combination treatment arm (11% colonies remaining),  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5.1 Optimization of BOS dose in CD34+ CML CFCs. CD34+ cells from 6 CML 
samples were exposed to increasing doses of BOS. Bar patterns refer to colony-type based on 
morphology. BFU-E = blast-forming unit-erythroid, CFU-GM = colony-forming unit-
granulocyte/ macrophage. Values represent mean ± SEM. I performed all the CFC assays that 
contributed to this figure. 

Figure 3.5.2 CD34+ cells from IM non-responders are sensitive to simultaneous SMO 
inhibition via PF913 and BCR-ABL1 via BOS. A) Viability assay after 72 hours using 
trypan blue exclusion method. Cells were exposed to 1 µM PF913 ± 0.5 µM BOS (n=3). B) 
Apoptosis assay after 72 hours using Annexin V/PI staining followed by FACS analysis at the 

A)   B)  

C)   D)   E)  
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same doses used for the viability experiment (n=3). C) CFC assay using 5 µM PF913 and 1 
µM BOS (n=3) followed by D) Re-plating experiment. E) LTC-IC-derived CFC 
measurements were performed on CD34+ CML cells by exposing cells to 5 µM PF913 and 2 
µM BOS for one week followed by half medium changes without drugs for 6 weeks. The cells 
were cultured on mouse stromal cells for this period. The cells were then harvested and a 
proportion plated into CFC and colonies enumerated after 2 weeks (n=2). Bar patterns refer to 
colony-type based on morphology. BFU-E = burst-forming unit-erythroid, CFU-GM = colony-
forming unit-granulocyte/ macrophage. All bars represent mean ± SEM. *=p<0.05, 
**=p<0.01. I performed all the assays that contributed to this figure. 
 

compared with PF913 (55%, p<0.01) and BOS (20%) alone. In the LTC-IC-derived CFC assay 

(an in vitro stem cell assay), PF913 treatment alone reduced colony-forming unit (CFU) output 

by 31% compared with an untreated control (Figure 3.5.2E) and BOS alone reduced CFU 

output by 73%, however, the combination was not significantly better than BOS alone (76% 

reduction). 

 

3.6 PF913 and BOS are well-tolerated in CD34+ HBM 

 CFC assays were employed to investigate the toxicity of PF913 and BOS alone, 

and in combination in CD34+ HBM samples. Overall, PF913 was very well-tolerated. Indeed, 

at doses up to 20 µM, only a 15% reduction in colony-forming ability was observed. For BOS, 

colony-forming ability was impaired by 49% at 10 µM (Figure 3.6), suggesting that the doses 

used in the CML samples (1-2 µM) would have a minimal detrimental effect on normal cells.  

In addition, three different doses of PF913 (1,5,10 µM) were tested in combination with 1 and 

2 µM BOS to determine whether the combination used in the CML cells would be toxic to 

HBM. At all doses and combinations tested, colony-forming ability was reduced by no more 

than 24%. 
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Figure 3.6 PF913 and BOS are well-tolerated by CD34+ HBM cells. CFC assay in 3 
HBM samples tested with various doses of PF913 ± BOS. Blue bars correspond to PF913 
treatment alone, green bars = BOS treatment alone, red bars = combination. The patterns within 
the bars correspond to the proportion of colony types based on morphology. BFU-E = burst-
forming unit-erythroid, CFU-GM = colony-forming unit-granulocyte/macrophage. Bars 
represent the mean relative to an untreated control  ± SEM. I performed all the CFC assays 
that contributed to this figure. 
 

