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Abstract 

Tyrosine kinase inhibitors (TKIs) have revolutionised the treatment of chronic myeloid 

leukemia (CML), however, fail to cure the disease due to the persistence of a refractory 

fraction of stem/progenitor cells. Autophagy is a recycling mechanism utilised by the cell 

as a survival mechanism under stressful conditions, and its induction has been suggested to 

have a cytoprotective role in cancer cells. 

In this study we demonstrate that autophagy is triggered in CML upon TKI-mediated 

inhibition of BCR-ABL, and protects from cell death. In order to evaluate if specific 

autophagy inhibition enhances TKI effects, we stably transduced primary CML 

stem/progenitor cells with a vector carrying a short-hairpin against the key autophagy gene 

ATG7. Knock-down of basal ATG7/autophagy levels in CML stem/progenitor cells 

inhibited by approximately 50% the survival of the cells in a clonogenic assay, and 

reduced by 75% their erythroid differentiation potential. Furthermore, ATG7 knock-down 

enhanced the effects of TKIs imatinib (IM; 1st), dasatinib (DAS; 2nd), nilotinib (NIL; 2nd) 

and ponatinib (PON; 3rd generation), reducing by 92-98% the survival of these cells in a 

clonogenic assay. In contrast, ATG7 knock-down in normal stem cells, with or without 

TKI treatment, did not have a significant effect on survival and proliferation.  

ATG7 was also knocked-down in final disease stage, blast crisis (BC), patient-derived 

K562 and KCL22 cell lines. Both cell lines appeared to depend significantly on autophagy 

for survival as indicated by high apoptosis levels (70-100%) after ATG7 knock-down. 

Interestingly, ATG7 knock-down cells appeared to be more differentiated compared to the 

control (scrambled shRNA).  

Our findings suggest a role for basal autophagy in the survival, differentiation decisions 

and clonogenicity of CML cells, and support the combined use of autophagy inhibition 

with TKIs for the eradication of CML stem/progenitor cells. This could be partially 

attributed to a bypass of the differentiation block upon autophagy inhibition, which 

facilitates TKI-targeting. We underline the necessity for the development of specific 

autophagy inhibitors that in combination with TKIs could potentially eradicate the fraction 

of persistent CML stem/progenitor cells and offer a curative option for CML patients. 
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RPS6K Ribosomal Protein S6 Kinase 
RSV Resveratrol  
RT-PCR Reverse Transcriptase Polymerase Chain Reaction  
RT-STA Reverse Transcriptase Specific Target Amplification 
SAHA Suberoylanilide Hydroxamic Acid 
SAP Shrimp Alkaline Phosphatase  
Sca Stem Cell Antigen 1 
SCF Stem Cell Factor 
SCT Stem Cell Transplantation   
SDS Sodium Dodecyl Sulfate 
SEM Standard Error Of The Mean 
SFKs SRC Family Kinases 
SFM Serum Free Medium  
SH1 SRC Homology Domain 1  
SHC  SRC Homology Containing Protein  
shRNA Short-Hairpin RNA 
siRNA Small Interfering RNA 
SMO Smoothened  
SNP Single Nucleotide Polymorphism 
SoS  Son Of Sevenless  
SQSTM1 Sequestosome 1  
SSC Side-Angle Light Scatter  
ST-HSCs Short-Term Haemopoietic Stem Cells  
STAT Signal Transducer And Activator Of Transcription  
SYP  Synaptophysin  
tATG5 Trancuated ATG5 
TBE Tris/Borate/EDTA 
TBS Tris-Buffered Saline 
TBST TBS-Tween 
TEMED Tetramethylethylenediamine 
TIE2 Immunoglobulin-Like And EGF-Like Domains 2  
TKIs Tyrosine Kinase Inhibitors 
TPO Thrombopoietin  
TSC2 Tuberous Sclerosis Protein 2  
UBA Ubiquitin-Associated  
UBL Ubiquitin-Like 
ULK1/2 Unc-51- Like Kinase 1/2 
UV Ultraviolet 
UVRAG UV Irradiation Resistance-Associated Gene 
VPS34 Vacuolar Protein Sorting 34 
WHO World Health Organisation 
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WM Wortmannin  
WT Wild Type 
µ-bcr µ BCR Region 
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1 Introduction 

1.1 Haemopoiesis and haemopoietic stem cells 

Haemopoiesis is the process that refers to the production of the blood cellular components. 

In 1961, Till and McCulloch demonstrated the existence of clonogenic bone marrow (BM) 

cells that could give rise to multilineage haemopoietic colonies in the spleen of lethally 

irradiated mice. Some of these colonies contained a subset of clonogenic cells that could 

reconstitute haemopoiesis of irradiated mice at secondary transplants [1]. It was proposed 

that these cells are haemopoietic stem cells (HSCs), i.e. cells that at single cell level have 

the properties of self-renewal and multilineage differentiation [2-5]. 

During mammalian embryonic development the sites of haemopoietic potential are 

constantly shifting and sequentially include the yolk sac, the aorta, gonads and 

mesonephros (AGM) region, the placenta and the foetal liver. Based on mouse 

transplantation experiments, it has been suggested that the first HSCs bearing the 

characteristic hallmarks (self-renewal, multipotency, migration and apoptosis), appear at 

the AGM region of the embryo 11 days post coitum [6].  Shortly before birth, the HSCs 

migrate from the primary foetal haemopoietic centre, the liver, to the primary adult 

haemopoietic centre, the BM, where they engraft and self-renew. 

HSCs are relatively rare, accounting for approximately 0.05% of the total BM cells [7]. 

They are multipotent cells that can differentiate into all types of mature blood cells by 

residing on top of a hierarchy of progenitors that progressively commit to several or one 

lineage (Figure 1-1) [8]. However, terminally differentiated blood cells are predominantly 

short lived within the circulation and, therefore, need to be constantly replaced. In order to 

prevent exhaustion of the BM cell pool, the HSCs proliferate and self-renew. Through 

asymmetric division, an HSC gives rise to a non-self-renewing oligolineage haemopoietic 

progenitor cell (HPC) and an identical daughter cell that retains all the primitive stem cell 

features [9].  HSCs can also self-renew through symmetrical division, generating two 

identical HSCs that will contribute towards the maintenance of the HSC compartment. 

During or after the division of an HSC, each of the daughter cells has to decide its fate and 

it is believed that this decision largely depends on the environment, known also as the stem 

cell niche [10]. 
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Figure 1-1: The haemopoietic hierarchy 
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Long-term HSCs (LT-HSCs) sit at the top of the hierarchy and have unlimited self-renewal 

capacity, unlike the short-term HSCs (ST-HSCs), which have limited self-renewal 

capacity. Upon activation, HSCs divide and generate multipotent progenitors (MPPs) that 

can further differentiate to common lymphoid progenitors (CLPs) or common myeloid 

progenitors (CMPs). Subsequently, CLPs can differentiate into lymphoid lineages and 

CMPs into myeloid lineages, as shown above. 

Functional analyses of HSCs can be performed by in vitro or in vivo experiments. The 

colony-forming cell (CFC) and long-term culture initiating-cell (LTC-IC) are in vitro 

assays used to evaluate the potential of HPCs and HSCs respectively [11, 12]. In vivo 

experiments involve mainly the BM engraftment of non-obese diabetic/severe combined 

immunodeficient (NOD/SCID) mice to demonstrate the ability of HSCs to reconstitute 

haemopoiesis [13]. One of the most important advances for in vivo functional analyses was 

the enablement of the isolation of HSCs by fluorescence-activated cell sorting (FACS) 

depending on the cell surface marker profile. In 1988, Sprangrude and colleagues isolated 

HSCs from the BM of mice, and concluded that the phenotype of the HSCs that could 

reconstitute haemopoiesis long-term was Thy1low [also known as (aka) cluster of 

differentiation 90 (CD90)], Lin- (lineage cocktail 1), and Sca1+ (stem cell antigen 1) [2]. 

Transplantation experiments focusing on the ability of HSCs subpopulations to engraft the 

BM of lethally irradiated mice showed that the population Sprangrude and colleagues had 

identified contained different HSC subsets, all capable of differentiating into lymphoid and 

myeloid lineages but with different self-renewal and reconstitution capability [3, 14]. In 

1996, Osawa and colleagues first demonstrated that injection of a single HSC could 

reconstitute the long-term the haemopoiesis of a lethally irradiated recipient [5] and based 

on this foundation, following studies classified HSCs into three functional subsets: (i) the 

LT-HSCs, that reside in BM niches and can provide life-long haemopoiesis due to their 

ability of indefinite self-renewal, (ii) the ST-HSCs that have the ability to self-renew for a 

defined interval and can transiently reconstitute haemopoiesis [3], and (iii) the MPP cells 

which have undetectable or no ability to self-renew [14]. It should also be mentioned that 

the cycle status among these subsets differs as well; the majority of LT-HSCs are quiescent 

(G0 phase) [15-17] while a significant fraction of ST-HSCs and MPPs are in cycle under 

homeostatic conditions [1]. Using mathematical model analysis it was predicted that a 

HSC divides about once every year, with the limit of 70 divisions throughout its lifetime 

[18]. This extended cell cycle arrest represents a homeostatic mechanism to ensure that the 

stem cell pool will not be severely depleted and also allows for repair of any DNA damage 

that may occur.  
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Human HSCs were isolated and validated by similar techniques previously used for mouse 

HSCs with the help of antibodies targeting cell surface markers. The CD molecules have 

been extensively used as markers because they feature different cell types and stages of 

differentiation. In the early 1990s it was noticed that during maturation the levels of CD34 

antigen expression in cells from adult BM were decreasing while simultaneously 

increasing for the CD38 [19]. A few years later, DiGiusto and colleagues reported in foetal 

BM, that CD34 expression decreases with the commitment of HPCs to specific lineages 

and cells expressing higher levels of CD34 were more primitive [20]. Therefore, the first 

cell surface marker used for the enrichment of human HSCs was the CD34 antigen, a 115-

kilodaltons (Kd) type I transmembrane glycoprotein. The CD34+ compartment contains 

multilineage primitive HSCs that have the ability to reconstitute haemopoiesis [21]. 

Despite its indisputable significance as a marker for stem cells, little is known about the 

function and regulation of CD34. It has been suggested that it may play a role in adhesion 

of leukocytes and haemopoietic cells, cell localisation, and signal transduction, including 

prevention of terminal differentiation [22]. Another marker used for the characterisation of 

HSCs is the CD38 antigen, a transmembrane glycoprotein used initially as a marker of 

lymphoid differentiation [23]. Its expression correlates with differentiation since levels of 

CD38 increase progressively during the process of maturation [19]. The use of CD38 as a 

marker allows for further identification of the HSC subpopulations; the CD34+CD38+ 

compartment includes the ST-HSCs, while the CD34+CD38- the LT-HSCs [24]. The cell 

surface profile of HSCs is also defined by the presence of receptors that promote 

quiescence and help the anchorage in the niche. Such receptors include the tyrosine kinase 

c-KIT (aka CD117), immunoglobulin-like and EGF-like domains 2 (TIE2) receptors, the 

CXC-chemokine receptor 4 (CXCR4), that via binding niche cell-secreted ligands, 

ultimately, promote cell cycle arrest (Table 1-1) [25]. The quiescence of HSCs is also 

regulated by intracellular proteins and transcription factors [25].  
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Cell Type Phenotype 
HSC CD34+ Lin-  

CD38- CD33- 
HLA-DRlow  
c-Kit+ 

CD133+ 
CD90+ 

MPP and lineage 
committed 
progenitors 

CD34+ Lin+/- 
CD38+ CD33+ 
HLA-DRhigh 

Mature  CD34- Lin+  

 

Table 1-1: Human haemopoietic system lineage marker phenotypes 

 

It has been suggested that HSCs can shift among three phases; (i) the dormant phase, 

where cells are arrested in G0 and have very low metabolism, (ii) the homeostatic phase, 

where cells are able to cycle, and (iii) the injury-activated phase, where cells are 

continuously cycling and have high metabolism. Even if the molecular events underlying 

these phases have not been elucidated so far, it has become apparent during recent years 

that decisions made regarding the fate of a stem cell depend on interactions with the niche. 

The HSCs reside within various sub-regions in the BM and their function may actually 

depend on their exact localisation. Intravital microscopy has revealed that HSCs appear to 

be inherent in the periosteal region of calvarium marrow [26]. Stem cell niches include 

several cellular components, including osteoblasts, osteoclasts, CXCL12-abundant 

reticular cells, and vascular endothelial-cadherin+ sinusoidal endothelial cells [25]. It has 

been proposed that gradients from osteoblast-secreted factors may regulate the niche and 

its size [27, 28], as well as the quiescence status of the HSCs [29]. On the other hand, there 

are studies underlining the importance of the vascular niche and the CXCL12-regulated 

migration of the HSCs to it [30]. Nevertheless, in the calvarium the osteoblastic and 

vascular niches are not anatomically separated; therefore, arguments regarding which niche 

is more influential may be only semantic [31]. 
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1.2 The cancer stem cell hypothesis 

In 1997 Bonnet and Dick provided the first conclusive evidence for the existence of cancer 

stem cells (CSCs). They isolated different subpopulations of human acute myeloid 

leukaemia (AML) stem and progenitor cells and evaluated their capacity to initiate cancer 

after transplantation to NOD/SCID mice. Surprisingly, they observed that the target cells 

responsible for the initiation of AML resided exclusively within the CD34+CD38- 

compartment of HSCs and not the CD34+ or CD34+CD38+ subpopulations [32]. Hence, 

the primitive stem cells are the target of transforming events rather than committed 

progenitors. This concept gave rise to the CSC theory; it supports that, due to similarities 

that CSCs and HSCs present by means of phenotype and function, the CSCs must originate 

from HSCs that have accumulated mutations. Following studies on other haemopoietic and 

solid tumours [33] provided further evidence for the presence of a small number of CSCs 

that have normal stem cell characteristics, such as stable self-renewal properties, but are 

accountable for the initiation of cancer, metastasis and resistance to treatment [34]. 

However, it is still unclear if CSCs share more normal stem cell features, such as the 

ability to undergo asymmetric and symmetric divisions and how stable their phenotype is.  

On the other hand, controversies arose regarding the potential of CSCs and their origin. A 

number of scientists have been questioning the interpretation of the data generated from 

xenotransplantation experiments. They support that the proposed CSCs may not be 

responsible for the initiation of the disease but actually reflect populations of cells that 

have the ability to engraft overriding cross-species differences within stem cell niches, 

cytokine profiles or residual innate immunity [35]. Another hypothesis questioning the 

notion of CSCs, suggests that these cells could originate from progenitor or more 

differentiated cells that acquired mutations leading to the gain of self-renewal capacity 

prior or after being transformed [36]. In samples from acute promyelocytic leukaemia, a 

subtype of AML, the transforming oncogene PML-RARA was detected in CD34-CD38+ 

populations but not in the CD34+CD38- fraction [37]. Retroviral transduction of CMPs 

with the oncogene MLL-ENL conferred properties of self-renewal and induced AML 

following transplantation into irradiated mice [38]. Similar studies in other types of 

leukaemia have also suggested that in some cases the leukaemia initiating cells originate 

from progenitors rather than primitive HSCs [39-41]. In a study performed by Huntly and 

colleagues, following transduction with the MOZ-TIF2 oncogene, CMPs gained capacity 

of serial replating and AML initiation after serial transplantation [42]. However, the 

authors did not record gain of similar properties in BCR-ABL-transduced GMPs. 
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Therefore, it seems that some, but not all, oncogenes can confer leukaemia initiating 

properties in committed progenitor cells.  

Nevertheless, a constantly emerging list of papers keeps providing evidence in support of 

the CSC theory. A recent study conducted by the research group of Carlos Cordon-Cardo 

identified a subpopulation of cells expressing markers of embryonic development in 

prostate cancer patient samples that consist the core of drug resistance and tumour 

progression [43]. These cells had CSC properties, including tumour initiating potential, 

however, lacked differentiation markers and human leukocyte antigen class I (HLAI) 

antigens. They were also in higher percentages in patients with more aggressive or 

metastatic tumours. Regardless of the disputes about the origin of these cells, it is widely 

accepted that targeting these treatment-resistant cancer initiating cells would attack the 

foundation of tumour growth, and potentially offer a curative option. 

 

1.3 CML 

1.3.1 Historical overview 

In 1960, Peter Nowell and David Hungerford opened a new era in cancer research by 

providing the first evidence for a genetic link to cancer. They discovered the hallmark of 

CML; a minute abnormal chromosome present in leukocytes from CML patients [44]. This 

chromosome, designated as Philadelphia chromosome (Ph) after the city at which it was 

discovered, was not found in normal leukocytes but only in malignant cells from CML 

patients. Since then, CML has served as a paradigm disease not only for haemopoietic 

malignancies but also for other types of cancer.  

Interestingly, in 1973 Janet Rowley demonstrated that the Ph is the product of a 

translocation between chromosomes 9 and 22 [45] and a decade afterwards, it was 

determined that the genes involved were the breakpoint cluster region (BCR), whose 

product’s function is still not clear, and the v-abl Abelson murine leukaemia viral 

oncogene homolog (ABL), coding for a tyrosine kinase. The t(9;22) translocation generated 

a fusion BCR-ABL protein that had lost appropriate regulation of ABL and was 

constitutively active and therefore, could be the cause of CML. The most rigorous 

evidence validating this hypothesis came from in vivo experiments in mice, when a series 

of publications demonstrated that BCR-ABL is the cause and not the result of CML, it has 

the ability to transform cells and is both necessary and sufficient for the development and 

maintenance of the disease [46-49].  
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The first evidence that CML is a clonal disease of stem cell origin came from Fialkow and 

colleagues in 1967 [50]. Following studies by the same group on female CML patients 

heterozygous for the X-linked gene coding for glucose-6-phosphate dehydrogenase further 

established the CML stem cell theory; the disease originates from Ph+ HSCs that have the 

capacity to self-renew and constitute the disease [51, 52]. 

