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Abstract 
 

A model disease in many respects, chronic myelogenous leukemia (CML) has been 
called the pristine paradigm for molecularly targeted therapy. Bcr-Abl tyrosine kinase 
inhibitors (TKIs) have dramatically altered the therapeutic landscape of CML, so much 
so that many patients diagnosed in chronic phase and treated appropriately now enjoy a 
life expectancy similar to that of the general population. However, despite the enormous 
strides made in advancing therapy for this disease, it remains, for the most part, incurable 
except by allogeneic hematopoietic stem cell transplantation (HSCT). For patients, this 
means a lifelong commitment to daily TKI therapy. These agents are expensive, and not 
without side effects, making cure a highly desirable and worthwhile goal. Multiple 
studies have shown that in contrast to their impressive efficacy against proliferating CML 
cells, TKIs are unable to eradicate the tiny fraction of quiescent stem cells that are 
responsible for disease persistence and recurrence upon TKI discontinuation. This has 
fueled efforts to better understand CML stem cell biology and elucidate survival 
pathways unique to these cells, the targeted interruption of which could potentially 
synergize with Bcr-Abl TKIs to confer synthetic lethality while sparing normal 
hematopoietic stem cells (HSCs). The molecular pathogenesis of CML and mechanisms 
of resistance to TKIs are reviewed in detail elsewhere in this volume. In this chapter, we 
provide a brief overview of these topics, summarize key concepts relating to CML stem 
cell biology, and discuss strategies to effectively target this difficult-to-kill population 
that might one day result in a cure for CML.  
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Introduction 
 
The theory of oncogene addiction [1] posits that some cancers that contain multiple 

genetic, epigenetic, and chromosomal abnormalities are dependent on or “addicted” to one or 
a few genes for both maintenance of the malignant phenotype and cell survival. Thus, reversal 
of only one or a few of these abnormalities can inhibit cancer cell growth and in some cases 
translate to improved survival rates [2]. This phenomenon is perhaps best exemplified by 
chronic phase CML (CML-CP). The hallmark of CML, the Philadelphia chromosome (Ph), 
was first identified in 1960 as a shortened chromosome 22 and named after the city in which 
it was discovered [3]. Seminal work by Janet Rowley led to the realization in 1973 that the Ph 
was a consequence of a reciprocal translocation between the long arms of chromosomes 9 and 
22 (t(9;22)(q34;q11)) [4]. It was subsequently recognized in the 1980s that this translocation 
resulted in the formation of a fusion gene, BCR-ABL1 [5-7], which encodes a constitutively 
active 210 kilodalton (kd) non-receptor tyrosine kinase (TK), Bcr-Abl [8], that is able to 
transform hematopoietic cell lines in vitro [9-11] and is both necessary and sufficient to cause 
CML-CP in vivo [12,13]. The Bcr-Abl fusion oncoprotein is present in 95% of cases of CML, 
and nearly all patients with typical CML-CP express the 210kd (major breakpoint) protein 
[14]. Bcr-Abl signals downstream to and interacts with a myriad of proteins that are 
responsible for inducing and sustaining the malignant phenotype; this is the subject of several 
excellent reviews [15,16], and is discussed extensively in other chapters of this book. 
Untreated, CML-CP progresses inexorably with or without an intervening accelerated phase 
(AP) in about five years to an acute leukemia-like blast crisis (BC) [17,18] that is 
characterized by “clonal evolution” with loss of addiction to Bcr-Abl, differentiation arrest, 
telomere shortening, acquisition of a “mutator phenotype”, deficiencies in deoxyribonucleic 
acid (DNA) repair, failure of genome surveillance, loss of tumor-suppressor gene function 
[19] and, even today, a very poor prognosis [20].  

The discovery of imatinib (Gleevec®, Novartis), a specific inhibitor of the Bcr-Abl TK, 
marked the beginning of a new era in cancer therapeutics, that of molecularly targeted therapy 
[21]. The drug moved swiftly through phase I and II trials, demonstrating remarkable efficacy 
and safety in patients with CML-CP who had failed therapy with interferon alfa (IFN-α) 
[22,23], as well as substantial activity in patients with CML-BC or Ph+ acute lymphoblastic 
leukemia (ALL) [24]. The dramatic results of the pivotal International Randomized Study of 
Interferon and STI571 (IRIS) firmly established imatinib as the standard of care for newly 
diagnosed patients with CML-CP [25-27]. Amidst this impressive demonstration of efficacy, 
however, came evidence of primary and secondary resistance to imatinib; the latter caused 
most often by mutations in the Bcr-Abl kinase domain [28-31]. Structural biology studies 
elucidating the crystal structure of imatinib bound to the kinase [32] paved the way for the 
rapid development of the imatinib congener nilotinib (Tasigna®, Novartis) [33], which 
provides a better topographical fit, and the dual Abl/Src inhibitor dasatinib (Sprycel®, 
Bristol-Myers Squibb) [34] which, unlike imatinib, is able to bind to the catalytically active 
conformation of Bcr-Abl [35]. These more potent second-generation Bcr-Abl TKIs initially 
received regulatory approval for the treatment of imatinib-resistant or –intolerant patients 
(reviewed in ref. [36]), but have since moved into the frontline setting based on demonstration 
of superiority to imatinib in large head-to-head phase III randomized controlled trials (RCTs) 
in newly diagnosed patients with CML-CP [37,38]. Between them, nilotinib and dasatinib are 
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able to inhibit all known Bcr-Abl mutants with the notable exception of the T315I 
“gatekeeper” mutation [39,40]. The search for a clinically relevant Bcr-Abl TKI with activity 
against the recalcitrant T315I mutant ended with the Food and Drug Administration (FDA) 
approval of ponatinib (Iclusig™, Ariad), a rationally designed pan-Bcr-Abl inhibitor with 
robust evidence of efficacy against Bcr-AblT315I in both preclinical [41] and clinical [42] 
settings. However, the FDA has since asked Ariad to suspend marketing and sales of 
ponatinib owing to safety concerns relating to arterial thrombotic events. The development of 
compound mutations in Bcr-Abl with sequential TKI therapy has also been a significant 
concern [43,44], and could potentially be minimized by combining inhibitors [40,45,46]. 