3.7 PF913 treatment results in the decreased expression of GLI2 selectively in 

CD34+38- CML cells 

 In order to demonstrate that PF913 could specifically repress the HH pathway via SMO 

inhibition, I used qRT-PCR to track gene expression changes of downstream HH pathway 

members PTCH1, SMO, GLI1 and GLI2 after treatment. Based on my previous results that the 

HH pathway, and particularly that GLI2, was most highly expressed in the stem-enriched (Lin-

CD34+CD38-) subpopulation, I hypothesized that HH pathway inhibition, and consequently 

GLI2 suppression, would be strongest in this subpopulation relative to the others. CD34+ cells 

were cultured overnight (approximately 16 hours) at approximately 5 x 105 cells/mL in serum-

free medium with growth factors ± inhibitors. In addition, CD34- cells were retained from the 
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CD34 enrichment procedure and cultured in the same conditions and used as a control 

population. Indeed, after overnight exposure to PF913 in combination with BOS, a 53% 

decrease in expression of GLI2 was observed in the stem-enriched subpopulation with the 

combination treatment in patient sample CML IM-NR1. However, no decreases were detected 

in any of the treatments of the progenitor (Lin-CD34+CD38+) and mature (CD34-) 

subpopulations in this sample (Figure 3.7A). This finding suggested that the combination was 

most effective at reducing the expression of GLI2, a critical regulator downstream of SMO, 

selectively in the stem-enriched subpopulation. In contrast, SMO expression did not change in 

any of the CD34-subpopulations in patient sample CML IM-NR1 (Figure 3.7D), as expected, 

since SMO itself is not a downstream target of the GLI transcription factors. PTCH1 and GLI1 

expression also did not change significantly after treatment (data not shown), very likely due 

to their downregulation at the transcript level in CML cells (Figure 3.1). 

A similar, but less striking effect was observed in a second patient sample (CML IM-

NR2, Figure 3.7B & E). In the stem-enriched subpopulation, GLI2 expression was reduced by 

25% with the combination treatment, and was relatively unchanged in the progenitor and 

mature subpopulations (Figure 3.7B). SMO (Figure 3.7E), GLI1, and PTCH1 transcripts 

remained unchanged across all CD34-subpopulations investigated (data not shown for GLI1 

and PTCH1).  

In a third patient sample (CML-NR3, Figure 3.7 C & F), GLI2 expression decreased 

by 48% in the stem-enriched subpopulation after combination treatment with PF913 and BOS 

relative to the untreated control, but no changes were observed in the progenitor and mature 

subpopulations, in agreement with the results demonstrated in the previous patient samples. 
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However, SMO expression also decreased by 48% in the stem-enriched subpopulation in the 

combination treatment arm relative to an untreated control (Figure 3.7F), which was 

unexpected. In contrast, there was no change in SMO expression in the progenitor and mature 

subpopulations. 

While all patient samples expressed GLI2 to the greatest extent in the stem-enriched 

subpopulation, expression in the progenitor subpopulation was less uniform. GLI2 was 

similarly expressed in both the stem-enriched and progenitor subpopulation in CML IM-NR1 

(Figure 3.7A), but greatly reduced in the progenitor subpopulation relative to the stem-

enriched subpopulation in both CML IM-NR2 (Figure 3.7B) and CML IM-NR3 Figure 3.7C), 

demonstrating the variability of HH pathway activation and expression between different 

patient samples. SMO expression was also variable across different CD34-subpopulations and 

between different patient samples. Performing this experiment in more patient samples may 

yield more consistent results. 
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Figure 3.7 PF913 treatment decreases expression of GLI2 selectively in primary 
CD34+38- CML cells. A,B,C) qRT-PCR analysis of GLI2 and D,E,F) SMO expression in 
subpopulations in three CML IM non-responder patient samples treated with PF913 (5 µM) or 
BOS (2 µM), alone or in combination for 16 hours in serum-free medium ± inhibitors. Bars 
represent the mean ± SEM. Cell sorting was assisted by Dr. Wenbo Xu, Flow Core, BC Cancer 
Agency. I performed all other procedures that contributed to this figure.  
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CHAPTER 4 DISCUSSION 

 

4.1 Discussion 

CML treatment has been revolutionized by ABL1 TKIs. However, the disease remains 

incurable via this approach, in part due to the persistence of drug-insensitive LSCs (Corbin et 

al., 2010; Chu et al., 2011; Hamilton et al., 2012) which rapidly generate therapy-resistant 

clones and are responsible for disease relapse in CML patients (Mahon et al., 2011). Recently, 

it has been proposed that the HH pathway, which is critical during embryonic development, is 

also important for CML initiation and LSC maintenance (Dierks et al., 2008; Zhao et al., 

2009). This has prompted interest in further studies of the HH pathway as a therapeutic target 

in CML cells. In addition, it was unknown whether the principal HH pathway genes might be 

differentially expressed in CML cells of IM responders and IM non-responders.  