 

1.3.2 Disease incidence, course and progression 

CML has an incidence of about 1 in 50,000 per year, accounts for 15% of all adult 

leukaemias, and does not present with significant ethnic or geographical predisposition 

[53]. The median age of onset is 45 to 55 years, with the majority of patients being 

asymptomatic during diagnosis and discovered after routine blood tests. Presenting 

symptoms include weight loss, fever, splenomegaly, purpura, night sweats, abdominal 

fullness and gout.  

CML is characterised by evolution through a biphasic or triphasic course. The majority of 

the cases (approximately 85%) are diagnosed during the asymptomatic chronic phase (CP) 

where the cells are mainly differentiated, minimally invasive and maintain their 

functionality [53]. If left untreated, the disease inevitably progresses after three to five 

years to an intermediate accelerated phase (AP) and later to BC [54]. Nevertheless, up to a 

quarter of patients progress directly to BC without developing the intermediate AC [55]. 

AC and BC are characterised by differentiation arrest and accumulation of blast cells in the 

blood and BM (Table 1-2) [56]. Especially during BC, there is a clonal expansion of 

immature population of blasts that may have developed additional cytogenetic 

abnormalities, and exhibit enhanced proliferation and reduced susceptibility to apoptosis. 

The BC transformation can be myeloid, lymphoid or both, with median survival measured 

in months [57]. 

The progression of the disease is a complex and gradual process that represents the 

accumulation of genetic and epigenetic alterations; these may include enhanced BCR-ABL 

activity following gene amplification, increased promoter activity or other less direct 

mechanisms, such as decreased miR-203 levels, inhibition of SHP-1 phosphatase and 

inactivation of PP2A [58]. Interestingly, BCR-ABL may contribute to the progression 

process by activating mitogenic, anti-apoptotic and anti-differentiation mediators (e.g. 

MYC, JAK2, hnRNP-E2, MDM2, STAT5, BMI1 and BCL2), inhibiting tumour 

suppressors (e.g. p53 or CEBPa), or through aberrant splicing of modulators like glycogen 

synthase kinase 3 beta and PYK2 [58].  
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Feature CP AP BC 

Blast % in blood or 
BM  

<10%  10–19%  ≥ 20%  

Basophil % in blood <20%  ≥ 20% NA  

 Thrombocytosis 
(×109/L)  

≤1000 or 
responsive to 
therapy if >1000  

>1000, unresponsive to 
therapy 

NA  

Thrombocytopenia 
(×109/L)  

≥100 or related to 
therapy if <100  

<100, unrelated to 
therapy 

NA  

Splenomegaly  
Responsive to 
therapy  

Persistent or increasing, 
unresponsive to therapy 

NA  

Extramedullary blast 
tumour (chloroma)  

Absent  Absent Present 

New cytogenetic 
changes that develop 
after the initial BM 
karyotype 

Absent Present  NA  

 

 

Table 1-2: Staging system for CML according to the World Health Organisation (WHO) 

Classification 2008 (NA; not applicable) 
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1.3.3 Diagnosis and monitoring 

The disease hallmark, Ph, is found in 90-95% of CML patients, but can be also detected in 

patients with acute lymphoblastic leukemia (ALL) or AML [53]. Cytogenetic analysis for 

CML diagnosis is the gold standard method that allows for simultaneous identification of 

possible clonal evolution; however, it is a laborious and time-consuming technique. 

Moreover, 5-10% of CML patients present with cryptic rearrangements, i.e. the Ph cannot 

be demonstrated by cytogenetic analysis. In these cases the BCR-ABL fusion gene can be 

detected by fluorescent in situ hybridisation (FISH) analysis or by reverse transcriptase 

polymerase chain reaction analysis (RT-PCR). FISH and quantitative RT-PCR (qRT-PCR) 

are also used to assess the response after stem cell transplantation (SCT) or the efficacy of 

treatment monitoring minimal residual disease (MRD) in remission patients. 

 

1.3.4 BCR-ABL structure  

The BCR gene (130 kilobases; kb) codes for a 160Kd cytoplasmic protein proposed to be 

taking part in the antimicrobial defense of myeloid cells [59]; however, its function is still 

not well-defined [60]. It contains a coiled-coil (CC) oligomerisation domain [61] and a 

serine/threonine domain that is retained in all BCR-ABL fusion proteins. It also contains a 

Rho guanine–nucleotide exchange factor (Rho–GEF) homology domain, a calcium-

dependent lipid-binding site, and a Rac GTPase activating protein (Rac–GAP) domain [62, 

63]. 

The ABL gene (280kb) is transcribed into two alternative mRNA transcripts of 7kb (exon 

Ib, 2–11) and 6kb (exon Ia, 2–11) length and translated into a 145Kd protein that belongs 

to the non-receptor family of tyrosine kinases. ABL can be found mainly in the cytoplasm, 

and at lower levels in the nucleus [64, 65]. Its N-terminus includes three domains with 

homology to the SRC kinases (they regulate signal transduction in cell growth, 

differentiation and survival pathways): (i) the SRC homology domain 1 (SH1) that holds 

the tyrosine kinase activity and is absolutely essential for transformation and (ii) the SH2 

and SH3 domains that bind phosphotyrosine and proline-rich regions respectively. It also 

includes sites that facilitate the binding with DNA, adaptor proteins, and actin [66-69].  

Interacting proteins (Table 1-3) include amongst other the CrKL adaptor proteins and the 

SHPTP1 tyrosine phosphatase, a protein that interplays with the regulation of cytokine 

pathways [66, 70].  
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Binding proteins Description    
p53 Tumour suppressor protein  
Rb Tumour suppressor protein  
3BP-1 SH3 domain-containing protein  
3BP-2 SH3 domain-containing protein  
AAP-1 ABL associated protein 1   
ATM Ataxia telangiectasia mutated protein  
DNA–PK Kinase involved in DNA repair  
     
Binding proteins and 
substrates Description    

CrK-1/CrKL SH2 and SH3 domain-containing protein 
ABL-1 ABL interactor-1 protein   
ABL-2 ABL interactor-2 protein   
SHPTP-1 Protein tyrosine phosphatase  
RNA Pol II Large subunit of RNA polymerase II  
CAS Crk binding protein   
P62–DOK RAS–GAP associated phosphotyrosine protein 

 

Table 1-3: ABL binding proteins and substrates 

(Adapted from [71]) 

 

 

The native ABL activity is very low compared to the oncogenic BCR-ABL [72] and has 

been proposed to be enhanced by DNA damage [73, 74], progression of cell cycle to S 

phase [75], and cellular adhesion mediated by integrins [76].  

The malignant transformation ability of BCR-ABL is related to the type of fusion. 

Depending on where the breakpoints occur within the BCR and ABL genes, different-sized 

mRNA and protein isoforms are produced (Figure 1-2). BCR breakpoints may occur within 

the major (M-bcr), minor (m-bcr) or a third region designated as the µ region (µ-bcr). In 

general, the longer the sequence of BCR is retained in the fusion, the more preferable the 

prognosis is. The breakpoints are widely spread at ABL; nonetheless, due to splicing of the 

primary mRNA, BCR is almost always fused to the ABL exon 2. Therefore, depending on 

where the breakpoints occur within the BCR, different sized proteins are produced that 

have diverse capacity to transform the haemopoietic cells and lead to different phenotypes. 

In CML the dominant fusion protein is the BCR-ABLp210, while in ALL it is the BCR-

ABLp185 and in chronic neutrophilic leukaemia (CNL) BCR-ABLp230. 
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Figure 1-2: BCR, ABL structure and different fusion products 

 (Original figure, compiled from information within [77, 78]) 

 

1.3.5 BCR-ABL function 

Upon demonstration that BCR-ABL is the cause of the leukaemogenic transformation, 

extensive efforts have been undertaken in order to identify its molecular mechanism of 

action. The constitutively active tyrosine kinase BCR-ABL has a large variety of targets 

(Table 1-4), and activates a plethora of pathways that protect the cell from undergoing 

apoptosis and lead to transformation, such as the RAS, PI3K, and Janus kinases (JAK)- 

signal transducer and activator of transcription (STAT) pathways (Figure 1-3). The 

apoptotic effects of cytotoxic agents are abrogated in a BCR-ABL positive background, 

not only in cell lines but also in CD34+ patient cells [79]. Ultimately, the combined effect 

of BCR-ABL activity results in deregulated proliferation, and inhibition of apoptosis that 

promote BM hypercellularity, growth factor (GF) independence and genomic instability. 

Moreover, the altered cellular adhesion within the compartment of Ph+ HSCs and HPCs 

lead to abnormal entry of immature cells into the peripheral blood and extramedullary 

tissues. 
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Substrate Full Name Function  

AKT/PKB Protein kinase B  Serine/Threonine kinase  

BAD BCL-2-associated death promoter  Pro-apoptotic  

BAP-1  BCR-associated protein 1  14-3-3 protein  

BCL-XL  B-cell lymphoma-extra large  Anti-apoptotic  

CBL Casitas B-lineage lymphoma  E3-ubiquitin ligase  

CrK  Avian sarcoma virus CT10  

oncogene homolog 

Adaptor molecule  

CrKL  CrK-like protein  Adaptor molecule  

FAK  Focal adhesion kinase  Cytoskeleton  

GRB2  Growth factor receptor bound  

protein 2  

Adaptor molecule  

PI3K  Phosphatidylinositol 3- kinase  Phospholipid kinase  

PLCγ  Phospholipase Cγ  Phospholipase  

RAF  RAS-activated factor  Serine/Threonine kinase  

RAS Rat sarcoma  Small G-protein  

RAS-GAP  RAS GTPase-activating protein  Ras-GTPase activating  

SHC  SRC homology containing protein  Adaptor molecule  

SoS  Son of sevenless  Guanine nucleotide exchange 

factor  

STAT1/5  Signal transducer and activator of 

transcription 1/5 

Transcriptional activator  

SYP  Synaptophysin  Protein phosphatase  

 

Table 1-4: BCR-ABL substrates 

(Adapted from [71] and [57]) 
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Figure 1-3:  Signal transduction pathways in BCR-ABL transformed cells 

BCR N-terminus includes a CC domain necessary for dimerisation, while SH2, SH3 and proline-

rich region (PPP) of ABL interact with other proteins and bind adaptor proteins, such as the CrKL, 

forming a multiprotein complex. BCR-ABL has many downstream targets; the most important one 

includes the RAS–mitogen activated protein (MAP) kinase signaling cascade, which is important 

for the transforming activity of BCR-ABL. Other targets include PI3K, STAT5, and the MYC 

transcription factor that is a protooncogene. Farnesyl transferases (FT) transfer a farnesyl to the C-

terminal cysteine of RAS (A), promoting its binding to the cell membrane so as to activate the 

serine kinase RAF (B) that subsequently activates the MAP pathway (C). PI3K produces 

phosphatidylinositol-3,4,5-trisphosphate (PiP3); the latter is essential for the localisation of PDK1 

and AKT to the inner side of the cell membrane. Subsequently, PDK1 activates AKT (E) and AKT 

activates the mammalian target of rapamycin (mTOR) (F), which activates the p70S6 kinase and 

4E-BP1 (G), two major global regulators of gene transcription in response to growth stimuli. Note: 

this is a simplified diagram; many more associations between BCR-ABL and other signaling 

proteins have been reported. (Redrawn from [77]). 
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1.3.5.1 The GRB2 adaptor 

One of the critical events in the BCR-ABL transformation is the autophosphorylation of 

tyrosine 177 (Y177), a site emanating leukaemogenic signals through a mediator known as 

GRB2, an adaptor molecule that plays an important role in human haemopoietic progenitor 

transformation [80]. Mice carrying a mutation changing the 177 amino-acid from tyrosine 

to plenylalanine (T177F) present attenuated BCR-ABL transforming capacity and have 

extended life expectancy [81].  

 

1.3.5.2 Activation of the RAS pathway 

Y177 binds to GRB2 via its SH2 domain and facilitates the formation of complexes 

between GRB2 and SoS, leading to activation of RAS [82]. RAS refers to a family of small 

guanine-nucleotide-binding proteins (G-proteins) that are active when bound to GTP and 

inactive when bound to GDP. Chang and colleagues identified the two first members of the 

family, HRAS and KRAS, while studying two cancer-causing viruses, the Harvey sarcoma 

virus and Kirsten sarcoma virus [83]. RAS proteins sit at the beginning of a cascade of 

kinases known as RAS-RAF-MEK-MAPK pathway, and are deregulated in many cancers, 

promoting tumour growth and disease progression. GTP-bound RAS activates the 

serine/threonine-selective protein kinase RAF, which then phosphorylates MEK and 

ultimately, leads to the activation of the MAP kinase (MAPK). MAPK regulates cellular 

transcription and translation via indirect activation of the ribosomal protein S6 (RPS6) and 

interaction with a range of transcription factors.  

 

1.3.5.3 Activation of the PI3K/AKT/mTOR pathway 

The Y177/GRB2 interaction facilitates the binding of a scaffolding adaptor protein, GAB2. 

BCR-ABL mediated phosphorylation of the YXXM motif of GAB2 allows for interaction 

of the molecule with PI3K regulatory subunits and activation of the PI3K/AKT/mTOR 

pathway [84]. Interestingly, BCR-ABL transformation was diminished in mice lacking 

expression of GAB2 [84]. A recent study by Wöhrle and colleagues, provided data 

supporting that GAB2-mediated resistance to conventional CML treatment is partially 

attributed to constitutive phosphorylation of a PI3K recruitment site within GAB2 [85]. 
The PI3K/AKT/mTOR pathway partakes in the regulation of cellular functions such as 

growth, proliferation, differentiation, motility, metabolism and survival, in response to 
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extracellular cues mediated by cell surface receptors and G-proteins. Additionally, this 

pathway is activated in various cancers [86]. PI3K is an intracellular signal transducer 

enzyme and contains a regulatory subunit with an SH2 domain, and a catalytic subunit that 

catalyses the addition of a phosphate to PiP2 at the 3 position, generating PiP3. PiP3 

recruits plasma pleckstrin-homology (PH) domain-containing proteins, and acts as key 

signaling molecule [87]. AKT is a serine/threonine-specific protein kinase that contains a 

PH domain and, hence, can bind to PiP3. The localisation of AKT to the membrane after 

binding to PiP3 allows for its activation by phosphoinositide dependent kinase 1 (PDPK1) 

following phosphorylation at threonine 308 [88, 89].  

Activated AKT phosphorylates a variety of substrates that play a vital role in BCR-ABL 

mediated transformation including mTOR, a serine/threonine kinase that acts as a hub for 

signals from insulin, GFs and amino-acids [90]. It regulates a variety of processes, 

including cell growth, survival, motility, protein transcription and synthesis, as well as 

autophagy (discussed later) [91, 92].  

mTOR is the catalytic core in two complexes, mTOR complex1 (mTORC1) and 2 

(mTORC2). mTORC1 contains the mTOR, the regulatory-associated protein of mTOR 

(RAPTOR), the mammalian LST8/G-protein β-subunit like protein (mLST8/GβL), 

PRAS40 and the DEP domains interactor of mTOR (DEPTOR) [93, 94]. Two important 

effectors of mTORC1 that mediate protein synthesis are the RPS6 kinase (RPS6K) and the 

eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1). Upon AKT 

activation, mTORC1 phosphorylates RPS6K and this facilitates its further phosphorylation 

and activation by PDK1 [95]. The activated RPS6K activates RPS6 to initiate protein 

synthesis [96] and via a positive feedback loop, it also activates mTORC1 [97]. Moreover, 

mTORC1 enhances protein translation by phosphorylating 4E-BP1 and promoting 

disassociation from the eIF4E and activation of the cap-dependent translation [98]. Recent 

models suggest that cancer cells dependent on AKT, actually are mTORC1 “addicted” and 

rely on its activity to drive tumourigenesis [99].  

mTORC2 consists of the mTOR, the rapamycin (RAPA; aka sirolimus)-insensitive 

companion of mTOR (RICTOR), mLST8/GβL and the mammalian stress-activated protein 

kinase interacting protein 1 (mSIN1) [100, 101]. mTORC2 activates AKT via 

phosphorylation of the serine 473 [102] and also, has an important influence on the 

cytoskeleton by regulating actin, the focal adhesion proteins, protein kinase Cα (PKCα) 

and the small GTPases (RHOA, CDC42 and RAC1) .  

In the past it was believed that RAPA could target only the mTORC1 but not the mTORC2 

or AKT.  Nevertheless, a study from Sarbassov and colleagues suggests that prolonged 
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exposure to RAPA targets mTORC2 assembly and mTORC2-mediated AKT 

phosphorylation in some cell types, by reducing the amounts of available mTOR [103]. 

Currently, RAPA and its analogues – temsirolimus, everolimus and deforolimus- are tested 

in many cancer clinical trials. NVP-BEZ235 (BEZ; LC Laboratories, MA, USA) is another 

compound currently tested in clinical trials as a potential anti-cancer treatment. BEZ is a 

quinoline derivative that targets the activity of both PI3K and mTOR kinases via binding to 

the adenosine triphosphate (ATP)-binding cleft of these enzymes [104]. PI-103 is also a 

very promising dual kinase inhibitor of PI3K and mTOR [105]. 

Another significant substrate of AKT is the group of forkhead box class O (FoxO) 

transcription factors that regulate the cell cycle. Phosphorylation by AKT deactivates 

FoxOs and promotes cell survival, growth and proliferation [106]. Furthermore, AKT may 

inhibit apoptosis by phosphorylating BAD, causing it to dissociate from the BCL2/BCL-X 

complex [107]. 