 
 

Why Is a Cure Necessary?  
 
The treatment of CML must be ranked as one of the great medical success stories of the 

past 30 years [47]. Indeed, the life expectancy of patients with CML-CP in the imatinib era 
might be approaching that of the general population [48]. How, then, is cure a justifiable 
goal? There are several reasons why. For one, the current pricing of CML drugs in the US is 
unsustainable [49]. This is readily apparent when one considers that the survival of patients in 
CML-CP may not be statistically significantly different from that of the general population 
[50], since each of these drugs is priced at around $100,000 per patient per year [49]. Other 
important considerations include side effects, compliance issues, concerns relating to fertility 
and pregnancy, and simply the inconvenience of taking a pill daily for the rest of one’s life 
[51,52]. Eight-year follow-up data from the IRIS were recently presented [53]. At the 8-year 
data cut-off, 304 (55%) patients originally assigned to imatinib remained on study treatment, 
and 45% had discontinued imatinib due to adverse events (AEs) (6%), unsatisfactory 
therapeutic outcome (16%), HSCT (3%), death (3%) or other reasons (17% for withdrawal or 
lack of renewal of consent and miscellaneous). Of 204 newly diagnosed CML-CP patients 
treated with imatinib at a single institution in the United Kingdom, 25% had discontinued the 
drug [54] because of an unsatisfactory response and/or toxicity by 5 years. Indeed, there is 
data to suggest that the efficacy of imatinib in the “real world” setting is lower than that seen 
in clinical trials [55]. At 3 years (minimum) of follow-up of the Evaluating Nilotinib Efficacy 
and Safety Clinical Trial in Newly Diagnosed Patients (ENESTnd), 29.1%, 26.3% and 
38.2% of patients in the nilotinib 300 mg twice-daily, nilotinib 400 mg twice-daily and 
imatinib arms, respectively, discontinued core treatment by the time of data cutoff [56]. 
Similarly, in the phase III RCT DASISION (Dasatinib versus Imatinib Study In Treatment-
Naive CML patients), 23% and 25% of patients in the dasatinib 100 mg daily and imatinib 
400 mg daily arms, respectively, had discontinued study treatment by 24 months because of 
disease progression, treatment failure, AEs, death, withdrawal of consent, non-adherence, 
pregnancy, loss to follow-up, patient preference or other reasons [57]. Finally, bosutinib 
(Bosulif®, Pfizer), another second-generation TKI of both Abl and Src was associated with 
an unexpectedly high discontinuation rate (19%) due to AEs in the phase III Bosutinib 
Efficacy and Safety in Newly Diagnosed Chronic Myeloid Leukemia (BELA) trial [58]. 
Long-term therapy with Bcr-Abl TKIs cannot, therefore, be the answer for all patients with 
CML-CP. 
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CML Stem Cells: Can TKIS Alone Cure CML?  
 
Stem cells have three distinctive properties: self-renewal, the capability to develop into 