In this study, I investigated expression changes of HH pathway-associated genes in 6 

CD34+ CML and 3 HBM control samples revealed by RNA-seq. I discovered that of the 42 

HH pathway genes interrogated (Briscoe & Therond, 2013; Kanehisha et al., 2017), 17 were 

significantly differentially expressed in CML relative to HBM controls (Figure 3.1 and Table 

3.1). Interestingly, two of the positive regulators of the HH pathway, SMO and GLI2, were 

highly upregulated in CML compared with controls. In addition, when the CML samples were 

retrospectively characterized as IM responders and IM non-responders, the non-responder 

samples expressed GLI2 and SMO to a greater extent compared with responders. These results 

were validated in more patient samples using qRT-PCR (Figure 3.2) and suggest that the HH 
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pathway is aberrantly expressed in CML cells and may constitute a mechanism by which the 

LSCs are maintained. 

Next, I interrogated the expression of SMO and GLI2 in different CD34-subpopulations 

in both IM responder and IM non-responder patient samples. GLI2 was most highly expressed 

in the stem-enriched, CD34+38- subpopulation, compared with the progenitor (CD34+38+) and 

mature (CD34-) subpopulations, whereas SMO was more uniformly expressed across the stem-

enriched and progenitor subpopulations. When comparing IM responders versus IM non-

responders, the IM non-responders expressed both genes to a greater extent compared with the 

responders, similar to the results obtained in the RNA-seq and qRT-PCR experiments (Figure 

3.3). Taken together, I hypothesized that the HH pathway was more critical for CML stem 

cells in IM non-responders compared with IM responders. Further, I hypothesized that IM non-

responders would be more sensitive to HH pathway suppression via the SMO inhibitor PF-

04449913 (PF913). 

I tested PF913 in CD34+ primary CML patient samples from IM responders and IM 

non-responders in a variety of assays to determine the effect of the drug on different CML cell 

populations. Initially, I investigated the effect of SMO inhibition in short-term assays by 

viability and apoptosis analysis after 72-hour treatment with PF913 (Figure 3.4A & B). At 

increasing doses of PF913, IM non-responder samples showed a greater reduction in viability 

and a greater proportion of apoptotic cells relative to the non-responder samples. Next, I tested 

PF913 on CML progenitor cells by CFC and CFC re-plating assays. The IM non-responder 

samples were only slightly more impaired in colony-forming ability relative to IM responders 

in CFC (Figure 3.4C), however, re-plating potential was significantly impaired in IM non-
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responders compared with responders (55% vs 107%, p=0.0026, Figure 3.4D), suggesting that 

more primitive CML cells are more severely impacted by SMO inhibition, particularly in IM 

non-responders. With this in mind, I focused further studies on IM non-responder patient 

samples exclusively. 

 I tested a combination approach of a second generation ABL1 inhibitor bosutinib 

(BOS) with PF913 in viability, apoptosis, CFC, CFC re-plating and LTC-IC assays. The 

combination treatment was significantly better at impairing colony-forming ability relative to 

single treatment with BOS (31% vs 46%, p<0.01, Figure 3.5.2C) and also significantly better 

at reducing re-plating potential relative to single agent PF913 (11% vs 55%, p<0.01, Figure 

3.5.2D), however, the combination was not superior to single agents in LTC-IC assays, which 

was surprising as HH pathway members GLI2 and SMO were most highly-expressed in the 

stem-enriched subpopulation, so I hypothesized that pathway inhibition would be most 

detrimental to this subpopulation (Lin-CD34+CD38-).  