The murine double minute 2 (MDM2) oncogene is translated into an E3 ubiquitin ligase 

that negatively regulates the tumour suppressor p53. It has been suggested that upon AKT 

phosphorylation, MDM2 represses the transcription of p53, allowing for cell death evasion 

[108-110]. 

 

1.3.5.4 The CrKL adaptor  

In 1994, Hoeve and colleagues identified CrKL, a 38Kd adaptor protein of BCR-ABL in 

CML cells, that could also interact with native ABL [111]. CrKL contains an SH2 domain, 

two SH3 domains and has no catalytic domain [112], and was shown to be the major BCR-

ABL phosphorylated protein in neutrophils from CML patients’ peripheral blood samples 

[113]. Later on, it was demonstrated that BCR-ABL phosphorylated CrKL on tyrosine 207 

(T207) [114]. Subsequently, the phosphorylated CrKL can form different complexes; 

through its SH2 domain it binds the CBL protein, and with its SH3 domain the BCR-ABL 

[115]. Even if the function of CrKL has not been elucidated yet, it has been proposed that 

it can bind through its SH3 domain to PI3K [116] and, in that way, exert its leukaemogenic 

effects. It has been also proposed that it contributes in integrin-mediated cell adhesion 

through binding focal adhesion proteins such as paxillin [117]. 

CrKL is a prominent substrate of BCR-ABL [118] and has been extensively used as a 

marker of BCR-ABL activity in western blot [119] and FACS assays in primitive CML 

cells from patients [120].  
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1.3.5.5 Activation of the JAK-STAT pathway 

JAKs are intracellular tyrosine kinases that mediate signals from receptors activated by 

cytokines. Upon binding of the ligand to the receptor, JAKs are activated and 

subsequently, activate the receptor. Phosphorylation of the receptor’s tyrosine residues by 

JAK allows for interaction with SH2 domain containing proteins, such as the STAT 

family. These proteins bind to the receptors and after JAK-mediated activation, form 

dimers and translocate to the nucleus where they regulate the transcription of their target 

genes [121]. 

The JAK-STAT pathway is highly upregulated in CML cells [122, 123] and one of its 

mediators, STAT5, has been suggested to be an essential factor in the BCR-ABL mediated 

leukaemogenesis [124, 125] partially by inhibiting apoptosis via regulation of BCL2 

family members, such as the induced myeloid leukaemia cell differentiation protein (MCL-

1) and BCL-XL [126, 127]. In vivo experiments in mice underline the critical role of Stat5 

in Bcr-Abl mediated CML initiation and maintenance [124, 125]. Interestingly, apart from 

its role in cell transformation, STAT5 may also contribute to the development of resistance 

and disease progression in a JAK-independent manner [128]. Introduction of dominant-

negative JAK mutants in BCR-ABL expressing cells did not suppress phosphorylation of 

STAT5, proposing that BCR-ABL could activate STAT5 through other mediators [122], 

such as the haemopoietic cell kinase (HCK) [129]. 

 

1.3.5.6 BCR-ABL growth factor mimicking 

Interleukin-3 (IL-3) and the granulocyte colony stimulating factor (G-CSF) are GFs that 

bind to HSC receptors and, following activation of pathways such as the RAS, PI3K and 

JAK-STAT, promote differentiation and proliferation [130, 131]. While normal HSCs 

cannot survive and proliferate in the absence of GFs [16, 17], transformed quiescent 

primitive cells from CML patients can grow and proliferate in vitro in a GF-independent 

manner [132]. BCR-ABL positive cells override dependence on external supplementation 

of GFs for their survival and proliferation by promoting an aberrant autocrine loop 

production of IL-3 and G-CSF [132, 133] in early progenitor cells that could deregulate 

critical cell cycle mediators [134] and lead to exit from quiescence [133]. Transplantation 

of BM cells genetically manipulated to produce IL-3 lead to the development of 

myeloproliferative disorders in a mouse model [135-137], highlighting the consequences 

of GF deregulations. Hence, the BCR-ABL mimicking of physiologic GF stimulation 
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could be responsible for a significant part of the leukaemic transformation, potentially 

through activation of STAT5 [134]. 

 

1.3.5.7 BCR-ABL alteration of the niche 

As described earlier, normal HSCs express on their surface receptors that bind ligands 

secreted from niche cells and, following adhesion to the niche, promote cell cycle arrest 

[25]. For instance, mice carrying mutations within the tyrosine kinase domain of TIE2 

receptors that bind angiopoietin, or the myeloproliferative leukaemia virus oncogene 

receptor that binds thrombopoietin (TPO), lead to HSCs detachment from the niche, 

increased cycling, and finally, HSC exhaustion [29, 138]. Integrins refer to another class of 

receptors that mediate the adhesion of HSCs to the stroma [139] and simultaneously, 

promote cell cycle arrest [140]. A possible explanation for the increased proliferation and 

circulation of CML stem and progenitor cells could be that they have altered adhesion 

properties compared to normal HSCs [2, 141, 142]. In support of this hypothesis are data 

that demonstrate suppression of CXCR4 expression in BC CML patient samples and 

evasion of adhesion [143]. Drug-mediated inhibition of the kinase activity of BCR-ABL in 

primitive CML cells co-cultured with mesenchymal stem cells (MSCs) leads to 

upregulation of CXCR4, followed by migration of the CML cells to the BM, cell cycle 

arrest and, ultimately, survival of quiescent CML progenitor cells [144]. 

 

1.3.6 CML treatment 

1.3.6.1 Historical treatment of CML 

One of the first attempts to treat CML was published by Sir Arthur Conan Doyle in 1882, 

when he was a practising physician in Birmingham. He administrated iron and quinine to a 

29-year-old patient with “leucocythaemia”, the term used for CML at the time, because he 

thought that the symptoms were attributed to a previous attack of malaria. After seeing no 

effect, he used arsenic; 1% solutions of arsenic trioxide, aka Fowler’s solution, that had 

been used since 1786 for malaria patients and diseases involving fever and shivering [145]. 

However, arsenic was used for the treatment of leukaemias since ancient times; it was used 

by Hippocrates (460-370 before Christ), who gave cancer its name from the Greek word 

"καρκίνος" (carcinos) for crab [146]. The Fowler’s solution was reported to improve the 

clinical condition of CML patients but the effects lasted only for a short period of time 

[145]. In 1903, with the introduction of radiotherapy, treatment of CML patients included 
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frequent X-ray sessions, with or without the oral administration of benzene. The 

therapeutic response to radiotherapy was great, nevertheless, soon after radiation was 

linked to the development of leukaemia.  

Surprisingly, the way to chemotherapy was opened by a warfare agent used during World 

War I, known as “mustard gas”; soldiers exposed to this gas presented very low white 

blood cell counts. Analogues of the sulphur compound contained in the gas were then 

produced for the treatment of CML. Their clinical use showed improvement of the 

treatment but not prolongation of survival [145]. Additionally, such compounds had 

substantial toxic effects. In 1953, busulphan, an oral alkylating agent, was introduced for 

the treatment of CML. Nonetheless, it was also associated with severe side effects [147]. 

By that time, CML was regarded as a fatal and incurable disease. Nevertheless, in the 

1980s the scene changed when allogeneic BM transplantation (BMT) and SCT, that had 

been previously proven effective for acute leukaemia patients [148], were used as a 

curative potential for CML patients [149]. Despite their auspicious effects, BMT and SCT 

could be offered only to 20% of CML patients due to limitations such as age, physical 

condition and matched donor availability [150]. Additionally, up to 72% of low-risk CML 

patients had a 5-year survival but this percent dropped dramatically to 20% in high-risk 

patients that had approximately 73% mortality [151]. Additionally, due to the nature of the 

procedure, allogeneic SCT patients were facing an increased risk of morbidity and 

mortality due to infections, mucositis, graft failure or graft-versus-host disease [152, 153].  

In the 1980s, the cytokine interferon α (IFNα) offered an alternative less toxic treatment 

for the management of CML, attenuating the disease symptoms, and prolonging life 

expectancy. Moreover, many patients appeared to be Ph negative following IFNα treatment 

and presented with a lower rate of blastic transformation [154]. Later, it was suggested 

IFNα mediated restoration of haemopoiesis could be attributed to recovery of adhesion of 

CML progenitors to the BM stroma [155]. 

 

1.3.6.2 The development of IM 

In the 1990s Nicholas Lydon and Brian Druker, based on rational drug design, developed a 

BCR-ABL TKI called IM (STI571, Gleevec®, Glivec®, formerly CGP 57148B; Novartis, 

USA). IM binds competitively to the N-terminal region of the ATP-binding pocket of the 

inactive form of ABL [156]. IM binding to BCR-ABL stabilises the inactive conformation 

and inhibits autophosphorylation. Therefore, IM blocks the kinase activity and the 

subsequent phosphorylation of key downstream substrates. Moreover, IM targets the c-KIT 

and PDGF receptors [157]. The specificity of IM against BCR-ABL positive cell lines and 



  39 
 
patients samples was demonstrated in vitro and in vivo, with minimal toxicity to BCR-ABL 

negative cells [156, 158]. With half maximal inhibitory concentration (IC50) IM within the 

range of 0.1–0.5µm, IM inhibits BCR-ABL activity and proliferation, promoting apoptosis 

of CML cells [46].  

In 1998 an IM dose-escalating phase I trial was initiated with doses ranging from 25 to 

1000mg per day; out of the 54 patients receiving doses higher than 300mg/day, 53 

achieved complete haematologic response (CHR), 29 cytogenetic response (CyR), 17 of 

which presented major responses (0-35% Ph+ metaphase cells) [119]. Furthermore, a 

phase II clinical trial evaluated the effect of IM on late CP CML patients that had 

previously failed IFNα; 95% of the patients achieved major cytogenetic response (MCyR) 

and, after a median follow-up of 18 months, in 89% of the patients disease had not 

progressed to AP or BC [159]. In order to assess the efficacy of IM versus the standard 

therapy for CML CP patients at the time, a combination of IFNα with cytarabine (a 

chemotherapeutic agent that inhibits DNA synthesis), a phase III International Randomized 

Study of Interferon and STI571 (IRIS) was launched in 2000, recruiting 1106 patients from 

16 countries [160]. In this randomised trial, patients in the IM group were receiving 

400mg/day while patients in the IFNα group received gradually increasing doses of IFNα, 

and once the maximum tolerated dose was achieved (up to 5 x 106 U / m2 body surface 

area / day), patients received subcutaneously cytarabine (up to 40 mg / day) for 10 days 

every month. A median follow-up of 19 months revealed that McyR rates were higher in 

the IM group (IM; 87.1% versus IFNα plus cytarabine; 34.7%), as well as complete CyR 

(IM; 76.2 versus IFNα plus cytarabine; 14.5). IM was also better tolerated, and was 

associated with decreased rates of disease progression. In May 2001, IM recieved approval 

by the United States Food and Drug Administration (FDA) for the treatment of Ph+ CML 

[161].  

The 6-year data from the IRIS study further underlined the supremacy of IM; patients on 

IM had an estimated event-free survival (EFS) rate of 83%, estimated rate of freedom from 

progression to AP and BC of 93%, and estimated overall survival (EOS) of 88%, or 95% 

when only CML-related deaths were taken into account [162]. The importance of 

achieving a quick IM response (within the first 24 months after initiation of treatment) has 

been highlighted during recent years since it has been associated with increased life 

expectancy, comparable to the general population [163]. Therefore, it could be 

disheartening that almost a quarter of newly CP diagnosed patients in the IRIS trial did not 

achieve complete CyR within the first 18 months of treatment [160]. Nevertheless, the 

efficacy of IM was superior to any previous treatment, taking into account BMT and SCT 
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[164]. Hence, IM is since then used as a first-line treatment for newly diagnosed CP CML 

[161, 162, 165].  

 

1.3.6.3 IM responses 

Even if IM has an effect on the majority of CP patients, once the disease progresses to AP 

or BC, it has little or no effect. Another major drawback of IM involves the development 

of resistance. Data from 5-year follow up of CML patients receiving IM, showed that in 

7% of the patients the disease had progressed to AP or BC, 2% of which had initially 

achieved a complete CyR response and a reduction of <3-log in levels of BCR-ABL 

transcripts at 18 months [166].  

A framework of guidelines and recommendations by the European LeukaemiaNet (ELN) 

[80] and National Comprehensive Cancer Network (NCCN) [82] has been provided for the 

evaluation and classification of patient responses to optimal, suboptimal or failure. Criteria 

refer mainly to the achievement of endpoints based on haematological, cytogenetic and 

molecular responses within specific time after the initiation of treatment (Table 1-5). An 

optimal response usually refers to a 2-log reduction in BCR-ABL transcripts by 3 months 

[167] and/or major molecular response (MMR) (3-log reduction in BCR-ABL transcripts), 

by 12 months [168]. However, responses from patients on 400mg IM daily that do not 

achieve CHR by 3 months or complete CyR by 12 months are classified as failure, or 

primary resistance. Secondary resistance refers to patients that initially responded to IM 

but later lost established CHR, complete CyR, or the disease progressed to AP or BC [77], 

and can be caused by various reasons, with most prominent the development of point 

mutations within the BCR–ABL kinase domain [169]. 

In the past, a suboptimal response was described as the failure to achieve 1-log reduction 

of BCR-ABL transcripts by 6 months or a 2-log reduction by 12 months [167]. On the 

other hand, recently it was demonstrated that the frequency of suboptimal responders may 

be higher than initially estimated; 4, 8 and 40% of CML patients on 400mg/day after 6, 12 

and 18 months, respectively, fulfilled the suboptimal response criteria [170]. Nonetheless, 

identification and classification of suboptimal responses still remains unclear. By 6 months 

of treatment, suboptimal responders have EFS comparable to patients with primary 

resistance. Therefore, it is harder to decide in clinic the best treatment alternative for 

suboptimal responders. 
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Response  Criteria  
CHR  Complete normalisation of peripheral blood count: 

Leukocyte count <10 x 109 cells/L 
Platelet count <450 x 109 cells/L 
No immature cells in the peripheral blood  
No signs or symptoms of disease including 
splenomegaly  

Partial haematologic 
response  

Same as those for CHR, except: 
Persistence of immature cells, or 
Platelet count <50% of the pre-treatment count but 
>450 x 109 cells/L, or  
Persistent splenomegaly but >50% of the pre- 
treatment extent  

Complete CyR No Ph+ cells detectable by cytogenetics in the BM  

Partial CyR 1-34% Ph+ cells detectable in the BM  

 MCyR <35% Ph+ cells detectable in the BM (includes 
complete and partial CyR)  

Minor CyR 35-90% Ph+ cells detectable in the BM  

Complete molecular 
response (CMR) 

Undetectable BCR-ABL transcript by qRT-PCR, or 
 ≥4.5 log reduction compared to starting level  

MMR ≥3 log reduction of BCR-ABL transcript, or 
 <0.1% BCR-ABL transcript by qRT-PCR  

 

Table 1-5: Criteria of treatment responses in CML 

 

 

1.3.6.4 Molecular persistence 

Despite the superiority of IM versus the combination of IFNα with cytarabine in achieving 

complete CyR, only 4% of the IM treated patients achieved CMR [168]. The majority of 

the patients in the IM arm had detectable BCR-ABL transcripts, which means that a 

leukaemic clone managed to escape treatment and lead to MRD.  The question that 

subsequently arose was, if IM had eradicated all leukaemic clones in patients with CMR. 

Therefore, the STIM [171] and the Australian [172] studies were launched. In the STIM 

study IM was discontinued in 69 patients who had been in CMR for at least 2 years. 
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Approximately 58% of these patients relapsed within the first 6 months. Similarly, in the 

Australian study, it was demonstrated that even patients that maintained CMR after IM 

cessation, harboured residual leukaemia. These observations support the hypothesis that a 

fraction of leukaemic stem cells (LSCs) is refractory to IM and replenishes the disease 

upon drug withdrawal, leading to relapse.  

The inability of IM to target the persistent fraction of LSCs can be attributed to the 

quiescent status of these cells. It has been suggested that CD34+ Ph+ cells could be 

inherently insensitive to IM, since they manage to survive 10 times higher concentration 

(10µM) than the inhibitory concentration (1µM), unlike more differentiated cells [173]. 

Analysis of the reduction rates of BCR-ABL transcripts with a mathematical model 

suggests that this process is biphasic [174]. During the first phase there is a rapid decrease 

in transcripts, representing the elimination of Ph+ progenitors and more committed cells. 

However, the following second phase is much slower and illustrates the inaccessibility of 

LSCs to IM.  Hence, the restored haemopoiesis upon IM treatment seems to be attributed 

to the suppression of the proliferative capacity of these cells rather than their elimination 

[175].   

 

1.3.6.5 Mechanisms of resistance 

The diverse mechanisms of resistance development against IM were first studied in BCR-

ABL positive cell lines following prolonged treatment to progressively increasing doses, 

from suboptimal concentrations up to 1mM [176-178]. Resistance mechanisms can be 

versatile, as depicted in Figure 1-4. 