multiple lineages, and the potential to proliferate extensively, and it is the combination of 
these three properties that makes stem cells unique [59]. Perhaps the most important property 
of stem cells is that of self-renewal [60]. Malignant cells that have subverted these properties 
of normal stem cells are referred to as cancer stem cells, have been described in a range of 
hematologic and solid malignancies, and particularly well-studied in the former [59,60]. A 
cancer stem cell may arise by mutation in a normal stem cell, or when a progenitor cell 
acquires a mutation that causes it to regain the property of self-renewal [59]. Both these 
phenomena are beautifully illustrated by CML. The earliest evidence of the existence of CML 
stem cells came in the 1960s and 1970s from observations in recipients of leukocyte 
transfusions from donors with CML [61,62]. It was later confirmed by genetic marking 
studies that Ph+ cells present in autografts from CML patients contributed to relapse after 
autologous HSCT [63]. Engraftment of nonobese diabetic/severe combined immunodefient 
(NOD/SCID) mice by primitive normal and leukemic hematopoietic cells from the peripheral 
blood and bone marrow (BM) of patients with CML-CP was subsequently shown [64,65]. 
Tessa Holyoake and colleagues first reported the isolation of a deeply but reversibly quiescent 
subpopulation of leukemic cells in patients with CML with both in vitro and in vivo stem cell 
properties [66]. These primitive, quiescent CD34+ CML cells are able to reversibly activate 
autocrine production and action (through signal transducer and activator of transcription 5 
(STAT5) signaling) of interleukin-3 (IL-3) and granulocyte colony stimulating factor (G-
CSF) in order to sustain autonomous proliferation in vitro [67,68]. Detection of the Ph and of 
the BCR-ABL1 gene rearrangement in cells of the myeloid, erythroid, megakaryocytic and B-
lymphoid lineages indicates that the initial transformation in CML occurred in a cell with 
multi-lineage differentiation potential, such as a hematopoietic stem cell (HSC) [69]. Like 
their normal counterparts, CML stem cells are lineage-CD34+CD38- cells with long term 
engraftment potential [70]. The stem cell in CML-CP is believed to be the Ph+ HSC with 
intrinsic self-renewal capacity, consistent with the observation that Bcr-Abl fails to confer 
self-renewal capacity to committed progenitor cells [71]. JunB inactivation at the HSC level 
appears to play a critical role in pathogenesis [72,73]. Upon transformation to CML-BC, 
however, granulocyte-macrophage progenitor (GMP) cells acquire self-renewal capacity via 
activation of the β-catenin pathway [74], possibly through glycogen synthase kinase-3-beta 
(GSK3β) mis-splicing [75] and function as leukemic stem cells (LSCs) in that setting [76]. 

A wealth of evidence, both preclinical and clinical, supports the notion that Bcr-Abl TKIs 
do not eliminate CML stem cells, widely believed to be the cause of disease persistence. For 
example, residual Bcr-Abl+ CD34+ progenitor cells were detected in all subjects in a study of 
patients with CML-CP on imatinib who had attained a complete cytogenetic response (CCyR) 
[77]. After a median of 19 months of follow-up, of 333 imatinib-treated patients in the IRIS in 
a CCyR, only 4% had attained a complete molecular response (CMR) at any point by 
stringent criteria, although an additional 6% had undetectable levels of Bcr-Abl transcripts, 
but the quality of the ribonucleic acid (RNA) sample was not adequate to ensure that the 
lower level of sensitivity was more than 4.5 log [78]. In an IRIS sub-study of 53 imatinib-
treated patients, undetectable Bcr-Abl was achieved in 18 patients and none of these 18 had 
lost major molecular response (MMR) after a median follow-up of 33 months [79]. However, 
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persistence of Bcr-Abl+ LSCs has been documented in patients with sustained undetectable 
molecular (minimal) residual disease (UMRD) induced by IFNα or TKI therapy [80], and in 
those treated with imatinib for at least four years while in CCyR and CMR [81]. In the French 
Stop Imatinib (STIM) study, imatinib treatment was discontinued in 100 patients with CML 
in CMR (defined as a >5-log reduction in Bcr-Abl and Abl levels and undetectable transcripts 
on quantitative reverse transcriptase polymerase chain reaction (RT-PCR, Q-PCR)) of at least 
2 years’ duration [82]. 42 (61%) of 69 patients with at least 12 months of follow-up relapsed; 
all of these individuals responded to reintroduction of imatinib. In the very recently reported 
Australian TWISTER study, 40 patients with CML-CP and UMRD (by conventional Q-PCR) 
for at least 2 years on imatinib discontinued the drug [83]. 21 of these patients had previously 
received IFN. At a median follow-up of 42 months, 22 (55%) patients had met the study 
definition of molecular relapse (loss of MMR at any time point, or two consecutive positive 
samples of any value). Most relapses occurred within 4 months of stopping imatinib, and no 
relapses beyond 27 months were seen. Highly sensitive patient-specific Bcr-Abl DNA PCR 
showed persistence of the original CML clone in all patients with stable UMRD, even several 
years after imatinib withdrawal. All patients who relapsed remained sensitive to imatinib re-
treatment, no patient developed a kinase domain mutation, there were no deaths, and no 
patient progressed to advanced phase [83].  

Preclinical studies have shown that neither imatinib [84] nor any of the second generation 
TKIs [85-88] is able to eradicate (induce apoptosis in) the quiescent stem cell fraction, 
notwithstanding their potent anti-proliferative effects on CML cells [89]. Underlying these 
observations is the key concept that although Bcr-Abl is a relevant target in CML stem cells, 
the latter are not addicted to Bcr-Abl [90,91]; inhibition of Bcr-Abl alone, therefore, is 
unlikely to eliminate CML stem cells. In fact, Bcr-Abl TKIs may promote survival of 
quiescent CML cells by restoring CXCR4 expression and causing them to migrate to BM 
microenvironment niches [92]. Mathematical models of the dynamics of molecular responses 
to imatinib in CML-CP also suggest that the drug is a potent inhibitor of the production of 
differentiated leukemic cells, but does not deplete LSCs: successful therapy leads to a 
biphasic exponential decline of leukemic cells, with an initial rapid downslope (α) 
representing the turnover rate of proliferating differentiated leukemic cells, and a much 
slower second downslope (β) representing the turnover rate of quiescent leukemic progenitors 
[93,94]. Other models, however, propose a triphasic exponential decline, suggesting that the 
last phase might represent effects of imatinib on LSCs [95]. 