A caveat of the LTC-IC assay is that only two patient samples were utilized for this 

experiment. It is often the case that different patient samples will respond quite differently to 

drugs across a variety of assays, and these differences are exacerbated in longer term assays 

that detect more primitive cells. This may be due to the fact that different patient samples 

harbour differing amounts of residual normal cells (Ph-) that can expand in long term assays 

(Coulombel et al., 1983). Isolating multiple LTC-IC CFC colonies from each treatment arm 

and performing colony PCR to detect BCR-ABL1 expression would help to estimate the 

proportion of normal colonies in the patient sample. As well, performing the assay in more 

patient samples may yield more generalizable results. Alternatively, it may be that the HH 
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pathway is critical to a distinct population of leukemic cells that cannot be adequately 

evaluated by the LTC-IC assay. For example, it appears as though PF913 alone was most 

effective on re-plated cells (45% reduction in CFC output relative to an untreated control), 

which represent more primitive progenitor cells, but not quite as primitive as LTC-ICs. To 

further tease apart the role of the HH pathway in such a population, cell sorting experiments 

followed by qRT-PCR (similar to procedure in Chapter 3.7) could be performed in 

intermediate hematopoietic cell types identified phenotypically as common myeloid 

progenitors (CMP; Lin-CD34+CD38+CD123+CD45RA-) granulocyte-macrophage progenitors 

(GMP; Lin-CD34+CD38+CD123+CD45RA+), and megakaryocyte-erythroid progenitors 

(MEP; Lin-CD34+CD38+CD123-CD45RA-; Figure 1.1). Additionally, these cells could be 

sorted and then plated into CFC or other assays including viability/apoptosis, to determine the 

effects of PF913 and BOS in these more narrowly defined hematopoietic progenitor 

populations. 

 Lastly, I investigated the mechanism by which PF913 suppresses HH pathway activity 

by tracking gene expression changes after treatment in different CD34-subpopulations using 

qRT-PCR. After overnight exposure to PF913 alone, or in combination with BOS, I sorted the 

stem-enriched (CD34+38-), progenitor (CD34+38+), and mature (CD34-) subpopulations and 

investigated the changes in SMO, PTCH1, GLI1 and GLI2 expression after treatment (Figure 

3.7). I demonstrated that in three CML IM-NR patient samples, GLI2 was most highly 

expressed in the stem-enriched subpopulation and treatment with a combination of PF913 and 

BOS reduced GLI2 expression the most in the stem-enriched subpopulation. These preliminary 

results demonstrate that PF913 and BOS are most effective at reducing GLI2 in this 
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subpopulation. In contrast, SMO, GLI1 and PTCH1 expression remained mostly unchanged; 

however, this experiment needs to be repeated in more patient samples to yield more 

generalizable results due to the variability of expression of SMO and GLI2 between different 

patient samples.  

 Notably, a recent study reported by Irvine and colleagues in 2016 used a combination 

approach with the 2nd generation TKI AMN and SMO inhibitor LDE225 in CP-CML (Irvine 

et al., 2016). They investigated the expression of HH pathway-associated genes in HSC, CMP, 

GMP, and MEP subpopulations in HBM and CP-CML samples. Contrary to our results, they 

did not detect any differences in GLI2 or SMO expression between subpopulations, however, 

they observed a slight increase in GLI1 expression (not significant) between 6 CP-CML and 3 

HBM samples, whereas we detected a significant decrease with more HBM (n=8) and CP-

CML patient samples (n=17; Figure 3.2B). This discrepancy between our results and theirs 

may be due to the small sample size in the Irvine et al. study. Additionally, Irvine et al. did not 

retrospectively characterize their CP-CML patient samples as IM responders or IM non-

responders. As I have demonstrated, this distinction greatly influences the observed expression 

of HH pathway genes. This group also performed CFC re-plating and LTC-IC assays with 