 

1.3.6.5.1 Mutations affecting the BCR-ABL kinase domain  

 

The major cause of IM resistance involves the development of point mutations that prevent 

efficient IM binding [179]. More than 100 mutations have been identified so far, the 

development of which is attributed to the genomic instability that BCR-ABL is promoting 

via DNA damage and impairment of the repair mechanisms [180]. These mutations can 

affect directly IM contact positions or indirectly, by occurring within sites that destabilise 

the inactive conformation of BCR-ABL, and impair access of IM to the ATP-binding site 

[181]. Depending on their proximity to the kinase domain and other factors, these 

mutations can induce from moderate to severe resistance with significantly increased IM 

IC50 values compared to native BCR-ABL positive cells [182, 183]. The first identified 
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IM resistance mutation leads to an exchange of threonine at position 315 to isoleucine 

(T315I), and until today, BCR-ABLT315I remains the most troublesome mutant, associated 

with a highly aggressive phenotype and poor outcome [184-186]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4: IM resistance mechanisms 

IM resistance can be attributed to a plethora of causes that vary from patient compliance (1) to the 

metabolism and bioavailability of the drug (2,3,5), as well as the development of genetic 

modifications (6,7,8) and alterations in the signaling pathways downstream of BCR–ABL (9). ( a-

1-GP: a-1-acidglycoprotein; hOCT-1: human organic cation transporter-1; MDR1: multidrug 

resistance- associated membrane transporter). (Redrawn from [187]) 

 

1.3.6.5.2 BCR–ABL overexpression 

 

BCR-ABL gene amplification and protein overexpression were demonstrated to cause IM 

resistance in cell lines [176-178] and patient samples [184, 188]. A possible explanation 

could be that the amount of IM within the cell is not sufficient for the inhibition of BCR-

ABL, and this residual activity allows the clone to survive and proliferate. On the other 
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hand, it has been suggested that high levels of BCR-ABL promote genomic instability and 

this, leads to the development of mutations that ultimately lead to the development of 

resistance. In a study performed by Tang and colleagues it was observed that BCR-ABL 

overexpression is essential for the development of mutations within the kinase domain 

[189]. However, such observations were not made in CML patient samples; out of the 66 

patients only two were identified with BCR-ABL gene amplification and the rest carried 

kinase domain mutations [190]. Nevertheless, it should be underlined that high levels of 

BCR-ABL are toxic for the cells. The first step in the development of resistance could be 

overexpression of BCR-ABL that subsequently, leads to the development of a kinase 

domain mutation. Therefore, the initial overexpressing clone would die and would not be 

detected in the samples, while a lower BCR-ABL expressing clone carrying the mutation 

would have a growth advantage and drive the resistance [189]. 

 

1.3.6.5.3 BCR-ABL-related epigenetic modifications 

 

BCR-ABL has been proposed to promote epigenetic alterations by hyperacetylating 

histone H4 [191]. Moreover, IM resistant cell lines have been proposed to have distorted 

balance between histone deacetylases (HDACs) and histone acetyltransferases (HATs) that 

subsequently, lead to abnormal acetylation of key proteins, like Hsp90 and p53 [192].  

Another hypothesis supports that IM may be able to target Ph+ cells only when in a 

specific epigenetic differentiated cell state. Carette and colleagues generated induced 

pluripotent stem cells (iPSCs) from a BCR–ABL oncogene addicted CML cell line and, 

surprisingly, after reprogramming the cells became resistant to IM and did not depend on 

BCR-ABL on survival [193]. 

 

1.3.6.5.4 Clonal evolution & activation of alternative signaling pathways 

 

BCR-ABL independence implies that the cells have acquired additional mutations and do 

not exclusively rely on BCR-ABL for survival. The development of chromosomal 

abnormalities in addition to the Ph, known as clonal evolution, is considered to be a poor 

prognostic factor. Such abnormalities are associated with genomic instability and include, 

for instance, inactivation of p53 and overexpression of c-MYC and BCR–ABL as a result 

of isochromosome 17, trisomy 8 and duplication of the Ph, respectively [179, 194, 195]. 

Alterations in various cellular pathways and mechanisms can also be responsible for BCR-

ABL-independent aberrant growth and survival. SRC activation has been suggested to 
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have a significant impact on disease progression, even in cases where IM has effectively 

suppressed BCR-ABL protein expression to undetectable levels [196]. For instance, LYN, 

an SRC related kinase, has been found to be abnormally overexpressed and activated in IM 

resistant cells that carry native, unmutated BCR-ABL and IM is efficiently suppressing 

BCR-ABL activity. Interestingly, inhibition of LYN in these IM-resistant cells reduced 

proliferation and survival while it didn’t have an effect on IM sensitive cells [197].  

Another counter-regulatory mechanism relevant to BCR-ABL independent IM resistance 

involves the adaptive autocrine secretion of the granulocyte macrophage colony-

stimulating factor (GM-CSF) via activation of the antiapoptotic JAK2/STAT5 pathway. 

JAK2 inhibition managed to override GM-CSF-induced IM resistance [198]. Additionally, 

it has been suggested that high levels of STAT5 can drive TKI resistance in a JAK2 

independent manner [128]. It has been also proposed that extended IM treatment can lead 

to epigenetic silencing of PTEN, followed by aberrant activation of the PI3K/AKT 

pathway and STAT5 signaling [199, 200]. 

 

1.3.6.5.5 Pharmacokinetics & drug delivery issues 

 

Changes with regards to the distribution of IM, such as diminished delivery, can result in 

suboptimal intracellular drug concentrations and development of resistance. This can be 

attributed to dysfunctioning drug import and export pumps on the target cell membrane, as 

well as deregulated plasma proteins and enzymes. 

ATP-binding cassette sub-family B member 1 (ABCB1) transporter, aka MDR1, is a 

transmembrane glycoprotein that belongs to the ATP-binding cassette sub-family (ABC). 

ABC transporters use the energy of ATP hydrolysis to open/close ion channels of proteins, 

including themselves, and have also been suggested to carry out other functions, such as 

translation of RNA and DNA repair [191]. It was proposed that ABCB1 upregulation could 

lead to the development of resistance due to increased drug efflux [201]. Nevertheless, 

later studies from our lab demonstrated that ABCB1 inhibition did not lead to increased 

intracellular IM concentrations [202]. Moreover, it was illustrated that ABCB1 activity is 

very low within the CD34+ fraction, and this could explain why inhibition of ABCB1 did 

not sensitize these cells to IM.  

It has been suggested that concentrations of bioavailable IM can be significantly reduced 

after binding to plasma proteins, such as the a-1-GP. This displacement affects the 

pharmacological efficiency of IM and reduces its antileukaemic activity in mouse models 

[203]. A positive correlation between a-1-GP and IM plasma levels was also established in 



  46 
 
the total of 19 CP, AP and BC CML patients. Clindamycin (CLI) is an antibiotic that can 

compete with IM for binding to a-1-GP in vitro, and its administration to five CML 

patients resulted in rapid decrease of IM plasma levels [204]. Nevertheless, published data 

from our lab support that normal a-1-GP at supra-physiological concentrations, or CML-

derived a-1-GP, do not inhibit the IM effect on the proliferation of Ph+ cells in vitro [205].  

Another membrane transporter that has been associated with IM resistance is the hOCT-1. 

In 2004, Thomas and colleagues first demonstrated that inhibition of hOCT-1, but not 

hOCT-2 or hOCT-3, reduced IM uptake in CML cells [206]. Furthermore, it was illustrated 

that patients with high hOCT-1 expression levels before the initiation of IM treatment, 

presented higher responses associated with higher rates of complete CyR, EFS and EOS 

[207]. Recently, the same group identified that the hOCT-1 single nucleotide 

polymorphism (SNP) M420del is associated with less favorable IM responses, further 

supporting the importance of hOCT-1 in IM treatment [208].    

The amount of IM available depends not only on the equilibrium between influx and 

efflux, but also on the rate of its biotransformation. CYP3A (cytochrome P450, family 3, 

subfamily A) is a hepatic enzyme that metabolises IM to its active form via N-

demethylation. Data from a pilot study on in vivo CYP3A activity in 14 CML patients 

support that elevated levels of CYP3A are associated with better responses, probably 

because this allows for higher amounts of bioavailable IM [209]. Factors that alter CYP3A 

levels or function, such as gene polymorphisms, interaction with other drugs or food 

habits, may affect IM responses. 

 

1.3.6.5.6 Compliance 

 

Patient compliance is another crucial parameter affecting IM responses. A study on 169 

CML patients revealed that there is a strong correlation between patient adherence and the 

achievement of MMR and CMR [210]. Poor compliance has been associated with 

suboptimal response since patients with adherence < or = 80% did not respond at 

molecular level. This hypothesis has been further validated in a following study on 87 

patients, where compliance was monitored by a microchip incorporated at the prescription 

bottle for pill counting, over a period of 3 months [211]. Data supported the direct 

association between adherence and treatment response; strong compliance has been linked 

to high rates of achieving CMR, while poor compliance with suboptimal responses.  
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1.3.6.6 Strategies to override resistance 

1.3.6.6.1 IM dose escalation 

 

A first approach in order to overcome resistance issues was escalation of IM doses. Such 

an escalation could be beneficial in cases of BCR-ABL overexpression and/or BCR-ABL 

amplification, as well as mutations that are susceptible to higher doses of IM. Moreover, 

during the phase 1 dose-escalating trial of IM, a dose-response effect was noticed. In 2003 

Kantarjian and colleagues published a study based on 54 CML CP patients that had been 

previously treated with IM at 400mg/day and had developed resistance or relapsed [212]. 

These patients were treated with up to 800mg/day; 65% of the patients with haematologic 

resistance or relapse and 56% of those with cytogenetic resistance or relapse achieved 

partial or complete haematologic and cytogenetic responses, respectively. In another study, 

IM dose was increased to 800mg/day in 84 CML CP patients that had failed IM at 

400mg/day [213]. Complete CyR was achieved in 52% of the patients with cytogenetic 

failure and 5% of those with haematologic failure, and maintained in 88% of the patients 

beyond 2 years.  

 

1.3.6.6.2 Second-generation TKIs 

 

In an effort to override IM resistance, second generation TKIs were developed. DAS and 

NIL allow for more effective binding with BCR-ABL and can target mutant BCR-ABL 

forms that are not inhibited by IM.  

1.3.6.6.2.1 DASATINIB 

 

DAS (Sprycel®; formerly BMS-354825, Bristol-Myers Squibb, NY, USA) is a multi-

targeted kinase inhibitor with specificity against the SRC and ABL kinases, as well as c-

KIT and PDGF-R [214]. DAS has much higher affinity for ABL than IM and can target 

both its active and inactive conformations [169]. DAS is >300-fold times more potent than 

IM against cells expressing native BCR-ABL, and can target the majority of the IM-

resistant BCR- ABL isoforms harbouring mutations, with the exception of the T315I [215, 

216]. 

In 2008, Hochhaus and colleagues released the data from a phase II trial evaluating the 

efficacy of DAS in 387 CML CP patients resistant or intolerant to IM [217]. After a 

median follow-up of 15.2 months, 91% of patients receiving 70mg DAS twice daily 
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attained or maintained a CHR, 59% attained or maintained a MCyR, from which 49% 

achieved complete CyR. Following, the clinical efficacy of DAS in newly diagnosed CML 

patients was evaluated in the DASISION trial [218]. In DASISION, 519 CML CP patients 

were recruited and randomised between two treatment arms, 100 mg DAS versus 400 mg 

IM per day. After a minimum follow-up of 12 months, patients on DAS achieved 

significantly higher and faster rates of complete CyR (DAS 77% vs IM 66%; p = 0.007) 

and MMR (DAS 46% vs IM 28%; p < 0.0001). In 2006, DAS gained approval from FDA 

for the treatment of newly diagnosed adult Ph+ CML and ALL patients and patients who 

have previously found to be resistant or intolerant to prior therapy.  

Nevertheless, the efficacy of DAS at more progressed disease stages, in AP and BC 

patients, was limited; responses were poor and not long lasting [219, 220]. Additionally, 

like IM, DAS was efficient in targeting CML progenitors and more differentiated cells, 

however, failed to eliminate the persistent fraction of the quiescent leukaemic stem cells 

[221].  

 

1.3.6.6.2.2 NILOTINIB 

 

NIL (AMN107; Tasigna, Novartis, Switzerland), is a BCR-ABL TKI, that structurally 

resembles to IM, but carries a modification in a methylpiperazinyl group that allows for 

higher affinity to the inactive conformation of ABL [222]. NIL exhibits >20 times higher 

potency than IM [223], and can target in vitro all the BCR-ABL mutants whose 

conformations are inaccessible to IM, with the exception of the BCR-ABLT315I isoform 

[215, 224].  

The clinical efficacy of NIL was underlined in the ENESTnd trial, where NIL at 300mg or 

400mg twice daily was associated with better responses compared to IM at 400mg daily. A 

median 24-month follow up revealed that 71% patients at the NIL arm achieved MMR 

versus 44% at the IM arm [225]. In 2010, NIL received FDA approval for the treatment of 

adult patients with newly diagnosed Ph+ CP CML. However, NIL, like IM and DAS, 

cannot eliminate the persistent population of LSCs [226]. 
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1.3.6.6.3 Third-generation TKIs 

 

1.3.6.6.3.1 Ponatinib 

 

PON (AP24534; ARIAD, MA, USA) is a third generation pan-BCR-ABL inhibitor that 

can target all BCR-ABL mutants, including the BCR-ABLT315I, as well as FLT3 and SRC 

kinases [227]. The toxicity and safety of the clinical use of PON were explored in a phase I 

trial focused on CML patients that had previously failed a minimum of two TKIs. PON 

was well tolerated and associated with superior responses; 98% of the CML CP patients 

had a complete haematologic response, 72% had a MCyR, and 44% had a MMR [228]. 

Therefore, a phase II Ponatinib Ph+ ALL and CML Evaluation (PACE) trial was launched 

in September 2010 [229]. During the PACE trial, CP (271 patients) and AP (79 patients) 

CML patients that resistant or intolerant to DAS or NIL or harbouring the T315I mutation 

were receiving PON 45mg daily and the results were very encouraging. In July 2012, 

ARIAD announced the initiation of the phase III Evaluation of PON versus IM in CML 

(EPIC) trial that will compare the efficacy of PON with that of IM in the treatment of adult 

patients with newly diagnosed CP CML [230].  

 

1.3.6.6.3.2 Bosutinib 

  

Bosutinib (SKI-606; Pfizer, NY, USA) is a dual inhibitor of ABL and SRC, targeting 

simultaneously c-KIT and some PDGF receptor members. Bosutinib is currently tested in a 

phase III clinical trial. 

 

1.3.6.6.4 Investigational agents 

 

Aurora kinases are serine/threonine kinases that play an active role in mitosis and their 

deregulation has been associated with many cancers. These enzymes are being considered 

for treatment of CML since they inhibit, among many targets, ABL. Allosteric inhibitors 

that selectively target BCR-ABL, like GNF-5, are also under investigation [231]. A novel 

approach in inhibiting ABL refers to a class of molecules, known as “switch pocket 

inhibitors”, such as DCC-2036 (Deciphera, KS, USA) [232]. DCC-2036 exerts its effects 

by binding to two amino acids in the switch pocket of ABL that are necessary for the shift 

of BCR-ABL from the inactive to the active form.  
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Anti-CML vaccines have also been tested for the treatment of patients. Recent studies 

suggest that BCR-ABL is not a strong immunogen; therefore, research is focused on 

developing vaccines from other immunogens, such as WT1, PRTN3, HMMR, PRAME, 

SPAG9, AURKA, IL1RAP and BMI1 [233].  

 

1.3.6.6.5 Combination approaches for the elimination of the persistent CML stem cells 

 

As described above, TKIs fail to eradicate the fraction of primitive LSCs that persist and 

replenish disease. Recent studies by our lab and others, demonstrated that the LSCs may 

not be oncogene addicted [234, 235]. In such a scenario, TKIs will be completely 

ineffective in targeting these cells since their survival will not be affected by the absence of 

BCR-ABL initiated signals. Therefore, rational strategy would involve the combinational 

targeting of these cells with TKIs and other agents that target vital pathways for the 

survival of LSCs. Combinational approaches could also have an inhibitory effect on 

disease progression since this process is mainly relying on the development of secondary 

BCR-ABL independent changes such as, activation of alternative pathways and epigenetic 

alterations [58]. 

There is a series of studies investigating the benefits from the combination of IM with 

alternative reagents. For instance, HDAC inhibitors in combination with IM have been 

demonstrated to induce apoptosis in quiescent IM resistant CML progenitors in vitro, while 

in vivo administration of IM and HDAC inhibitors eradicated the LSC population in a 

mouse model [236]. Moreover, Preudhomme and colleagues demonstrated that the 

combination of peginterferon α -2a (90µg weekly) and IM (400mg daily) was superior to 

IM treatment alone (at 400mg daily) [237]. Patients presented significantly higher rates of 

superior molecular response (reduction of 4 log units or more from the baseline level) in 

the combination arm (30%) versus IM alone (14%) (P=0.001).  

Metabolic modulators have also been tested in combination with IM. Arachidonate 5-

lipoxygenase (ALOX5) is an enzyme that takes part in transforming essential fatty acids 

into leukotrienes and has been proposed to be essential for the maintenance of LSCs. In 

vivo experiments in a murine model demonstrated that BCR-ABL could not induce CML 

in an Alox5 deficient background [238]. Based on these data, a phase I trial has been 

launched in order to evaluate the clinical efficacy of IM in combination with zileuton, an 

ALOX5 inhibitor.  

Another pathway that has been suggested to be vital for the self-renewal of LSCs is the 

Hedgehog pathway. Loss of Smoothened (SMO), a vital Hedgehog pathway mediator, 
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leads to targeting of the leukaemia initiating CML stem cells and targets their ability to 

proliferate and induce the disease [239]. A phase II trial is currently investigating the 

combination of a SMO inhibitor with DAS in CML CP patients.  

 

1.4 Autophagy 

In 1963, de Duve introduced the term autophagy - from the Greek words αυτό (self) and 

φαγία (eating) - a cell survival lysosomal pathway used by eukaryotes to degrade and 

recycle cellular components, such as aged proteins and organelles, in order to recoup ATP 

and essential building blocks during nutrient and/or oxygen deprivation [240]. For a long 

time autophagy was regarded solely as a stress-induced cellular recycling mechanism. 

Nevertheless, research during the last 10 years has revealed the multifaceted role of 

autophagy; this process takes place in virtually all mammalian cells, from oocytes to 

neurons, and ensures homeostasis and quality control. Autophagy can target bulk 

cytoplasm or selective cargo, clearing damaged mitochondria (mitophagy) or peroxisomes 

(pexophagy). Additionally, autophagy takes part in various cellular processes such as 

ageing, inflammation, innate and acquired immunity, as well as differentiation [241]. 