 
 

Targeting Bcr-Abl for an “Operational Cure” of 
CML 

 
Although the inability of Bcr-Abl TKIs in and of themselves to induce apoptosis in CML 

stem cells is well-established, whether the latter really represent the true enemy has been 
questioned [51,96]. The theory of “operational cure” postulates that LSCs, similar to their 
normal counterparts, may alternate between a cycling mode, where they may express Bcr-Abl 
oncoprotein and be susceptible to the acquisition of additional mutations, and a quiescent 
mode, where they may express little or no Bcr-Abl oncoprotein, cannot acquire additional 
mutations and are unaffected by imatinib [97]. Thus, a patient who starts treatment early in 
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the natural history of CML, and who responds to imatinib clinically, may not have had the 
opportunity to acquire additional mutations in LSCs. In this case, the persistence, long-term, 
of quiescent “non-mutated” LSCs despite imatinib treatment may not really matter [97]. That 
Bcr-Abl transcript levels decline over time on imatinib therapy and increasing numbers of 
patients achieve CMR or UMRD is well-known [26,54,79]. Additionally, as discussed above, 
some patients remain transcript negative even after discontinuation of imatinib [82,83]. 
Persistence of genomic BCR-ABL1 DNA can be demonstrated in such individuals by highly 
sensitive patient-specific nested q-PCR; these levels remain stable in patients who sustain 
CMR, whereas they increase in those who lose CMR after imatinib cessation [98]. 
Intriguingly, there is some data to suggest that eventual eradication of LSCs may actually be 
possible on TKI therapy and that TKI discontinuation may work best in patients whose Bcr-
Abl transcript levels show a steep β slope [99]. Furthermore, it is possible that persistent and 
gradually declining Bcr-Abl transcripts in some patients may, in fact, reflect the presence of 
long-lasting memory B or T cells originally derived from a Bcr-Abl-containing LSC, and not 
quiescent LSCs that might serve as a reservoir for future disease relapse [52]. Indeed, 
achievement of cure may not require eradication of the last Bcr-Abl+ cell [100], since these 
are detectable in the blood of a proportion of normal individuals [101,102]. In light of these 
considerations, and the ability of dasatinib and nilotinib to induce faster and deeper responses 
compared to imatinib in newly diagnosed CML-CP patients as well as a lower risk of 
transformation to AP or BC [56,103], there is interest in discontinuation trials of these more 
potent agents (e.g., NCT01744665, NCT01627132, NCT01850004). Ponatinib, the only 
FDA-approved TKI that retains significant activity against Bcr-AblT315I, was being compared 
to imatinib in the frontline setting in patients with CML-CP in the Evaluation of Ponatinib 
versus Imatinib in CML (EPIC) trial (NCT01650805), but this has recently been terminated. 

Conformation-specific binding to Bcr-Abl plays a key role in determining TKI resistance 
in CML [104].‘‘Switch-control inhibitors’’ bind in a non-adenosine triphosphate (ATP)-
competitive fashion to residues (E282, R386) the Abl protein uses to switch between inactive 
and active conformations [105]. The lead clinical candidate, DCC-2036 (rebastinib), an orally 
active TKI, potently inhibits Abl by inducing and stabilizing an inactive, inhibitor-bound 
conformation, and retains efficacy against most clinically relevant CML-resistance mutants, 
including T315I, both in vitro and in vivo, although ‘‘P-loop’’ mutants (E255V,E255K) 
maybe less sensitive. Sustained inhibition of Bcr-Abl and downstream pathways was 
observed in patients with refractory CML enrolled on a phase I clinical trial of this agent 
[105]. 

Aurora kinases are serine/threonine kinases that play critical roles in the regulation of 
mitosis (reviewed in ref. [106]). Small-molecule aurora kinase inhibitors (AKIs) constitute 
an important new class of anti-cancer agents, with particular promise in the treatment of 
hematologic malignancies, in part because some of these molecules also inhibit other relevant 
targets, such as Janus kinases (JAK), Bcr-Abl and fms-like tyrosine kinase 3 (FLT3) 
(reviewed in refs. [107,108]). Furthermore, Bcr-Abl may activate aurora kinases A and B in 
CML cells via Akt signaling [109]. In the context of CML, most of the excitement 
surrounding these drugs, particularly prior to the availability of ponatinib, was to do with 
their ability to inhibit the T315I mutant, although development of some of these agents (e.g., 
MK-0457 (VX-680), KW-2449) has since been discontinued. However, others (e.g., 
danusertib (formerly PHA-739358, reviewed in ref. [110]), AT-9283, reviewed in ref. [111]) 
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are currently in phase I and II clinical trials both in hematologic malignancies and solid 
tumors. 

As activation of the Src-family kinase Lyn can serve as a mechanism of resistance to Bcr-
Abl TKIs [112], a dual Bcr-Abl/Lyn kinase inhibitor (bafetinib, CytRx) was developed and 
phase I and II trials completed both in hematologic malignancies and solid tumors [113]; 
however, this agent is not active against Bcr-AblT315I. In contrast, HG-7-85-01 is a novel 
small-molecule type II inhibitor of wild-type and gatekeeper mutants of Bcr-Abl (T315I), c-
Kit, Src and platelet derived growth factor receptor alpha (PDGFRα) with an unprecedented 
tolerance for a range of gatekeeper side chains, without becoming a promiscuous kinase 
inhibitor [114].  