AMN and LDE225. Similar to my study, from the re-plating assays, they observed significant 

reductions in CFC output with the combination of drugs compared to cells not exposed to the 

drugs, albeit at far smaller doses of the SMO inhibitor LDE225 (10 nM). Thus the compound 

they used may be more potent compared with PF913. They also did not observe a significant 

reduction in LTC-IC-derived CFC output with the combination relative to the untreated control 

cells. Again, similar to my results, LDE225 both alone and in combination with AMN, 
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significantly reduced CFC outputs, but did not eradicate the leukemic cells completely. This 

lack of effect of the SMO inhibitor alone, in both studies, suggests that the HH pathway may 

not be activated in a manner that is completely dependent on SMO. Indeed, non-canonical HH 

signaling, that is, HH signaling that is activated downstream of SMO, has been described in 

other cancer models (Li et al., 2012; Blotta et al., 2012; Razumilava et al., 2014). Experiments 

that may tease apart this mechanism in CML are outlined below. 

 A different study utilizing PF913 in CML was reported by Sadarangani and colleagues 

(Sadarangani et al., 2015).  They performed RNA-seq in 7 CP-CML, 6 BC-CML, 3 normal 

cord blood, and 3 normal PB progenitor (Lin-CD34+CD38+) samples. Similar to our study, 

they observed that GLI2 was significantly differentially expressed between CP-CML and 

normal controls (p<0.01), but also highly up-regulated in BC-CML samples (approximately 7-

fold) compared with CP-CML samples. Deviating from our study, they did not characterize 

their CP-CML samples as IM responders or IM non-responders. This may have contributed to 

the observation that very few of the 41 investigated HH pathway-associated genes were 

significantly differentially expressed.  

 In co-culture assays with SL/M2 mouse stromal cells genetically engineered to produce 

human growth factors, they observed that FACS sorted progenitor cells from BC-CML patient 

samples had impaired survival after 7-day treatment with PF913, however this effect was not 

observed with normal cord blood cells. This experiment demonstrated that despite being in a 

supportive niche, BC-CML progenitors were targeted with PF913, likely due to their 

dependence on GLI2 expression. I performed similar co-culture assays for 72 hours on M2-

10B4 stromal cells that were genetically engineered to secrete human growth factors, and I did 
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not observe a similar growth disadvantage in CD34+ cells from a CP-CML patient sample. In 

fact, I observed that the stromal cells were protective and provided a growth advantage, despite 

SMO inhibition (data not shown). The discrepancy in results may have been due to the fact 

that different patient samples at different stages of CML were used (BC vs CP) and/or different 

mouse stromal cell lines were utilized, and have been described to differentially affect CD34+ 

cells (Koschmieder et al., 2001).  

 Another aspect of HH signaling that Sadarangani and colleagues explored was the role 

of GLI2 in CML LSC dormancy (Sadarangani et al., 2015). They observed that CP-CML 

progenitor cells transduced with GLI2 had a greater proportion of cells in the G0 phase of the 

cell cycle, compared with cells transduced with the empty vector control or a GLI2 deletion 

mutant, suggesting that the HH pathway may mediate LSC dormancy and contribute to 

therapeutic resistance. I did not address this aspect in my study, however, it would be 

interesting to determine whether there are differences in the G0 fraction in CP-CML samples 

from IM responders and non-responders (low- and high-expressing GLI2, respectively) before 

and after treatment with PF913. Nevertheless, my study is the first, to my knowledge, that 

demonstrates that principal HH pathway genes, and most notably GLI2, are differentially 

expressed between IM responders and IM non-responders, and that subsequent HH pathway 

suppression via PF913 is more detrimental to CD34+ cells from IM non-responders compared 

with responders in a variety of biological assays. 
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4.2 Clinical Implications  

Clinically, the effectiveness of a combination therapy composed of a TKI and PF913 

as a LSC-targeted therapy in CML has yet to be fully determined. In a phase I safety and 

pharmacokinetics study of PF913 in myeloid malignancies, 5 CML patients were enrolled (2 