Impairment of autophagy has been associated with the development of many diseases, 

including cancer. 

There are three different types of autophagy. Chaperone-mediated autophagy is a 

secondary response to nutrient starvation; cytosolic proteins tagged with a pentapeptide 

motif are transferred to the lysosomes and afterwards unfolded with chaperones’ 

mediation. On the other hand, during microautophagy cytoplasmic components are 

recruited directly on the lysosomal membrane, which subsequently gets introverted and/or 

segmented. 

Macroautophagy, is the most efficient autophagic clearance mechanism and the most 

common type of autophagy, therefore, hereafter macroautophagy will be referred to as 

autophagy. Through this process, cytoplasmic components are being delivered to the 

lysosomes for degradation after inclusion in de novo constructed double-membrane 

vesicles, the autophagosomes [242]. These formations are derived from the phagophores 

(aka isolation membranes), cup-shaped membranes, which are generated after the 

induction of autophagy. As the phagophores expand, they segregate cytoplasm and finally 

isolate it upon their structural completion [243]. The autophagosomes slide along 

cytoskeletal structures and fuse with lysosomes, generating the autophagolysosomes. 

Degradation of the included components and the inner autophagosomal membrane follows.            
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Autophagy is regulated by the autophagy-related genes (Atg) that have been discovered in 

S. cerevisiae. From these 31 genes, 15 are mainly required for the autophagic machinery, 

and only 11 of them have unambiguous orthologues in mammalians (Table 1-6). Most of 

these “core” Atg’s mediate the autophagosome formation [243]. 

 

 
Autophagy genes in mammals 

Gene Protein function Chromosomal 
location 

ATG1, 
ULK1 

Serine/threonine protein kinase; it may be 
involved in induction/membrane recycling 

12q24.3 
17p11.2 

ATG3 Ubiquitin-conjugating E2-like enzyme; covalently 
attaches ATG8/LC3 to PE 

3q13.2 

ATG4 Cysteine protease; cleavage of ATG8  
 

Xq22.1–q22.3 
(ATG4A) 
2q37.3              
(ATG4B) 
1p31.3              
(ATG4C) 
19p13.2            
(ATG4D) 

ATG5 Conjugated to ATG12; binds AT16 as part of a 
tetrameric complex of unknown function 

6q21 

ATG6, 
BECN1 

Component of the class III PI3K complex that is 
required for autophagy 

17q21 

ATG7 Homolog of the ubiquitin-activating enzyme; it 
activates both ATG8/LC3 and ATG12 

3p25.3 

ATG8,  
MAP1LC3 

Ubiquitin-like protein conjugated to PE; 
formation and expansion of the autophagosome 

 

ATG9 
Transmembrane protein; it may be involved in 
delivering membrane to the forming 
Autophagosome 

2q35                 
(ATG9A) 
7q36.1              
(ATG9B) 

ATG10 Functions as an ubiquitin-conjugating-like 
enzyme; covalently attaches ATG12 to ATG5 

5q14.1–q14.2 

ATG12 Structural similarity to ubiquitin; it is conjugated 
to an internal lysine of ATG5 

5q21–q22 

ATG16 Binds ATG5 and homo-oligomerizes to form a 
tetrameric complex 

2q37.1             
(ATG16L1) 
11q13.4           
(ATG16L2) 

 

Table 1-6: Autophagy genes in mammals 

(Table compiled from information within [244] and [240])  

 



  53 
 
1.4.1 Molecular mechanism  

Basal autophagy occurs constantly within the majority of mammalian cells at low levels. 

Nevertheless, under conditions of starvation or stress [endoplasmic reticulum (ER) stress, 

hypoxia or oxidative stress], autophagy is induced [245]. The autophagic process can be 

divided into the following steps: initiation, autophagosome formation, fusion and 

degradation (Figure 1-5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-5: Overview of the autophagy process in vertebrates 

(Adapted from [246]) 
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Initiation: The mediator that sits atop the hierarchy of the autophagy initiation cascade is 

the Unc-51- like kinase 1 (ULK1), which along with the Unc-51- like kinase 2 (ULK2), 

consist the Atg1 yeast homologs. Kim and colleagues recently offered an insight about the 

regulation of ULK1 by AMPK and mTORC1 [247]. During energy sufficient conditions, 

mTORC1 is active in a RHEB-dependent manner and phosphorylates ULK1 on Ser757, 

prohibiting its interaction with AMPK. Nevertheless, upon glucose starvation, the energy 

sensor AMPK, phosphorylates tuberous sclerosis protein 2 (TSC2) and RAPTOR thus, 

inhibiting mTORC1 and mTORC1-mediated ULK1 phosphorylation. Hence, ULK1 is free 

to interact with AMPK, which phosphorylates ULK1 at Ser317 and Ser777 and activates it. 

It should be underlined however, that ULK1-mediated autophagy induction upon RAPA 

treatment or amino-acid starvation, occurs in an AMPK-independent manner. 

Regardless of nutrient conditions, the ULKs form a complex with the mammalian ATG13 

(Atg13 homolog) and the focal adhesion kinase family-interacting protein of 200Kd 

(FIP200) (Atg17 homolog) [248, 249]. Active ULKs, phosphorylate and activate the 

ATG13 and FIP200, and the activated ULK-ATG13-FIP200 complex is recruited to the 

phagophores [250]. Nonetheless, mTOR has been also suggested to directly phosphorylate 

and inactivate ATG13 under nutrient rich conditions [249]. Hence, phosphorylation of 

ATG13 by ULKs and mTOR must occur within different sites, having opposite effects.  

 

Autophagosome formation: The first step of this process refers to the nucleation of the 

phagophore. In order to achieve this, a complex comprising of the class III PI3K vacuolar 

protein sorting 34 (VPS34), the regulatory unit VPS15 (previously known as p150 in 

mammalian cells) [251, 252] and BECLIN1 (ATG6; Vps30 or Atg6 yeast homolog) [253, 

254]. Recently, a new interactor of this complex was identified; this molecule, known as 

BECLIN1-associated autophagy-related key regulator (BARKOR), has a sequence that is 

18% identical and 32% similar to the yeast Atg14 [255]. Therefore, mammalian BARKOR 

is also known as autophagy-related protein 14-like (ATG14L) protein. In yeast, there are 

two PI3K complexes; the [Vps34-Vps15-Atg6]-Atg14, which takes part in autophagy, and 

the [Vps34-Vps15-Atg6]-Vps38, which takes part in the vacuolar protein-sorting pathway 

[256].  It is believed that Atg14 and Vps38 “tag” the complexes and determine their 

function and localisation. Accordingly, in mammals the core of the PI3K complex consists 

of the VPS34-VPS15-BECLIN1 and, depending on the binding of specific interactors, 

such as ATG14L or the UV irradiation resistance-associated gene (UVRAG; Vps38 yeast 

homolog) protein, the complex gains specific functions regarding membrane trafficking. In 

the mammalian autophagy machinery, ATG14L is believed to target the PI3K complexes 
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to an ER subdomain that is essential for the autophagy [257, 258]. Hence, in both yeast and 

mammals, ATG14L is mediating the localisation of the PI3K complexes to the site of the 

autophagosome formation.  

Furthermore, the function of the PI3K complex can be regulated via interaction of 

BECLIN1 with its binding partners. The apoptosis regulator protein BCL2 can inhibit 

autophagy through interaction with the BH3-like domain in BECLIN1 [259]. This 

interaction is, however, reversed during starvation, allowing BECLIN1 to induce 

autophagy [260]. BECLIN1 has also been demonstrated to interact with UVRAG and 

activate autophagy [261].  Another BECLIN1 interactor is the activating molecule in 

BECLIN1-regulated autophagy protein 1 (AMBRA1). The PI3K core complex is docked 

to the cytoskeleton via dyneins through a BECLIN1/AMBRA1 interaction. Di Bartolomeo 

and colleagues demonstrated that upon autophagy induction, ULK1 phosphorylates 

AMBRA1, disrupting the interaction with BECLIN1 [262]. This allows the PI3K complex 

to de-attach from dyneins and reach the ER in order to initiate the autophagosome 

nucleation.  

The origin of the autophagosomal membrane still remains unclear. Some studies suggest 

that either the ER or the Golgi is the source, however, others propose both ER and 

mitochondria, or a de novo membrane generation [263].  

The expansion of the phagophore and, ultimately, the formation of the autophagosome, 

depend on two ubiquitin-like (UBL) conjugation systems; the ATG12–ATG5 and the 

ATG8–PE (phosphatidylethanolamine) [ATG8 is also known as microtubule-associated 

protein 1 light chain 3 (LC3); Atg8 yeast homolog]. The proteins with UBL activity, 

ATG12 and ATG8, undergo a cascade of conjugation with different ATG interactors 

(Figure 1-6).  
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Figure 1-6: Autophagosome elongation 

(Original figure, compiled from information within [244] and [243]).  

 

 

ATG12-ATG5 system: ATG7, a homodimeric E1-like enzyme, activates ATG12. 

Following, ATG7 covalently conjugates ATG12 to ATG10 (E2-like enzyme) and then to 

ATG5. The ATG12-ATG5 complex associates then to ATG16-like (ATG16L; Atg16 yeast 

homolog), which mediates the attachment of the complex to the phagophore [264]. 

Subsequently, the ATG12-ATG5-ATG16L facilitates the loading of the ATG8-PE on the 

nascent autophagosomal membrane [243]. 

LC3-PE system: In humans there have been identified three LC3 isoforms (LC3A, -B, and 

-C) and four additional Atg8 yeast homologs (GABARAP, GEC1/GABARAPL1, 

GATE16/GABARAPL2, and GABARAPL3) [265, 266]. LC3 is post-translational 

modified by the ATG4, a cysteine protease. ATG4 removes 22 amino acids from the C-

terminal of LC3, leading to the exposure of a glycine residue, and generates the cytosolic 

form (LC3-I) [267, 268].  Once autophagy is induced, ATG7 activates LC3 and transfers it 

to ATG3 (E2-like enzyme). Finally, ATG12-ATG5 covalently binds PE to LC3-I [269, 

270], generating the lipidated form, LC3-II [268]. Autophagosomes have double 

membrane, and the composition of the inner and the outer membranes are different. LC3-II 
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seems to be the most indispensible building block for both inner and outer autophagic 

membranes [126]. 

It is believed that the expanding autophagosomes engulf bulk cytoplasmic contents in a 

non-specific manner. Nonetheless, this process can also be selective; cargo receptors 

deliver ubiquitinated substrates for autophagic degradation. Such a receptor is the 

mammalian protein p62/sequestosome 1 (SQSTM1), which contains a C-terminal 

ubiquitin-associated (UBA) domain that binds ubiquitin, and a conserved 22-amino acid 

acidic peptide motif LC3-interacting region (LIR) that allows for direct binding to human 

LC3 family members [271]. The selective recognition and degradation of p62 through 

autophagy were demonstrated by its accumulation in autophagy deficient cells [272, 273]. 

NBR1 (neighbor of BRCA1 gene 1) is another autophagy receptor containing a UBA 

domain and a LIR region [274]. NBR1 and p62 can work independently, or interact and 

form oligomers.  

 

Fusion and degradation:  Upon formation of the complete autophagosome, ATG4 

releases the outer membrane LC3 from the PE by cutting the amide bond that links them 

[275]. The mechanistic details of the autophagosome fusion with the lysosomes in order to 

form the autolysosomes or autophagolysosomes, are still not clear. Nevertheless, in 

mammals, it has been demonstrated that this process requires the presence of lysosomal 

membrane protein LAMP-2, the small GTPase RAB7 and UVRAG [276-278]. 

Following fusion, the cargo is lysed mainly by cathepsins [279]. The macromolecules have 

been digested to their monomeric units, and released to the cytosol for reuse. Nevertheless, 

this process has to be further investigated; especially, the process of the autophagic 

recycling of carbohydrates and lipids remains vastly unknown. 

 

1.4.2 Autophagy in cancer 

1.4.2.1 Autophagy and cell death 

Apoptosis, aka programmed cell death (PCD) type I, is a highly ordered process that 

recruits proteases and caspases for the dismantling of a cell. Accordingly, the extended 

vacuolisation of the cytoplasm accompanied by Golgi, ER and polyribosomes degradation 

before nuclear destruction, has been considered by many as an autophagic cell death, or 

PCD type II [280]. Along with necrosis, which is a non-ordered accidental type of death 

induced usually by external factors, apoptosis and autophagy cell death consist the three 

pathways of cell death [281]. Nevertheless, there have been arguments regarding the 
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contribution of autophagy in the process of cell death. More specifically, the Nomenclature 

Committee of Cell Death 2009 underlined that the “autophagic cell death” term “may 

misleadingly suggest a form of death occurring through autophagy, as this process often 

promotes cell survival” [241]. Hence, the use of a broader definition, such as “cell death 

occurring with autophagy” may be more suitable.  

It has now been established that disruption of apoptosis can lead to tumour initiation, 

progression or metastasis. p53 is an extensively investigated transcription factor that acts 

as a tumour suppressor and is deregulated in more than 50% of all cancers [282-284]. p53 

is involved in many cancer prevention mechanisms, including DNA repair, cell cycle 

regulation and initiation of apoptosis. In 2006, it was demonstrated that, DRAM (damage-

regulated autophagy modulator), a p53 target, is required for DNA-damage induced 

autophagy and is indispensible for p53-mediated apoptosis [284, 285]. It has been 

suggested that the p53 regulation of autophagy depends on its localisation; nuclear p53 

appears to induce autophagy at transcriptional level, whereas cytosolic p53 suppresses 

autophagy [286]. Recently, Lee and colleagues provided the first evidence for a direct 

interaction between p53 and ATG7 and a non-autophagic role for ATG7 [287]. ATG7 was 

essential during starvation for initiation of cell cycle arrest by binding to p53 and inducing 

expression of the cell cycle inhibitor p21. During starvation conditions, absence of ATG7 

resulted in increased DNA damage and reactive oxygen species (ROS), as well as 

transcriptional increase of the proapoptotic genes PUMA, NOXA, and BAX and, ultimately, 

p53-dependent apoptosis.  

Another autophagy gene interplaying with apoptosis is the ATG5, which is considered to 

be the “molecular switch” between autophagy and apoptosis. Cellular death stimulation 

and other stress factors (e.g. anticancer drugs) activate the calpains, a family of proteases, 

which cleave ATG5. The truncated ATG5 product (tATG5) triggers the release of 

mitochondrial cytochrome c and leads to an autophagosome-independent cell death [288].  

 

1.4.2.2 The autophagy paradox 

In 1999, experiments on Beclin1 haplodeficient mice associated for the first time an 

autophagy gene with tumourigenesis [254]. Following, it was demonstrated that BECLIN1 

was monoallelically deleted in 40-­‐‑70% of sporadic human breast or ovarian cancers cases 

[254], and haploinsufficient Beclin1 mice were prone to tumour development, including 

lymphoma, lung cancer and hepatocellular carcinoma [289, 290]. ATG genetically 

modified mice with compromised autophagy at whole body or tissue-specific level, 
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presented neurodegeration, muscle and liver damage, chronic inflammations and frequent 

infections, as well as the development of spontaneous tumours [291, 292]. Tissue cells 

from such ATG-/- mice had abnormal mitochondria, increased number of polyubiquinated 

protein aggregates, lipid droplets, ribosomes, perixosomes, as well as autophagy receptors 

p62 and NBR1 [291-293]. These data support the notion that autophagy acts as a tumour 

suppressor mechanism, most probably through its role in homeostasis and quality control. 

Autophagy ablation leads to ER stress and accumulation of dysfunctional proteins’ 

aggregates that have been suggested to favour tumourigenesis [294]. Furthermore, 

impairments in mitophagy lead to the accumulation of dysfunctional mitochondria and 

subsequent oxidative stress due to increased number of ROS. PINK1 and PARK2 (aka 

parkin) take part in the ubiquitination of the outer mitochondrial membrane so as to target 

damaged mitochondria for autophagic degradation [295]. These proteins are mutated in 

Parkinson’s disease, and their inactivation causes hepatocellular carcinoma in mice [296]. 

Increased ROS due to an autophagy-deficient background promote deoxyribonucleic acid 

(DNA) damage, and lead to genetic instability [287]. Interestingly, accumulation of p62 

due to impaired autophagy has been suggested to drive tumourigenesis by aberrantly 

increased ROS and oxidative DNA damage that enhance the development of acquired 

mutations and the activation of tumour-promoting pathways [297]. p62 has been proposed 

to activate the transcriptional nuclear factor-erythroid 2-related factor-2 (NRF2), which 

regulates cellular defense upon oxidative stress [298, 299]. Autophagy suppression in the 

liver of mice has been demonstrated to lead to increased p62 levels, overexpression, 

activation and translocation of Nrf2 to the nucleus, followed by transcription of the Nrf2 

gene targets and tumourigenesis [298, 300, 301]. NRF2 has been suggested to have a dual 

role in cancer; from the one hand, it protects from oxidative stress, from the other hand, its 

overexpression had been proposed to give a survival and growth advantage to tumour cells 

[302]. Finally, it has been suggested that increased ROS levels could reduce immunity 

against cancer antigen by promoting apoptosis of T-cells.  

Another potential contribution of autophagy deficiency towards development of cancer is 

through inflammatory responses. The aforementioned effects of compromised autophagy 

on oxidative and ER stress, genomic instability etc, induce prolonged tissue damage and an 

inflammatory environment [303]. Autophagy defects lead to inflammation in Crohn’s 

disease [304] and pancreatitis [305], and chronic inflammation supports cancer 

development. Loss of Beclin1 allele in mice has been shown to promote liver inflammation 

and hepatocellular carcinoma [289, 290, 306].  
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On the other hand, autophagy has been considered as a survival mechanism since its 

discovery and increasing evidence suggest that autophagy acts also as a survival 

mechanism within cancer cells. Cells in the core of the tumour or highly proliferating 

cancer cells that have surpassed the potential of their vascular niche, have to overcome 

adverse conditions such as hypoxia and limited access to nutrients and GFs [307, 308]. 