ON012380 and ON044580 are substrate-competitive inhibitors of Bcr-Abl that are 
unaffected by mutations in the ATP-binding site that confer resistance to imatinib [115,116]. 
ON012380 synergizes with imatinib against wild-type Bcr-Abl and inhibits all known 
imatinib-resistant mutants both in vitro and in xenograft mouse models [115]. ON044580 
inhibits JAK2 (including JAK2V617F), which shares a substrate, STAT5, with Bcr-Abl, in 
addition to inhibiting both wild-type and mutant Bcr-Abl (including Bcr-AblT315I), and 
induces apoptosis of imatinib-resistant patient-derived CML cells [116,117].  

GNF-2 and its analog, GNF-5 are selective allosteric inhibitors [118] of Bcr-Abl that 
bind to the myristate-binding pocket of Abl and, when combined with the ATP-competitive 
inhibitors imatinib and nilotinib, suppress the emergence of resistance mutations and display 
additive inhibitory activity against the T315I mutant in vitro as well as in vivo, although 
neither GNF-2 nor GNF-5 individually inhibit Bcr-AblT315I [119]. An intra-molecular 
interaction between the SH2 and kinase domains in Bcr-Abl is both necessary and sufficient 
for high catalytic activity of the enzyme [120]. Disruption of this interface has been shown to 
inhibit downstream events critical for Bcr-Abl signaling, completely abolish leukemia 
formation in mice, and increase sensitivity of imatinib-resistant Bcr-Abl mutants to TKIs 
[120]. An engineered Abl SH2-binding fibronectin type III monobody inhibited Bcr-Abl 
kinase activity in vitro and induced apoptosis in primary CML cells [120]. 

A number of pharmacokinetic and host factors (such as lack of adherence [121,122]) 
have been reported to play significant roles in conferring resistance to TKIs, primarily 
imatinib. For example, enhanced binding of imatinib to plasma alpha-1-acid glycoprotein 
[123,124] and reduced metabolism of imatinib to its active form by the cytochrome P450 
enzyme CYP3A [125] could negatively impact levels of the biologically active drug, and thus 
diminish the extent of Bcr-Abl inhibition. Drug influx (via the hOCT-1 transporter [126-128]) 
and efflux (via the P-glycoprotein, also known as MDR-1, or ABCG2 [129-131]) 
mechanisms have also been implicated. The use of higher doses of imatinib has been 
advocated [132] in order to mitigate some of these concerns. Furthermore, the contribution of 
some of these mechanisms to the development of imatinib resistance is questionable 
[133,134], and their importance at a primitive CD34+ CML cell level even less certain [135]. 
Importantly, the issue of reduced intracellular drug concentrations owing to decreased 
expression of hOCT-1 appears not to apply to dasatinib [136] or nilotinib [137]. A more 
detailed discussion of these issues is beyond the scope of this chapter, and appears elsewhere 
in this volume.  
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Targeting CML Stem Cells by Bcr-Abl-Independent 
and “Synthetic Lethal” Strategies 

 
A lot of research in recent years has focused on identifying survival pathways in the 

quiescent CML stem cells, which are believed to serve as a reservoir of disease essentially 
unaffected by TKI therapy [138], which primarily targets proliferating cells [89]. Non-
proliferating CD34+ CML progenitor cells have been shown to be remarkably resistant to the 
induction of apoptosis [139]. It has been estimated that non-proliferating CD34+ CML cells 
make up approximately 0.5% of the total CD34+ compartment [16] and that the average CML 
patient harbors 5 x 107 Ph+ quiescent CD34+ cells, which most authorities consider to 
represent the major hurdle to a cure of CML [140]. CML stem cells express high levels of 
native Bcr-Abl, and kinase mutations are uncommon [16,141]. High levels of expression of 
Bcr-Abl also correlate with disease progression (to BC) in CML, and with the development of 
imatinib resistance, in part through the more rapid acquisition of mutations, in that setting 
[142]. Although Bcr-Abl modulates a variety of intracellular signaling pathways in CML 
cells, Bcr-Abl-independent resistance [143] is an important concept, particularly in the 
context of LSCs. Hu et al. showed that targeting multiple kinase pathways in leukemic 
progenitors and LSCs is essential for improved treatment of Ph+ leukemia in mice [144]. The 
phenomenon of alternate pathway activation in CML stem cells was also elegantly 
demonstrated recently by the generation of induced pluripotent stem cells (iPSCs) from 
primary CML patient samples [145]. The CML-iPSCs were resistant to imatinib despite 
consistently expressing Bcr-Abl. Furthermore, there was unequivocal evidence of kinase 
inhibition by imatinib in these cells, as evidenced by significantly decreased phosphorylation 
of STAT5 and CRKL (v-crk sarcoma virus CT10 oncogene homolog (avian)-like), an adaptor 
molecule downstream of Bcr-Abl. However, the phosphorylation status of other essential 
mediators of survival, viz., extracellular signal-regulated kinase 1/2 (ERK1/2), Akt and Jun-
N-terminal kinase (JNK) was unaffected. Hematopoietic cells derived from these CML-iPSCs 
remained susceptible to imatinib, while the most primitive CD34+38-90+45+ cells were 
resistant to imatinib [145]. Because Bcr-Abl signaling remains active in LSCs, a major thrust 
of investigation in this area has been to develop “synthetic lethal” [146] combinations of Bcr-
Abl TKIs with agents that selectively interrupt pathways critical to the survival of LSCs, 
while sparing normal HSCs; these are discussed in detail below. A variety of agents, 
representing different drug classes, such as DNA methyltransferase inhibitors (DNMTIs), 
MEK inhibitors, CDK inhibitors and tumor necrosis factor-related apoptosis inducing ligand 
(TRAIL) are active in CML and may synergize with TKIs; these are not considered further in 
this chapter, and have been reviewed [147].  