CP-CML and 3 BC-CML) (Martinelli et al., 2015). The only reported treatment response for 

this patient group was 1 patient with BC-CML achieved a pCyR. In addition, 60% of all treated 

patients experienced non-hematological adverse events, the most common being dysgeusia 

(28%), decreased appetite (19%), and alopecia (15%), and all were grade 1-3 in severity. The 

authors concluded that a phase II trial was not warranted for CML. However, they 

recommended that efficacy-focused studies with combination therapies be carried out.  

Unfortunately, no studies of that nature have been completed for CML, although 

encouraging results for AML and myelodysplastic syndrome (MDS) have been reported. A 

recent phase II study of PF913 in combination with the chemotherapeutic agent Ara-C 

demonstrated that patients in the combination arm had a longer median overall survival (mOS) 

compared with patients treated with Ara-C alone (Cortes et al., 2016; NCT01546038). Patients 

stratified as good/intermediate cytogenetic risk with the combination had a mOS of 12.2 

months vs 6.0 months for Ara-C alone, and poor risk patients on the combination had a mOS 

of 4.4 vs 2.3 months with Ara-C alone. Adverse events associated with PF913 treatment were 

similar as to what was described in the phase I trial (Martinelli et al., 2015) and overall had an 

acceptable safety profile.  
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4.2 Conclusions and Future Directions 

In conclusion, I have demonstrated that several key genes involved in regulating the 

HH pathway, most notably GLI2, are deregulated in CML at the transcript level, particularly 

in CD34+ IM non-responder patient samples and in the most primitive, stem-enriched leukemic 

cell subpopulation (Lin-CD34+CD38-). Consequently, IM non-responders were more sensitive 

to SMO inhibition via PF913, suggesting that these patient samples, compared with IM 

responders, may be activating the HH pathway as a survival mechanism that promotes TKI 

resistance.  

One of the hypotheses of my project was that the HH pathway was critical for the 

survival of CML stem cells. While I utilized LTC-IC assays to investigate the effects of SMO 

inhibition on long-term repopulating leukemic cells, I was not looking at a “pure” population 

of stem cells. The assay enriches for these cells, but overall, I was still analyzing the effects of 

PF913 on a heterogeneous population. With the advent of multi-colour FACS analysis, it is 

now possible to significantly enrich for these elusive stem cells using a multitude of surface 

markers. For example, a population of cells phenotypically defined as CD34+CD38-CD45RA-

CD90+CD49f+ and functionally defined as being able to sustain lymphomyeloid engraftment 

in NOD-scid-IL2Rgc-/- (NSG) mice for at least 20 weeks (Notta et al., 2011), contain 10% pure 

human HSCs. Theoretically, I could try to isolate this population of cells before performing 

my experiments to ensure that I am investigating a population of cells that might better 

represent the stem cell compartment and eliminate the need for long-term experiments (such 

as the LTC-IC assay) because I would start directly with the population of interest. Single cell 

proliferation experiments, for example, could then be carried out, and the effect of PF913 on 
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CML LSCs could be better delineated. While theoretically a more efficient and superior 

approach, it was not possible in this study due to the scarcity of primary patient sample material 

and the necessity for large numbers of input cells to isolate this rare fraction. In addition, the 

presence of such cells and confirmation of their inferred stem cell properties or purities in adult 

HBM has not yet been established. 