Unlike normal cells that have low basal autophagy levels, cancer cells seem to be 

“addicted” to high levels of autophagy under nutrients  replete conditions [307].  

In support of the cancer cell “autophagy addiction” hypothesis are studies demonstrating 

the autophagy dependence of RAS-driven cancers [309-311]. Data showed that autophagy 

is required for the maintenance of mitochondrial integrity, which is necessary for the 

survival of RAS-expressing cells during starvation [309]. Most importantly, tumourigenic 

ability of RAS was ablated in an autophagy deficient background [309, 311].  

 

 

 
 

 

 

Figure 1-7: The role of autophagy in cancer 

 (Adapted from [240]).  
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Taken altogether, autophagy seems to have a dual role in cancer; it can act as a tumour 

suppressor by ensuring cellular integrity, however, in established tumours it seems to 

support the survival of cancer cells [307]. Therefore, modulation of autophagy for cancer 

therapy should be context-specific and take into account the type of tumour, the stage of 

disease and the nature of the treatment [244].  

 

1.4.2.3 Inhibition of autophagy in CML 

The most commonly used autophagy inhibitors nowadays include chloroquine (CQ), and 

its derivative hydroxychloroquine (HCQ), which is associated with lower retinal toxicity 

[312, 313]. CQ has been extensively used in the clinic for malaria, as well as for 

autoimmune diseases, such as rheumatoid arthritis and systemic lupus. Both CQ and HCQ 

inhibit autophagy at a late stage, by inhibiting lysosomal acidification and preventing the 

fusion between autophagosomes and lysosomes. CQ and HCQ are not exclusive autophagy 

inhibitors and affect other cellular pathways as well. However, since these drugs are FDA-

approved, they can be used in the clinic for the inhibition of autophagy, and a number of 

clinical trials are investigating their effects in combination with other anti-cancer agents 

(Table 1-7).  

Early stage pharmacological autophagy inhibitors target the PI3K-kinases, such as the 3-­‐‑

methyladenine (3-­‐‑MA), a PI3K-III inhibitor, and wortmannin (WM), a pan-PI3K inhibitor 

[314]. Nonetheless, PI3K inhibitors may also suppress class I PI3K kinases upstream of 

mTOR, and, partially, induce autophagy. Moreover, like CQ and HCQ, PI3K inhibitors are 

not targeting autophagy solely, and some of them are associated with high toxicity at 

clinically relevant doses [315].  

Chemical autophagy inhibitors can block autophagy at the fusion stage, such as vinblastine 

and nocodazole [316], or at the degradation stage, such as ammonium chloride or 

lysosomal protease inhibitors E64d and pepstatin [279]. Another late autophagy stage 

inhibitor is bafilomycin A1, which inhibits lysosomal acidification [317]. It should also be 

mentioned, that none of these chemical inhibitors is specific to autophagy.  
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Table 1-7: Clinical trials investigating autophagy inhibition using HCQ or CQ in 

combination with anti-cancer therapies  

(Reproduced from [318])  

 

 

1.4.3 Autophagy in CML 

In 2006, Yan and colleagues demonstrated that crotoxin (CrTX), a neurotoxin with 

antitumour activity, induces apoptosis and autophagy in BC CML cell line K562 [319]. 

Inhibition of the CrTX-induced autophagy with 3-MA or ammonium chloride enhanced 

the neurotoxin's cytotoxicity. Additionally, Carew and colleagues suggested a year later 

that CQ-mediated inhibition of autophagy potentiated the effects of the HDAC inhibitor 

suberoylanilide hydroxamic acid (SAHA) in IM-resistant CML cell lines and primary cells 
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[320]. In 2008, inhibition of BCR-ABL by bafetinib, a dual BCR-ABL/LYN TKI, or IM, 

was shown to induce protective autophagy [321, 322].  

In 2009, our lab provided for the first time rigorous evidence demonstrating that TKIs 

induces autophagy in CML primary cells and its inhibition augments TKI effects [323]. IM 

treatment induced autophagy in CML cell lines and primary cells; inhibition of the IM-

induced autophagy either with CQ enhanced the effects of IM (Figure 1-8). Furthermore, 

CQ potentiated the effects of second generation TKIs, DAS and NIL. Importantly, 

induction of autophagy was demonstrated to be specific to inhibition of BCR-ABL 

activity, since IM treatment did not enhance autophagic activity in the cells carrying the 

resistant clone BCR-ABLT315I. Nevertheless, these data do not clarify if the observed effect 

on stem/progenitor cells is due to the inhibition of cellular autophagy or lysosomal activity, 

or other CQ-associated off-target effects. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-8: Proposed mechanism for the role of autophagy in TKI-induced CML treatment 
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Sheng and colleagues recently shed more light regarding the mechanism by which 

inhibition of BCR-ABL is leading to induction of autophagy [324]. Oncogenic BCR-ABL 

mimicks the effects of GF and activates the PI3K/AKT pathway, which inhibits FoxO4. 

Inhibition of FoxO4 leads to increased levels of the transcription factor ATF5 and its 

target, mTOR. Subsequently, mTOR suppresses autophagy. Upon BCR-ABL inhibition, 

for example during TKI treatment, decreases PI3K/AKT signaling and FoxO4 is free to 

inhibit ATF5, leading to decreased transcription of mTOR and increase in autophagy.  

Our data regarding the protective role of autophagy in CML were supported by the 

following studies [325-329]. Most importantly, in 2011, Altman and colleagues 

demonstrated that autophagy is necessary for Bcr-Abl transformation; deletion of Atg3 in a 

mouse model prevented Bcr-Abl-mediated leukaemogenesis [330]. However, there are 

studies supporting the induction of autophagy in combination with targeting of non-BCR-

ABL related pathways for the treatment of CML [331, 332]. Resveratrol (RSV), a 

phytoalexin, has been proposed to induce apoptosis and autophagy in an AMPK-dependent 

manner, and inhibition of RSV-induced autophagy partially rescued RSV-mediated 

apoptosis within CML cells sensitive or resistant to IM [331]. Additionally, it has been 

proposed that treatment with arsenic trioxide, an autophagy inducer, has antileukaemic 

effects that are partially attributed to the autophagic degradation of BCR-ABL [333].  

 

1.4.3.1 The CHOICES clinical trial 

The findings from the study of Bellodi and colleagues provided the foundation for the 

initiation of the phase II clinical trial CHOICES (CQ and IM Combination to Eliminate 

Stem cells) clinical trial. CHOICES is a randomised trial investigating the effects of IM 

versus HCQ and IM for CML patients that have been on IM for >1 year and are in MCyR 

with residual disease detectable by qRT-PCR.  

Primary objectives include determining if the combination HCQ plus IM versus IM alone 

is more effective in terms of lowering BCR-ABL levels in CML patients with MCyR and 

residual disease detectable by qRT-PCR after at least 1 year of IM treatment, as well as 

evaluating the safety and tolerability of this regimen in these patients. 

 

Patients are randomised to 1 of 2 treatment arms: 

Arm A: Patients receive oral IM daily. Treatment repeats every 4 weeks for up to 12 

months in the absence of disease progression or unacceptable toxicity. 

Arm B: Patients receive oral IM daily and oral HCQ twice daily. Treatment repeats every 4 

weeks for up to 12 months in the absence of disease progression or unacceptable toxicity. 
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Taken altogether, upon ATG7 knock-down the viability of the majority of HG3 cells was 

severely affected and approximately 70% of the population died within 6 days following 

sorting. However, the remaining shATG7_E cells that survived presented significantly 

altered phenotype regarding morphology and cell-cell adhesion habits in culture.   
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5.3 Effect of Atg7 knock-down in mouse c-kit enriched 

MLL-ENL transformed cells 

Previous experiments have demonstrated that ATG7 plays an important role in cell fate 

decisions of human CML and CLL cells. In order to further investigate how ATG7 knock-

down affects the cell fate of AML mouse cells, c-kit enriched mouse bone marrow cells 

transformed with the oncogene MLL-ENL were used.  

Mouse c-kit enriched MLL-ENL transformed cells were infected with a lentiviral system 

based on a pLKO.1 vector that encoded for the puromycin resistance gene and carried 

either an Atg7-targeting hairpin (shAtg7) or a mock hairpin (shCtrl). Following three 

rounds of transduction, cells were washed and cultured in IMDM supplemented with 10 

ng/ml of mIL3. Selection of transduced cells was initiated 48h after the last transduction 

round, by adding PURO (1µg/mL) in the culture. After 3 days of antibiotic selection, 

PURO was washed out, and the cells were examined under the light microscope.  

Figure 5-16A demonstrates that by the end of the selection process, Atg7 knock-down cells 

presented increased numbers of dead cells (viewed as condensed cellular debris). The 

shAtg7 population was maintained in culture for another 3 days, so as to allow for 

expansion of the live cells, and analysed by FACS after DAPI staining.  

Analysis 3 days post-selection termination revealed that all shAtg7 cells were dead, unlike 

the shCtrl cells that presented high viability (approx. 70%). Assuming equal efficacy of 

transduction between the shCtrl and shAtg7 virions, the complete eradication of the shAtg7 

cells was attributed to knock-down of Atg7. 

Overall, these data are in agreement with previously observed effects on human leukaemic 

cell lines. Viability of the mouse c-kit enriched MLL-ENL cells was completely ablated 

upon deprivation of the cells from the Atg7 protein and no cells survived in order to 

experiment further.  
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Figure 5-16: Cell death analysis in mouse c-kit enriched MLL-ENL transformed cells upon 

Atg7 knock-down 

Mouse c-kit enriched MLL-ENL transformed cells were lentivirally infected with a pLKO.1-PURO 

vector, carrying either a mock (shCtrl) or an Atg7-targeting hairpin (shAtg7). Infected cells were 

selected in PURO for 3 days at the end of the selection the cells were examined under a light 

microscope (captions at 200X) (A). 3 days post-selection, cells were stained with DAPI and cell 

death was measured by FACS analysis. FSC/DAPI plots are representative of n=2 and gate 

percentages refer to live cells.  

 

shCtrl' shAtg7'

DAPI%(Pacific%Blue)%

FS
C%

DAPI%(Pacific%Blue)%

FS
C%

shCtrl' shAtg7'

A 

B 



238 
 
6 Discussion 

The development of IM in the 1990s opened a new era in cancer cell targeted therapy; this 

2-phenylaminopyrimidine was the product of rational drug design, identified by high-

throughput screening and modified in order to inhibit the activity of the constitutively 

active BCR-ABL tyrosine kinase, the product of the chimeric BCR-ABL oncogene located 

on the Ph [379]. The 6-year follow-up data from the phase III IRIS study highlighted the 

clinical superiority of IM versus the combination of IFNα with cytarabine, which was used 

at that time as standard treatment [161]. Standard dose IM was associated with an EFS of 

83% and 93% estimated rate of freedom from progression to AP and BC, while the EOS 

was 88% (95% when only CML-related deaths were taken into account). The estimated 

cumulative rate of complete CyR for IM-treated patients was approximately 82%. Since 

then, IM has served as the frontline therapy for patients with newly diagnosed CP CML. 

However, it was observed that almost a quarter of the newly diagnosed CP patients on IM 

did not achieve complete CyR within the first 18 months of treatment. Interestingly, it has 

been reported that CML patients achieving complete CyR within the first two years of 

treatment have a favourable long-term outcome and a life expectancy comparable to the 

general population [380]. Another limitation of IM treatment was the restricted number of 

patients that achieve CMR and have undetectable BCR-ABL mRNA levels [166]. 

Furthermore, IM was not effective in advanced disease stages and any response to 

treatment was only transient [381]. Ultimately, the development of resistance was shown to 

be the Achilles’ heel of IM.  

So far, a plethora of mechanisms have been reported to lead to IM resistance, either BCR-

ABL-dependent (such as kinase domain mutations or BCR-ABL overexpression) or BCR-

ABL-independent (such as secondary mutations, drug delivery defects, and compliance 

issues). In an effort to override resistance, IM dose escalation (up to 800mg/day) was 

investigated in CML patients previously treated with 400mg/day that had relapsed or 

developed resistance [212, 213]. Unfortunately, even if responses were moderately 

improved, IM dose escalation was not sufficient to eliminate the issue of resistance. In 

order to tackle IM resistance, 2nd generation TKIs, DAS and NIL, were designed. 

DAS, a potent TKI that targets ABL kinases and SFKs, had in vitro high affinity for BCR-

ABL mutants refractory to IM. Likewise, NIL was demonstrated to be more potent than 

IM, targeting BCR-ABL conformations inaccessible to IM. Most importantly, both of these 

TKIs were superior to IM in the clinic; the DASISION clinical trial demonstrated in vivo 

that DAS is more efficacious over IM, while the ENESTnd trial illustrated that NIL was 
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associated with better responses compared to standard dose IM. However, both DAS and 

NIL were ineffective in targeting the gatekeeper T315I mutation [216, 222].  

Nevertheless, the major problem of all the above mentioned TKIs, and the reason why they 

fail to cure CML patients, is disease persistence. Two independent studies, the STIM [171] 

and the Australian group [172], demonstrated that discontinuation of IM in CMR patients 

led rapidly to relapse due to MRD. In vitro CML CD34+ can survive very high IM 

concentrations, indicating that LSCs are inherently refractory [173]. Additionally, this IM-

resistant fraction of LSCs that can replenish disease was not targeted by either DAS [221] 

or NIL [226]. At this point it should be highlighted that development of TKI resistance and 

molecular persistence is not always attributed to inaccessibility of BCR-ABL. For instance, 

the presence of BCR-ABL mutants does not always explain clinical resistance to IM [382], 

and CML patient cells resistant in vitro to TKIs may carry native, unmutated BCR-ABL 

[221].  

In 2011, Corbin and colleagues provided evidence suggesting that CML LT-HSCs and ST-

HSCs are not eradicated by IM treatment despite complete inhibition of BCR-ABL activity 

[234]. A few months later, a published study by our lab further validated these 

observations [235]. CML patient-derived CD34+ cells were lentivirally transduced in order 

to knock-down BCR-ABL. A fraction of these LSCs managed to escape cell death despite 

inhibition of BCR-ABL activity, even after DAS treatment and withdrawal of GFs. This 

observation was of great interest; it implied that the LSCs can override almost complete 

removal of internal (BCR-ABL) and external (GFs in culture medium) survival stimuli, 

and activate alternative pathways for evading cell death. Interestingly, this cell population 

was enriched for primitive leukemic cells that had LTC-IC potential.  

Taken together, these studies underlined that the leukaemia-initiating/repopulating TKI-

refractory fraction of LSCs does not depend on BCR-ABL for survival. Hence, it became 

clear that no TKI treatment would be effective in eradicating these cells, offering a curative 

option to CML patients. Based on such observations, scientists within the field of CML 

treatment research are trying to identify the BCR-ABL-independent alternative pathways 

that the LSC fraction is relying on for survival upon suppression of BCR-ABL signaling. 

Towards this direction, currently on-going clinical trials are evaluating the efficacy of 

single agents for the elimination of MRD in CML; examples include zileuton, panobinostat 

and BMS-833923, which are targeting fatty acid metabolism, histone acetylation and WNT 

signaling, respectively.  

On the other hand, high levels of BCR-ABL oncoprotein within CML CD34+ cells have 

been associated with disease progression and development of resistance [383]. This may 
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not be associated with BCR-ABL amplification since primitive CML HSCs have been 

reported to transcribe BCR-ABL at high levels despite the presence of a single gene copy 

[384]. It should also be highlighted that TKIs induce in general good responses during CP 

and, even if they do not eradicate the most primitive population of LSCs, they have a 

significant effect on more differentiated CML cells. Therefore, even if the above 

mentioned clinical trials reveal that non-BCR-ABL targeting single agents have a 

significant effect on the survival of LSCs, it is unlikely that they will be preferred as a first-

line treatment option over TKIs.  

An approach in developing a therapeutic strategy that (i) would have a stronger efficacy 

against refractory LSCs than TKIs alone, and (ii) could be used as first-line treatment, 

would be to combine TKIs with agents that target secondary pathways that are vital for the 

survival of LSCs. The success of such an approach would rely on the identification of 

appropriate targets within the primitive CML stem cells.  
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6.1 Autophagy in cancer 

Autophagy occurs at basal levels in the majority of mammalian cells, functioning as a 

quality control mechanism, maintaining homeostasis via the degradation of cytoplasmic 

contents, including damaged organelles and misfolded proteins. Nonetheless, under 

starvation or other stressful conditions, autophagy is induced as a survival mechanism in 

the cells in order to (i) sustain metabolism by breaking-down intracellular components and 

supplying the cells with building blocks to be used in energy replenishing pathways, and 

(ii) to remove damaged organelles and proteins generated under such stressful conditions.  

Autophagy has a paradoxical role in cancer, functioning as a tumour suppressor or 

promoter depending on the context. Mice genetically modified so as to have defective 

autophagy in their whole body or specific tissues have been reported to be susceptible to 

pathogen infection [385], muscle damage [386], neurodegeneration [387] and chronic 

inflammation, that can eventually lead to development of cancer [388]. In humans, defects 

in autophagy genes have been associated with the development of various pathologic 

conditions, including cancer. For example, haploinsufficiency in BECLIN [389] has been 

associated with tumourigenesis, and frameshift mutations in ATG2B, ATG5, ATG9B and 

ATG12 have been identified in gastric and colorectal cancers [390]. Nevertheless, it is not 

always clear if the defective phenotype is attributed to gene-specific autophagy-

independent functions or dysfunctional autophagy. UVRAG monoallelic mutations have 

been reported in almost a third of colon cancers; however, these mutations do not appear to 

have an effect on autophagy [391]. At this point it should be mentioned that UVRAG has 

also been reported to have extra-autophagic roles, taking part in membrane trafficking and 

regulation of endocytosis along with BECLIN [392]. Hence, caution must be taken when 

interpreting loss-of-function studies on autophagy genes and the role of autophagy in 

cancer, because these observations may be due to other functions of these genes.  