 
 

Inhibition of Autophagy 
 
Autophagy (“self-eating”) is a homeostatic process that takes place in all eukaryotic cells 

and involves the sequestration of cytoplasmic components in double-membraned 
autophagosomes that subsequently fuse with lysosomes, where their contents are degraded 
(reviewed in ref. [148]). Autophagy acts as a survival mechanism under conditions of stress, 
maintaining cellular integrity by regenerating metabolic precursors and clearing subcellular 
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debris, but is also widely implicated in cancer pathophysiology, where it can be 
cytoprotective. Bellodi et al. demonstrated that imatinib induces autophagy in CML cells, and 
that pharmacologic inhibition of autophagy can enhance imatinib-induced cell death in CML 
cell lines and primary CML cells [149]. Significantly, the combination of a TKI with 
inhibitors of autophagy resulted in near complete elimination of phenotypically and 
functionally defined CML stem cells [149]. The anti-malarial drug chloroquine inhibits 
autophagy via induction of lysosomal stress, provoking p53-dependent cell death [150]. 
CHOICES (chloroquine and imatinib combination to eliminate stem cells) is an ongoing 
phase II clinical trial (NCT01227135) that is investigating the combination of 
hydroxychloroquine and imatinib in CML-CP patients treated for at least one year with 
imatinib who have achieved at least a major cytogenetic response (MCyR) and continue to 
have molecular evidence of residual disease. 

 
 

Wnt/β-Catenin Pathway Inhibition 
 
The canonical Wnt pathway plays a critical role in regulating both proliferation and self-

renewal in normal HSCs, a function that is subverted in LSCs, and β-catenin is a key effector 
molecule of this pathway, although dispensable in fully developed adult HSCs (reviewed in 
ref. [151]). Gene expression profiling studies suggest that the Wnt/β-catenin pathway is 
deregulated as CML-CP progresses to more advanced phases of the disease [152]. Zhao et al. 
showed that β-catenin-deficient mice formed HSCs that were deficient in long-term growth 
and maintenance, and that these mice had a profound decrease in their ability to develop Bcr-
Abl-induced CML [153]. β-catenin has also been shown to be essential for the survival of 
imatinib-resistant LSCs in mice with Bcr-Abl-induced CML [154]. Using a conditional 
mouse model, Heidel et al. showed that deletion of β-catenin after CML initiation did not lead 
to a significant increase in survival; however, deletion of β-catenin synergized with imatinib 
to delay disease recurrence after imatinib discontinuation and to abrogate CML stem cells 
[155]. These effects could be mimicked by pharmacologic inhibition of the β-catenin pathway 
through modulation of prostaglandin signaling using the cyclooxygenase inhibitor 
indomethacin. AV65 is a novel Wnt/β-catenin signaling inhibitor that reduces the expression 
of β-catenin in CML cells, resulting in the induction of apoptosis, including in cells harboring 
Bcr-AblT315I [156]. Furthermore, AV65 inhibited the proliferation of hypoxia-adapted 
primitive CML cells that overexpress β-catenin, and the combination of AV65 with imatinib 
synergistically inhibited the proliferation of CML cells [156]. Other components within the 
Wnt signaling cascade that could potentially be targeted within LSCs, while sparing normal 
HSCs, include CD27 [157] and GSK3β [158]. An RNA interference-based synthetic lethality 
screen with imatinib identified numerous components of a Wnt/Ca2+/NFAT signaling 
pathway [159]. Antagonism of this pathway led to impaired NFAT activity, decreased 
cytokine production, and enhanced sensitivity to Bcr-Abl inhibition [159]. Furthermore, 
NFAT inhibition with cyclosporin A facilitated leukemia cell elimination by dasatinib and 
markedly improved survival in a mouse model of Ph+ ALL [159].  
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Hedgehog Pathway Inhibition 
 