Another way to investigate the role of the HH pathway in CML would be to investigate 

the effects of SMO inhibition on LSCs in vivo. The severely immunodeficient mouse strain, 

with genotype SirpαNOD-Rag1-/--IL2Rγc-/--kitW41/W41, engineered to produce human cytokines 

IL3, GM-CSF and SCF (SRG-W41-3GS) is an excellent candidate for such a study because it 

can significantly increase engraftment of human CP-CML patient samples (Nakamichi et al., 

2016), which are notoriously difficult to engraft in most other immunodeficient strains. These 

mice do not develop frank leukemia, however, so a comparison of survival between different 

treatments cannot not be measured. Instead, SGR-W41-3GS mice could be injected with 

2.5´106 CD34+ primary CML cells and human cell (CD45+) engraftment monitored long-term 

(>20 weeks) in PB and BM by FACS. In addition, the amount of human LSCs could be tracked, 

as well as other human leukemic cell types including myeloid cells (CD33+CD15+), erythroid 

progenitors (GPA+), etc. 

To evaluate drug specificity, SMO knockdown using shRNA or CRISPR/Cas9 should 

be employed. By genetically knocking down or knocking out SMO, respectively, the same 

assays described above (viability, apoptosis, CFC, LTC-IC, qRT-PCR on HH pathway genes 

after treatment) could be performed and the results compared with what was obtained using 

the pharmacological inhibitor PF913. If the results are similar, and importantly, if PF913 is not 
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more detrimental to cells compared with the knockdown/knockout, then it can be assumed that 

PF913 specifically inhibits SMO and has minimal off-target effects.  

Another question that is raised by this study is the origin of HH pathway activation in 

CML. Canonical HH signaling begins with the binding of HH ligands to the transmembrane 

protein PTCH. HH ligands can be supplied to the target cell in an autocrine manner or from 

surrounding stromal cells or other CML cells as a paracrine mechanism. Alternatively, non-

canonical HH signaling, that is, activation of GLI transcription factors by mechanisms 

downstream of HH ligand binding, is also possible. Knowing the origin/type of HH signaling 

in CML is important because it informs which cells will be sensitive to treatment.  

Based on our RNA-seq results, SHH, DHH, and IHH are expressed at very reduced 

levels in CML cells (all RPKM < 1), making it unlikely that CML cells are supplying 

themselves or nearby neighbours with HH ligands (Figure 4.1, mechanisms 1&3). Therefore, 

either supportive stromal cells are supplying HH ligands to CML cells or CML utilizes non-

canonical HH signaling. One way to determine whether stromal cells provide HH ligands is to 

check the expression of SHH, IHH, and DHH at the gene and protein levels using qRT-PCR 

and Western blotting, respectively, in normal BM stromal cells. To determine whether HH 

signaling is being activated in a non-canonical fashion, a GLI inhibitor could be utilized.  
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Figure 4.1 Overview of potential mechanisms of HH signaling in CML. 1) Paracrine 
signaling whereby adjacent CML cells produce and secrete HH ligands active on adjacent 
target cells. 2) Non-canonical HH signaling. Another protein downstream of SMO activates 
GLI, driving HH pathway gene expression. 3) Autocrine signaling. CML cells produce their 
own supply of HH ligands. 4) Paracrine signaling from normal stromal cells in the BM 
microenvironment.  

 

There are currently no GLI inhibitors in clinical trials, however GANT61 is a tool 

compound and dual GLI1/2 inhibitor that has demonstrated effectiveness in multiple cancer 

models (Yan et al., 2011; Fu et al., 2013; Srivastava et al., 2014; Wang et al., 2014; Benvenuto 

et al., 2016). If CML cells are more sensitive to GLI inhibition via GANT61 compared with 

SMO inhibition via PF913, it may suggest that the HH pathway is being activated in a SMO-

independent fashion. 

 In conclusion, I have demonstrated that several genes in the HH pathway are aberrantly 

expressed in CP-CML, most notably SMO and GLI2, particularly in the stem-enriched 

compartment from IM non-responders. Subsequently, I demonstrated that SMO inhibition by 

the small molecule PF-04449913 sensitizes CML stem/progenitor cells to TKI treatment with 
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bosutinib and results in the decreased expression of HH target gene GLI2, exclusively in the 

stem-enriched subpopulation. This study supports the hypothesis that a combination therapy 

consisting of a HH inhibitor with a TKI may be an effective alternative for TKI resistant 

patients. 
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