Nonetheless, defects in proteins that interplay with autophagy have also been linked to 

development of cancer and other diseases. For example, increased p62 levels have been 

associated with cancer development [393], and loss-of-function mutations in the PTEN-

induced putative kinase 1 (PINK1) or the E3 ligase parkin (PARK2) have been identified 

in Parkinson’s disease [394]. Interestingly, deletion of Park2 in mice has been reported to 

cause hepatocellular carcinoma that phenocopies loss of Beclin [296].   
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On the other hand, an increasing number of studies has highlighted that autophagy supports 

cancer cell survival. During the first steps in the process of tumour establishment, cancer 

cells have to overcome stress-inducing factors, such as hypoxia and limited nutrients, due 

to insufficient blood supply [395]. In 2006, Degenhardt and colleagues demonstrated that 

autophagy is induced in hypoxic tumour regions and is required for tumour cell survival, 

and inhibition of inflammation and metabolic crisis-induced necrosis [396]. Apoptosis-

defective cancer cells seem to rely on autophagy for evading necrosis [397]. 

Cancer cells have been reported to have high basal autophagy levels even under optimal 

conditions, suggesting that they may be autophagy-addicted [307, 311]. It has been 

reported that activation of oncogenic signals induces autophagy; for instance, activation of 

RAS at levels sufficient to induce tumourigenesis, leads to increased levels of basal 

autophagy. RAS-driven cancers require autophagy in order to induce/maintain 

transformation, and autophagy deficiency abolishes tumourigenesis [309, 310]. 

Mitochondria play a key role in cancer cells by supplying ATP and building blocks for 

other pathways (such as citrate for fatty acid synthesis). High levels of autophagy may be 

required in order to sustain increased mitochondrial metabolism within cancer cells.  

It has been suggested that pharmacological inhibition of autophagy facilitates the apoptotic 

effect of anticancer therapies such as irradiation, alkylating agents, and various targeted 

anticancer agents [398, 399]. Based on similar observations, where autophagy appears to 

support the survival of established cancer cells, recent clinical trials have investigated the 

effect of chemotherapeutic agents in combination with CQ/HCQ-mediated autophagy 

inhibition in a wide range of cancer types including breast, colorectal, lung, pancreatic, 

prostate cancer, as well as glioblastoma [318].  

Nevertheless, excessive autophagy can also lead to cell death, and there are studies 

suggesting that autophagy is required in order to allow for cell death in apoptosis-deficient 

cells [400, 401]. For example, RAPA-induced autophagy has been demonstrated to 

enhance radiation-mediated cell death in PTEN-defective prostate cancer cells [402]. 

Taken together, the role of autophagy and autophagy genes in the development of cancer 

still remains unclear. Autophagy appears to play different roles in different tissues, cancer 

types, and disease stages. Therefore, caution should be taken when deciding upon the 

modulation of the autophagic activity for the improvement of cancer treatment. 
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6.2 Is autophagy a survival factor for CML? 

In 2007, Ertmer and colleagues first reported that IM induces autophagy in a dose-

dependent manner, regardless of cell type or species [403]. A couple of months later, 

Carew and colleagues suggested that the HDAC inhibitor SAHA, among its other 

biological effects, induces autophagy in CML TKI-resistant cells [320]. Pharmacological 

inhibition of the SAHA-induced autophagy enhanced the anticancer efficacy of the drug, 

implying that autophagy may play a cytoprotective role in CML. In agreement with this 

observation, Mishima and colleagues reported that IM induces cytoprotective autophagy in 

CML cell lines [322]. 

However, in 2009, as part of a collaborative effort, our lab published the most rigorous 

evidence demonstrating induction of protective autophagy upon TKI treatment of CML 

cells [323]. Bellodi and colleagues aimed to investigate if TKI-mediated inhibition of 

BCR-ABL signaling, apart from inducing apoptosis, potentially has an effect on 

autophagy. As described in Chapter 1, the BCR-ABL oncoprotein is mimicking GF 

signaling, allowing the cells to survive and proliferate in the absence of extracellular GFs. 

By that time, a series of reports had already demonstrated that GF removal could lead to 

cellular autophagy in order to support survival [404-406]. On the basis of these 

observations, the authors hypothesised that a sudden withdrawal of the BCR-ABL GF 

mimicking signals could potentially induce cytoprotective autophagy.  

First of all, the authors demonstrated that treatment with 2µM IM induced LC3 lipidation 

and accumulation of LC3-positive punctae in K562 cells. Likewise, 1µM IM induced 

autophagy in 32D cells transformed with native BCR-ABLp210 (murine IL-3-independent 

myeloid cell line). The observed IM-mediated autophagic increase was attributed to 

suppression of survival signals upon BCR-ABL inhibition since addition of IL-3 to the 

culture disrupted IM-induced autophagy. Most importantly, IM-induced autophagy was 

observed only upon BCR-ABL inhibition; IM treatment did not induce autophagy in 32D 

cells transformed with the BCR-ABLT315I mutant, a conformation refractory to IM. These 

results appeared to be in contrast with the very first observations from Ertmer and 

colleagues, suggesting that IM induces autophagy even in BCR-ABL negative cells [403]. 

However, we should highlight that in the publication from Ertmer and colleagues (i) IM 

was used at doses up to 20µM, a concentration 10- to 20-fold higher compared to the ones 

in the Bellodi paper, and (ii) the authors reported that inhibition of ABL, but not PDGFR 

or KIT, induced autophagy. 
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Thereafter, Bellodi and colleagues performed a series of experiments in order to answer the 

question: is IM-induced autophagy protecting from cell death? CQ-mediated autophagy 

inhibition enhanced the effects of IM in IM-sensitive but not IM-insensitive 32D cells, 

indicating that BCR-ABL inhibition induces autophagy as a survival mechanism. To 

further validate if autophagy protects CML cells from TKI-induced death, the key 

autophagy genes ATG7 and ATG5 were targeted by RNAi in K562 cells. Specific 

autophagy inhibition augmented IM treatment, further supporting that TKI-induced 

autophagy prevents drug-mediated cell death. 

Subsequently, the authors investigated in vitro the role of autophagy in TKI-treated CD34+ 

cells from CML patients. Interestingly, CQ-mediated autophagy inhibition in combination 

with IM, DAS or NIL, suppressed the colony forming potential of CML CD34+ cells, 

including cells from patients carrying partially IM-resistant BCR-ABL mutants. Most 

significantly, pharmacological inhibition of autophagy enhanced the effect of IM and DAS 

in the most primitive fraction of CML HSCs, illustrated by reduction of colonies in LTC-

IC assays. Overall, this publication demonstrated for the first time that cytoprotective 

autophagy is induced in CML cell lines and primary samples upon TKI-induced BCR-ABL 

inhibition.  

Based on the data Bellodi and colleagues provided, CHOICES, a phase II Medical 

Research Council funded trial was initiated on March 2010 (and is currently ongoing). 

Despite the fact that in in vitro experiments described in the paper CQ was used for the 

pharmacological inhibition of autophagy, it was not the preferred autophagy inhibitor for 

the clinical trial because this drug has been associated with retinal toxicity [407]. 

Therefore, CQ was replaced in the clinic by HCQ, an agent with significantly lower 

toxicity, used extensively for the treatment of autoimmune diseases and malaria [408]. 

The aim of the CHOICES trial is to evaluate the responses of IM versus IM/HCQ for CML 

patients. Primary objectives of the trial include (i) providing preliminary evidence that the 

IM/HCQ combination is more effective than IM alone in terms of BCR-ABL levels in 

CML patients who are in major CyR with residual BCR-ABL+ cells after at least 12 

months of IM treatment, and (ii) to determine the safety and tolerability of HCQ when 

given in combination with IM to patients.  

In 2011, Altman and colleagues provided in vivo data further supporting the hypothesis 

behind the CHOICES clinical trial. The authors demonstrated that autophagy not only 

protects from TKI-induced cell death in established CML, but also plays an indispensible 

role in disease initiation. Transplantation of BCR-ABL-expressing HSCs where Atg3 was 
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conditionally knocked-out (KO) failed to induce leukaemia after transplantation to lethally 

irradiated mice.  

This study was launched a few months following the publication of Bellodi and colleagues. 

The primary objective was to investigate whether or not the enhancement of TKI treatment 

in the presence of CQ or HCQ is principally through inhibition of autophagy. Both CQ and 

HCQ are not exclusive autophagy inhibitors and affect lysosome-associated cellular 

processes, including immunosuppression. Therefore, it cannot be excluded that their 

beneficial properties are attributed to off target effects on non-autophagic mechanisms. In 

order to override problems of non-specificity and give direct answers regarding the role of 

autophagy in the survival of CML cells, autophagy was specifically targeted by knocking-

down the key autophagy gene ATG7.  

As described earlier, in the study published by Bellodi and colleagues [323], IM induced 

autophagy in cells carrying BCR-ABLp210 but not in BCR-ABLT315I; this suggests that 

induction of autophagy upon TKI treatment is due to inhibition of BCR-ABL. 

Nevertheless, induction of cytoprotective autophagy has been reported in CML cells 

following treatment with anti-CML agents that do not inhibit BCR-ABL; these include the 

histone deacetylase inhibitor SAHA [320], the dual mTORC1/2 inhibitor OSI-027 [326], 

the AKT inhibitor perifosine [329], as well as  IFNα [409]. Hence, CQ/HCQ-mediated 

autophagy inhibition could prove beneficial for CML patient treatment based on non-TKI 

agents.  

The maximum dose of HCQ currently used in most of the anticancer clinical trials, 

including CHOICES, is 800mg. Nonetheless, unpublished data from our collaborator Ravi 

Amaravadi suggest that administration of 800mg HCQ/day may not significantly inhibit 

autophagy in all patients, raising questions about the achievable levels of autophagy 

inhibition in vivo mediated by non-specific autophagy inhibitors. Consequently, ATG7 

knock-down studies would also elucidate if ATG7 is a promising target for clinical use, 

especially since specific ATG7 inhibitors are in development [349]. Therefore, this study is 

original and important for the investigation of this novel approach in CML treatment, as 

well as for the role of autophagy in the survival of cancer cells. 

The first part of this project included the investigation of the effects of TKIs on autophagy 

upon inhibition of BCR-ABL. Our data from the BC CML cell lines and CP CML CD34+ 

cells verify previously published observations, suggesting that IM and DAS induce 

autophagy [323, 410].  

PON is a novel multitargeted TKI that in our experiments had high specificity against 

BaF3 cells carrying either BCR-ABLp210 or BCR-ABLT315I, while not affecting parental 
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Ph- BaF3 cells. This is in agreement with previously published studies reporting that in 

vitro PON is effective against all tested BCR-ABL mutants that are refractory to IM, 

including the ones carrying the gatekeeper T315I mutation [227, 411, 412]. 

In the clinic PON has successfully progressed from a phase I [413], to the phase II PACE 

trial [229], and in July 2012 ARIAD announced the launch of the phase III EPIC trial for 

the investigational treatment of newly diagnosed CP CML adult patients with PON [230]. 

In December 2012, based on the auspicious results of the PACE trial, PON received FDA 

approval for clinical use in resistant or intolerant CML patients.  

Recently, Cortes and colleagues [228] provided data supporting the in vivo efficacy of 

PON in heavily pretreated CML patients that had previously failed two or three first and 

second generation TKIs. Overall, PON has been reported to be potent against all BCR-

ABL mutants and could potentially be the most effective TKI available in the clinic. 

Despite its effectiveness against all BCR-ABL mutants, PON treatment alone is unlikely to 

cure CML since the most refractory fraction of CML stem cells has been reported to 

survive and proliferate independent of BCR-ABL signaling [234, 235]. There have been no 

published papers so far monitoring the autophagy flow upon PON treatment of CML cells; 

this study is the first one to demonstrate that PON-mediated BCR-ABL inhibition induces 

autophagy in CML cells.  

At the time this project was initiated, there were no published reports regarding the 

molecular mechanism by which TKI treatment induces autophagy. However, in 2011, 

Sheng and colleagues deciphered a part of this complex mechanism [324]. They suggested 

that under steady state conditions BCR-ABL is suppressing autophagy via activation of the 

ATF5 transcription factor and mTOR. However, treatment with IM inhibits BCR-ABL 

signaling and therefore, suppresses the ATF5/mTOR pathway, leading to induction of 

autophagy (Figure 6-1). This mechanism is in agreement with data presented in this report, 

demonstrating induction of autophagy upon IM-, DAS- and PON-mediated BCR-ABL 

inhibition, and possibly explains why in the hereby-described experiments Ph+ CD34+ 

cells had lower levels of autophagy gene transcription under steady state conditions 

compared to Ph- CD34+ cells. Furthermore, it should be mentioned that other members in 

our lab have demonstrated that TKIs lead to upregulation of the transcription of autophagy 

genes in CP CML CD34+ cells compared to NDC (unpublished data). 
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Figure 6-1: The BCR-ABL/PI3K/AKT/FOXO4/ATF5/mTOR-mediated autophagy-inhibition 

pathway 

Fading of a protein indicates loss of function. (Modified from [324]) 
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Our data from the BC CML cell lines and CP CML CD34+ cells suggest that autophagy 

plays a cytoprotective role in CML and its suppression via CQ/HCQ enhances TKI 

treatment (Figure 6-2). These observations are in agreement with reports previously 

published by our [323] and other labs [322, 325, 328].  

 

 

 

 

 

 

Figure 6-2: Induction of cytoprotective autophagy upon TKI-treatment of CML cells 
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On the other hand, a number of studies support that autophagy induction mediated by non-

TKI investigational agents is enhancing CML cell death. Reagents such as acadesine [414], 

the plant phytoalexin resveratrol [331] and lapatinib (dual TKI of EGFRs and HER2) [415] 

have been suggested to increase the apoptosis of CML cells via induction of autophagy. 

Nevertheless, it has not been clarified yet if the chemotherapeutic effect of these agents is 

the critical mechanism of action of these reagents and further investigation has to be 

carried out before supporting the up-regulation of autophagy for the treatment of CML. 

Recently, Goussetis and colleagues [416] suggested that autophagy induction mediated by 

arsenic trioxide enhances the drug’s effects via degradation of BCR-ABL in the cells of 

CML patients. It would be interesting, therefore, to investigate the levels of BCR-ABL 

protein in autophagy-ablated CML cells; blockade of the autophagy recycling mechanism 

could lead to accumulation of BCR-ABL and hence, lead to toxic death of the cells.  

Autophagic targeting of specific proteins has been implicated with cancer cell survival; 

Sandilands and colleagues [417] reported that upon disruption of FAK signalling, c-Cbl 

mediates the autophagic targeting of Src to a Src/LC3 complex. Inhibition of autophagy 

restores Src at peripheral adhesions, and ultimately leads to cancer cell death. 

A growing number of published studies are highlighting the significance of the 

PI3K/AKT/mTOR pathway in the survival of TKI-refractory CML cells. Hence, an 

alternative approach for the treatment of leukaemic cells includes inhibition of the 

PI3K/AKT/mTOR pathway by using drugs such as RAPA and BEZ.  Nevertheless, since 

these drugs inhibit mTOR, they ultimately induce autophagy. This was also demonstrated 

by our experiments, where treatment with RAPA or BEZ IC50 values was associated with 

accumulation of LC3-positive punctae in the CD34+ cells of CP CML patient.  

A recent study by Bray and colleagues [353] suggests that activation of autophagy upon 

mTOR inhibition enables the survival of cancer cells by suppressing RIP kinase-dependent 

necrosis and promoting cellular integrity by ROS reduction, since mTOR inhibition 

abolishes NRF2 antioxidant defense. In order to investigate if inhibition of autophagy 

could potentiate the effects of these drugs, apoptosis was measured in KCL22T315I cells 

treated with PON, BEZ or RAPA ± CQ. PON, which can target the BCR-ABLT315I 

mutants, significantly enhanced apoptosis and CQ further augmented its effect. 

Interestingly, CQ-mediated autophagy inhibition enhanced the apoptotic effect of both 

RAPA and BEZ (used in proliferation IC50 concentrations), with BEZ/CQ having the most 

auspicious effects among all the treatment arms. These observations highlight the 

promising role of these drugs in the treatment of CML. Further experiments should be 
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carried out to identify RAPA and BEZ concentrations that completely inhibit mTOR 

activity, and investigate the effect of these concentrations in the proliferation, survival and 

clonogenic ability of CML cells carrying the T315I mutation. 

One of the greatest challenges when designing knock-down experiments within stem and 

progenitor cells, is the technical part. First of all these cells are hard to transfect and 

secondly, the number of cells available for experiments is limited. Different gene silencing 

techniques are linked to different advantages and disadvantages, efficacy, reliability and 

safety, which can be altered depending on the type of cell. Therefore, a major factor in the 

success of our experiments relied on choosing the best fitting gene silencing method for 

CD34+ cells, and optimising it for the scope of our experiments. The hairpins we used 

(mock and targeting) were carried by a pLKO.1 vector under the expression of a U6 

promoter, establishing long-term knock-down. Western blot analysis on shATG7_E-

transduced cells 24-48h post-sort revealed a 60-70% reduction in ATG7 levels and 25% 

reduction in LC3 lipidation. A study by Komatsu and colleagues has reported that ATG7 is 

a long-lived protein with a half-life of approximately a week [418]. Hence, it is possible 

that if we had performed the analysis at a later point we could have detected even lower 

levels of ATG7 protein and LC3 lipidation. 