The Hedgehog (Hh) family of secreted proteins controls cell proliferation, differentiation 

and tissue patterning in a dose-dependent manner, playing an essential role in numerous 
processes during embryonic development; however, uncontrolled activation of this pathway 
(e.g., due to mutations) can result in specific types of cancer (reviewed in ref. [160]). Binding 
of any of the three mammalian Hh ligands (Sonic, Desert or Indian Hh) to the transmembrane 
protein receptor Patched (Ptch) releases another transmembrane protein, Smoothened (Smo), 
from inhibition by Ptch. Once activated, Smo initiates a signaling cascade that leads to the 
activation of the Gli transcription factors, resulting in the transcription of Hh target genes that 
are normally repressed in the absence of ligand binding [160]. Dierks et al. showed that Hh 
signaling is activated in Bcr-Abl+ LSCs through up-regulation of Smo [161]. The 
development of re-transplantable Bcr-Abl+ leukemias was abolished in the absence of Smo 
expression, and pharmacological Smo inhibition reduced LSCs in vivo and enhanced time to 
relapse after the end of treatment [161]. Zhao and co-workers demonstrated that Hh signaling 
is essential for maintenance of CML stem cells, showing that loss of Smo impaired HSC 
renewal, depleted CML stem cells and decreased induction of CML by the Bcr-Abl 
oncoprotein [162]. Pharmacological inhibition of Hh signaling impaired not only the 
propagation of CML driven by wild-type Bcr-Abl, but also the growth of imatinib-resistant 
mouse and human CML [162]. The FDA approval of a Smo inhibitor, vismodegib 
(Erivedge™, Genentech) for patients with advanced basal cell carcinoma [163] makes this a 
particularly exciting area of clinical investigation, especially since Hh signaling is dispensable 
for adult HSC function [164]. LDE225 (Novartis) is an orally bioavailable Smo antagonist 
that is currently being studied in combination with nilotinib in a phase I trial (NCT01456676) 
in patients with CML-CP or –AP who have failed therapy with other Bcr-Abl TKIs. 

 
 

ALOX5 Inhibition 
 
Chen and colleagues have demonstrated that arachidonate 5-lipoxygenase (5-LO) 

(ALOX5) is a critical regulator for CML stem cells [165]. Alox5 deficiency caused 
impairment of the function of LSCs but not normal HSCs via effects on differentiation, cell 
division and survival of long-term LSCs (LT-LSCs), resulting in depletion of LSCs and a 
failure of CML development in mice [165]. Treatment of mouse xenograft models of CML 
with a 5-LO inhibitor (zileuton) also impaired the function of LSCs similarly by affecting LT-
LSCs, and prolonged survival [165]. Zileuton (Zyflo™, Cornerstone) is a 5-LO inhibitor that 
is approved by the FDA for the prevention and treatment of asthma [166]. Based on 
preclinical evidence of additive effects in vivo, a phase I clinical trial of zileuton in 
combination with imatinib in patients with CML-CP already on imatinib (NCT01130688) 
was initiated, but was recently terminated. Scd1 (stearoyl-Co-A-desaturase) is a gene that 
plays a tumor-suppressive role in LSCs (through effects on p53, B-cell lymphoma-2 (Bcl-2) 
and phosphatase and tensin homolog (PTEN)) with no effect on normal HSC function, and is 
down-regulated in CML stem cells [167]. Deletion of Scd1 causes acceleration of CML 
development and conversely overexpression of Scd1 delays CML development [167]. 
Interestingly, induction of Scd1 expression by a peroxisome proliferator-activated receptor 
gamma (PPARγ) agonist suppresses LSCs and delays CML development in a Bcr-Abl-
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induced CML mouse model, suggesting a new anti-LSC strategy through enhancing Scd1 
activity [167].  

 
 

Histone Deacetylase Inhibitors (HDACIs) 
 
There is evidence suggesting that HDACIs, an important class of anti-cancer agents with 

diverse mechanisms of action (reviewed in ref. [168]), kill proliferating and non-proliferating 
tumor cells with equal efficacy [169]. Among the pleiotropic actions of HDACIs is the 
ability, via inhibition of HDAC6, to disrupt the chaperone function of heat shock protein 90 
(Hsp90) [170], of which Bcr-Abl is a client, leading to proteasomal degradation of the latter 
[171]. Thus, the investigational HDACI dacinostat (Novartis) exhibited significant activity 
against imatinib-sensitive and –resistant Bcr-Abl+ myeloid leukemia cell lines and primary 
CML-BC cells, both in vitro and in vivo, and synergized with imatinib [172,173]. The 
mechanism involved acetylation of Hsp90 and inhibition of its chaperone function, thereby 
promoting the proteasomal degradation of Bcr-Abl [173]. Synergistic interactions between 
the HDACI vorinostat (Zolinza®, Merck) and imatinib or dasatinib against CML cell lines 
and primary CML cells, including those expressing the imatinib-resistant Bcr-Abl mutants 
E255K and T315I [174,175], and those with overexpression of Bcr-Abl [176], have been 
described. Lowering of Bcr-Abl levels and induction of apoptosis in human CML cell lines 
and primary CML cells, including those expressing Bcr-AblT315I, were observed with the 
investigational HDACI panobinostat (Novartis) and synergism with nilotinib was 
demonstrated [177]. Zhang et al. have shown that HDACIs combined with imatinib can 
effectively induce apoptosis in quiescent CML progenitors resistant to imatinib alone, and 
eliminate CML stem cells capable of engrafting immunodeficient mice [178]. In vivo 
administration of HDACIs with imatinib markedly diminished LSCs in a transgenic mouse 
model of CML [178]. These findings form the basis of a recently completed phase I trial 
(NCT00686218) of panobinostat in combination with imatinib in patients with CML-CP 
treated with imatinib for at least a year and in MCyR (or better) with molecular evidence of 
disease persistence.  