In this study we first demonstrate the dependence of CML stem/progenitor cells on basal 

levels of ATG7 for their proliferation and survival; ATG7 knock-down alone significantly 

inhibited the proliferation of CP CML CD34+ cells and induced apoptosis at comparable 

levels to TKI treatment. The committed progenitor cell potential of CD34+ cells from CP 

CML patients was also reduced consistently at levels ≥50% compared to the control, 

suggesting that basal ATG7 and autophagy levels are required for the clonogenicity of the 

cells.  

These observations pinpoint the importance of autophagy for the survival of cancer cells 

under steady state conditions. Cancer cells have been reported to have altered nutritional 

requirements and increased metabolic needs [419]. This could possibly justify partially the 

addiction of CML stem/progenitor cells to basal autophagy for survival. Interestingly, our 

data suggest that CML cells express lower basal levels of ATG7 compared to non-CML 

CD34+ cells. This could partially explain why similar levels of ATG7 knock-down have a 

significant impact on CML cells and not Ph- CD34+ cells. 

The differentiation potential of shATG7_E-transduced CML CD34+ cells was also altered, 

compared to the control. ATG7 knock-down-mediated autophagy inhibition was associated 

with an approximate 75% decrease in the erythroid colony-formation potential of the cells. 

Autophagy has been reported to be essential for the maturation of erythroid cells through 
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the promotion of mitochondrial clearance [420] and recently, ATG7 was demonstrated to 

be essential for the maturation and maintenance of the cellular integrity of erythroid cells 

[375, 421]. In our experiments, it remains unclear if ATG7 knock-down (i) drove 

differentiation of CML CD34+ stem/progenitor cells, or (ii) preferentially eradicated or 

suppressed the maturation of cells committed to erythroid lineage. Future studies will shed 

more light on these questions. 

In any case, our observations on the proliferation, survival and differentiation of CML 

CD34+ cells upon ATG7 knock-down have to be further validated by knock-down studies 

of other indispensible ATG genes since our data cannot exclude a potential dependence on 

autophagy-independent roles of ATG7.  

Autophagy and ATG7 have been suggested to be vital for the maintenance of embryonic 

and adult HSCs; loss of autophagy within this fraction of cells has been demonstrated to 

lead to severe anaemia, lymphopenia, haemopoietic malignancies and exhaustion of the 

stem cell population. In 2011 Liu and colleagues reported that FIP200 is vital for the 

function and maintenance of foetal murine HSCs in a cell-autonomous manner [422]. 

HSCs with ablated FIP200 presented high levels of proliferation, increased mitochondrial 

mass and ROS levels, and failed to reconstitute haemopoiesis in lethally irradiated mice. 

Subsequently, Mortensen and colleagues reported that adult Atg7-deficient HSCs fail to 

engraft lethally irradiated recipients, further underlining the significance of autophagy in 

HSC maintenance [355]. Recently, similar observations were made upon KO of Atg5 

[423]. Thus, a range of experiments was designed in our study in order to investigate if the 

therapeutic approach of combined TKI/autophagy inhibition could affect Ph- haemopoietic 

stem/progenitor cells.  

Our data are in contrast to the above mentioned published studies. Our observations 

suggested that ATG7 knock-down, alone or in combination with TKIs, did not 

significantly affect the proliferation, survival, and clonogenic ability of Ph- CD34+ cells. 

However, it should be underlined that there is a major difference between KO and 

knocking-down a gene. KO of any key autophagy genes leads to complete ablation of the 

targeted protein and almost 100% inhibition of LC3 lipidation. In our experiments we used 

a knock-down approach that resulted in 70% reduction of ATG7 at protein level and 25% 

reduction of LC3 lipidation. This could explain why in our system the normal HSCs were 

not affected by ATG7 knock-down. However, our data cannot exclude a possible loss of 

the stemness within the primitive cells, followed by extended proliferation. In order to 

address this question robustly, we performed LTC-IC assays on shCtrl and shATG7_E-

transduced Ph+ and Ph- CD34+ cells. Nevertheless, due to technical problems, the cells 
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failed to give colonies at the end of the assay (in both control and ATG7 knock-down). 

Future studies should focus on the evaluation of ATG7 knock-down effects on the most 

primitive population of Ph- and Ph+ HSCs, either by LTC-IC or serial replating assays.  

Apoptosis is a programmed cell process, associated with a range of biochemical and 

cellular changes. Unlike apoptosis, necrosis is a less regulated and controlled procedure, 

and its patterns change according to the factor that triggered the mechanism. In 2006, 

Degenhardt and colleagues [396] demonstrated that inhibition of autophagy in apoptosis-

defective cells could restore cell death by inducing necrosis, in vitro and in vivo. Hence, it 

was suggested that the cytoprotective role of autophagy in cancer cells might be attributed 

to the ablation of necrotic cell death. Furthermore, in 2008 Wu and colleagues [424] 

provided evidence supporting that pharmacological inhibition of autophagy can enhance 

zVAD-induced necrosis. Finally, a recent study by Bray and colleagues [353] suggested 

that increase in autophagic flow upon mTOR inhibition supports cell survival and 

autophagy inhibition allows for necroptosis. Altogether, these studies suggest that in the 

presence of defective apoptosis, cancer cells rely on autophagy for their survival; inhibition 

of autophagy leads to a “metabolic catastrophe”, where the cells cannot overcome stress 

and die by necrosis [425]. This could explain why in our experiments ATG7 knock-down 

did not enhance TKI-induced apoptosis in CML CD34+ cells. Specific targeting of 

autophagy in a BCR-ABL-inhibited background could lead to a disproportional increase of 

necrotic versus apoptotic cell death. Hence, for future experiments, it would be 

recommended to also monitor necrosis, in addition to apoptosis. 

Data from this study demonstrate that ATG7 knock-down significantly augments TKI 

treatment regarding the suppression of colony forming ability of CML CD34+ cells. The 

combination of TKI/ATG7 knock-down reduced by 92-98% the potential of CP CML 

CD34+ cells to form colonies, compared to NDC shCtrl cells. These observations suggest 

that within CML CD34+ cells TKI-mediated autophagy induction is important for evading 

cell death upon inhibition of BCR-ABL signaling.  

In order to evaluate the effect of specific autophagy inhibition in the presence of prolonged 

TKI exposure, CML CD34+ stem/progenitor cells were cultured for 2 weeks in semi-solid 

medium containing NIL, DAS or PON. Interestingly, the number of colonies within the 

prolonged TKI treatment arms was higher compared to that followed by 6-day TKI 

treatment. This could be attributed to deactivation of the TKIs’ activity in the semi-solid 

medium before the completion of the assay (14 days). Even so, the effects of all TKIs 

tested were augmented in the presence of ATG7 knock-down, suppressing by 82-91%  the 

clonogenic potential of these cells compared to NDC shCtrl cells.  
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Overall, our experiments demonstrate the significance of basal autophagy for the survival, 

proliferation and differentiation potential of the CML stem/progenitor cells under steady 

state conditions. Furthermore, we illustrate that ATG7 knock-down and inhibition of 

autophagy in the presence of TKIs, potentiate treatment and enhance TKI effects.  

Nevertheless, TKIs failed to completely eradicate the colony forming potential of the 

progenitor cells alone or in combination with ATG7 knock-down. FACS analysis of such 

colonies revealed that the cells expressed GFP, suggesting that the shRNA hairpins were 

expressed. Therefore, supplementary investigation should be carried out for the 

characterisation of the cells that evade both autophagy and BCR-ABL inhibition. A 

possible explanation could be that within these cells autophagy was not sufficiently 

inhibited due to lower levels of ATG7 knock-down.  

Autophagy has been suggested to be vital for the maintenance and differentiation of stem 

cells [356, 426]. A recent study by Oliver and colleagues [427] proposed that stem cells 

have high levels of autophagy while differentiated cells have very low levels of basal 

autophagy. Preliminary studies from our lab are in agreement with these data; from our 

observations, CD34- cells have lower levels of autophagy compared to CD34+ cells. It 

should be mentioned that within CD34+ cells of a CML patient we observed that even if 

ATG7 knock-down did not induce apoptosis, the percentage of CD34+ cells within the 

double negative annexin/DAPI compartment was decreased compared to the control (data 

not shown). Further investigation is required in order to elucidate if this reduction in 

CD34+ cells upon ATG7 knock-down is attributed to cell cycle arrest, differentiation or 

cell death. A potential explanation could be that ATG7 knock-down and inhibition of 

autophagy lead to eradication of primitive cells because they gravely depend on this 

mechanism for their survival. On the other hand, autophagy inhibition would not equally 

affect more differentiated cells under stress free conditions, since these cells do not 

exclusively rely on autophagy for their survival. In order to answer these questions, stem 

cell assays, such as LTC-IC, should be performed in order to evaluate the effect of ATG7 

knock-down in the presence of TKIs and investigate if this therapeutic approach can 

eliminate the persistent CML stem cells. 
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Autophagy has been suggested to interplay with many cellular processes, including cell 

death (apoptosis and necrosis), differentiation [357-362] and stem cell maintenance [355, 

422, 426] (Figure 6-2).  

 

 

 

 

 

 

Figure 6-3: Autophagy takes part in many cellular processes 
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down cells staining positive for DAPI. Interestingly, K562 cells that survived ATG7 

knock-down 12 days post-sort were producing higher levels of haemoglobin and GlyA 

compared to the control, suggesting that the cells were more differentiated and committed 

to the erythroid lineage. However, as mentioned earlier, autophagy and ATG7 have been 

reported to be essential for the erythroid differentiation. Morphologic examination of K562 

shATG7_E-transduced cells after staining with “Diff Quik” revealed that the cells did not 

present erythroid cell features. Failure of K562 cells to terminally differentiate upon ATG7 

knock-down could be attributed to suppressed mitophagy and inability to clear the 

mitochondria (a vital step for reticulocyte maturation), since these cells presented 

accumulation of mitochondria. Remarkably, a fraction of K562 cells that survived 

prolonged ATG7 knock-down (4 weeks), presented morphologically megakaryocytic 

features, had altered adhesion properties, and produced elevated levels of ROS. Sardina 

and colleagues [377] suggested that increased ROS levels are necessary for the 

megakaryocytic differentiation of K562. Hence, a possible hypothesis is that upon ATG7 

knock-down, mitophagy is inhibited and a subsequent increase in ROS levels could favour 

the megakaryocytic differentiation of the cells. 

These experiments could not answer if ATG7 knock-down is the driver of the observed 

erythroid/megakaryocytic differentiation of the K562 cells, or if it is “selecting” for more 

differentiated cells within the initial culture. Hence, the survival and differentiation 

potential upon ATG7 knock-down was investigated at the single-cell level, by sorting 

shATG7_E and shCtrl K562 cells into single wells. The results suggested that less than 

20% of K562 cells managed to survive and proliferate upon ATG7 knock-down, compared 

to the control. Interestingly, all the clones generated within the ATG7 knock-down arm 

presented either erythroid or megakaryocytic features. Erythroid clones consisted of 

significantly higher cell numbers compared to the megakaryocytic clones, and this 

difference in proliferation kinetics could possibly explain why upon ATG7 knock-down 

K562 cells with erythroid features precede the appearance of cells with megakaryocytic 

features. On the other hand, none of the clones produced by shCtrl cells presented features 

of differentiation. This is in support with the notion that ATG7 knock-down promotes the 

differentiation observed in K562 cells; however, more experiments have to be carried out 

in order to clarify this. Both hypotheses are very interesting to study; if autophagy 

interplays with differentiation, the underlying mechanism of the crosstalk has not been 

investigated. On the other hand, if these ATG7 "survivors" pre-existed and they manage to 

outgrow, it is important to investigate why these cells can survive and proliferate with 

accelerated rates in the absence of ATG7 and/or autophagy. 
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Stem cells have been reported to differentiate upon increased levels of ROS and DNA 

damage [428]. In our experiments ATG7 knock-down was linked to increased levels of 

ROS. Hence, it would be interesting to perform assays evaluating the cellular integrity by 

means of mitochondrial potential, levels of ROS and DNA damage on K562 ATG7 knock-

down cells. Finally, future studies should elucidate if ATG7 knock-down is directly 

implicated in the differentiation process or ATG7/autophagy suppression is abolishing the 

differentiation block these BC cells present and consequently, allows for their 

differentiation.  

In order to investigate the role of ATG7 and autophagy in other transformed leukaemic 

cells, ATG7 was knocked down in HG3 cells, a human CLL cell line. Reduction of ATG7 

protein to ≥50% levels was associated with significantly suppressed proliferation and 

increased cell death, underlining the significance of ATG7 and autophagy for the survival 

of these cells. Interestingly, HG3 cells surviving for 15 days ATG7 knock-down presented 

a very different phenotype compared to the control; HG3 shATG7_E cells had increased 

cell size, prominent Golgi apparatus and presented cytoplasmic blebbing (pseudopods). 

Moreover, HG3 shATG7_E cells had altered cell-to-cell adhesion features and were 

growing in culture as single cells, unlike the shCtrl cell that were growing in clusters. This 

observation, in combination with the fact that K562 shATG7_E cells were partially 

attaching to the substrate, reflects that ATG7 knock-down may be associated with changes 

in the cytoskeleton.  

Taken altogether, ATG7 and autophagy appear to affect the cell fate decisions of 

transformed human leukaemic cells. Survival of these cells relies significantly on ATG7 

and its inhibition, as a single event, was consistently associated with a dramatic increase in 

cell death. The dependence of transformed cells lines on ATG7/autophagy appeared to be 

greater compared to CML CD34+ stem/progenitor cells, but this may reflect differences in 

metabolic needs due to higher proliferation rates. 

Future studies should focus on knock-down of other ATGs within leukaemic cells and 

clarify if the observed differentiation upon ATG7 knock-down is attributed to inhibition of 

autophagy or other non-autophagy related roles of ATG7. A possible explanation could be 

that the observed molecular, biochemical and morphological changes in BC cells upon 

ATG7 knock-down reflect inhibition of differentiation arrest rather than induction of 

differentiation per se. Additionally, the role of ATG7 knock-down should be investigated 

within non-transformed cells in order to identify if this protein is affecting the 

differentiation of normal cells.  
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6.3 Summary and future directions 

The findings from the present study demonstrate that all three generation TKIs (IM, DAS 

and PON) induce cytoprotective autophagy upon inhibition of BCR-ABL and 

pharmacological inhibition of autophagy via CQ or HCQ potentiates the effects of TKIs.  

Most importantly, this study first demonstrates that specific targeting of basal autophagy in 

CP CML CD34+ cells via ATG7 knock-down significantly impairs their survival, 

proliferation and differentiation. ATG7 knock-down reduced the total number of CP CML 

CD34+ colonies (50%) as well the relative number of erythroid colonies (75%) compared 

to the control. Interestingly, ATG7 knock-down enhanced TKI-induced effects, eradicating 

98% of the clonogenic ability of CP CML stem and progenitors compared to the control. 

Future studies should focus on the most primitive fraction of the CML stem cells and 

evaluate the effects of autophagy inhibition, alone or in combination with TKIs. However, 

knocking-down ATG7 or any other indispensible autophagy gene in vitro has two main 

drawbacks: (i) technically achievable knock-down levels do not completely abolish 

autophagy and residual autophagy levels may be sufficient for cell survival, and (ii) the 

cells are investigated under optimum, controlled conditions that differ considerably from 

the hypoxic niche of HSCs in vivo. It would be interesting to investigate in in vivo mouse 

models if Atg7 knock-out HSCs (i) will repopulate the haemopoiesis of NOD/SCID mice, 

(ii) will lead to development of CML upon expression/transduction with Bcr-Abl, and if 

yes, if the disease will progress with faster or slower rates.  

Nevertheless, our results reveal a contradictory role for ATG7 in the differentiation of 

CML cells; ATG7 knock-down suppressed the erythroid differentiation of CP CML cells, 

while within BC cells it promoted differentiation. This possibly reflects the different roles 

of ATG7 and/or autophagy within different stages of the disease or the technical cell 

differences between primary samples and immortalised cell lines (such as BCR-ABL copy 

number, presence of secondary mutation etc). More specifically, it has to be clarified if the 

observed erythroid differentiation of K562 cells upon ATG7 knock-down is attributed to a 

“true” induction of differentiation or release of blocks that inhibit differentiation in BC 

cells.  

ATG7 knock-down surviving cells had high levels of superoxide and increased numbers of 

functional mitochondria, potentially due to inhibition of mitophagy. It would be interesting 

to further characterise the mitochondrial profile of these cells, as well as monitor cellular 

integrity by means of DNA damage. Such changes have been associated in other studies 

with initiation of differentiation and, could be the case here. For example, it should be 

explored if NAC-mediated ROS reduction can abolish differentiation upon ATG7 knock-
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down. Another suggestion would be to transduce the cells with inducible ATG7-hairpin 

and explore if the ATG7 knock-down-induced differentiation is reversible upon recovery 

of ATG7 levels. Most importantly, it should be further investigated if the observed effects 

on cell differentiation upon ATG7 knock-down are attributed to reduced autophagy levels 

or ATG7 autophagy-independent roles. Hence, these experiments should be validated by 

knock-down other ATG genes, such as ATG5 or BECLIN.  

In conclusion, the data we provide in this study suggest that basal autophagy is 

indispensible for the survival of CP CML cell and inhibition of TKI-induced autophagy 

can augment therapy. Therefore, the development of specific autophagy inhibitors is 

critical since, in combination with TKIs, they could potentially lead to eradication of CML 

stem cells and cure of the disease. Further studies are required for the unravelling of the 

mechanism by which autophagy inhibition sensitises CML cells to TKIs. 
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Figure 6-4: Overview of the observed effects upon ATG7 knock-down in CP and BC CML 

cells 
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