 
 

Hsp90 Inhibition 
 
As noted above in the context of HDACIs, p210 Bcr-Abl is complexed with the 

chaperone protein Hsp90 (reviewed in ref. [179]) in CML cells, and disruption of this 
association by Hsp90 inhibitors such as geldanamycin leads to proteasomal degradation of 
p210 Bcr-Abl [171]; similar considerations apply to v-Src. Significantly, these oncogenic 
kinases are more susceptible to geldanamycin-induced degradation than their normal cellular 
counterparts, c-Abl and c-Src [171]. Geldanamycin and its analog 17-allyl-amino-17-
demethoxygeldanamycin (17-AAG) lower Bcr-Abl levels and induce apoptosis and 
differentiation of human Bcr-Abl+ cells [180], including those bearing the imatinib-resistant 
mutants T315I and E255K [181]. Additionally, 17-AAG may inhibit the function of P-
glycoprotein [182]. Most significantly, this strategy (using IPI-504, an orally administered 
Hsp90 inhibitor) has been shown to be effective in vivo in a murine model of CML against 
both wild type Bcr-Abl and Bcr-AblT315I, to suppress CML stem cells, and to synergize with 
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imatinib [183]. Combination of the Hsp90 inhibitor NVP-AUY922 (Novartis) with nilotinib 
was more effective at reducing the outgrowth of resistant cell clones in a random Bcr-Abl 
mutagenesis screen than either drug individually, and targeted both wild-type and mutant 
forms of Bcr-Abl (including Bcr-AblT315I) in vitro and in vivo [184]. As an example of a non-
TKI-based combination strategy, co-treatment with 17-AAG and panobinostat synergistically 
induced apoptosis of CML cell lines, imatinib-refractory leukemia cells expressing Bcr-
AblT315I and imatinib-resistant primary CML-BC cells [185]. Ganestespib (Synta) is an 
Hsp90 inhibitor in phase I/II testing in patients with various hematologic malignancies 
including CML (NCT00858572, NCT00964873). 

 
 

Targeting PML 
 
Normally a tumor suppressor [186], the promyelocytic leukemia (PML) protein has been 

demonstrated to have a critical role in HSC maintenance, and in particular, to be 
indispensable for the maintenance of CML stem cells [187]. Arsenic trioxide (Trisenox™, 
Teva Oncology), widely used in the treatment of acute promyelocytic leukemia (APL) [188], 
degrades the PML protein, and has been shown to decrease the number of quiescent LSCs in 
vitro to a significantly greater extent than normal HSCs [187]. Ito et al. found that 
administration of arsenic trioxide in combination with cytarabine in mice transplanted with 
cells transduced with Bcr-Abl resulted in apoptosis in the LSC compartment [187]. Arsenic 
trioxide induced apoptosis in primary human CML cells, an effect that was potentiated by the 
addition of cytarabine, resulting in significantly more apoptosis than induced by cytarabine 
alone [187]. Others suggest that the degradation of Bcr-Abl oncoprotein by arsenic trioxide 
involves an autophagic mechanism [189]. Synergism between imatinib and arsenic sulfide has 
been shown in a Bcr-Abl+ mouse model of human CML [190]. A phase II trial of arsenic 
trioxide plus imatinib in patients with CML-CP who fail therapy with imatinib alone has been 
completed (NCT00250042), and a phase I trial (NCT01397734) evaluating the combination 
of arsenic trioxide with either imatinib, dasatinib or nilotinib in patients with CML-CP on a 
stable dose of their TKI and cytogenetic or molecular evidence of persistent disease is 
currently recruiting participants.  

 
 

Targeting the CXCXR4/CXCL12 Axis 
 
The chemokine receptor CXCR4 and its ligand CXCL12 are essential for the control of 

proliferation in HSCs (resulting in their quiescence) and in retaining HSCs within their proper 
BM niche [191]. Bcr-Abl signaling down-regulates CXCR4, leading to defective adhesion of 
CML cells to the BM stroma [92]. Imatinib, by blocking Bcr-Abl kinase activity, up-regulates 
CXCR4 and has been shown to enhance migration of CML cells into protective BM 
micoenvironmental niches [192], thus promoting stroma-mediated chemo-resistance of CML 
progenitor cells [92]. Conversely, decreased CXCL12 expression in CML BM, a consequence 
of increased G-CSF production by the leukemic cells, also may reduce homing and retention 
of CML stem cells in the BM [193]. Inhibition of CXCR4 signaling by plerixafor (Mozobil®, 
Sanofi), used widely in conjunction with G-CSF for hematopoietic progenitor cell 
mobilization in the autologous stem cell transplantation setting [194], disrupts this interaction 
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of CML cells with the BM microenvironment and sensitizes them to killing by imatinib [192] 
and nilotinib [195]. 

 
 

PI3K/Akt/mTOR Pathway Inhibition 
 
The phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) 

pathway is a major cellular survival pathway that is frequently dysregulated in cancer [196]. 
Interestingly, PI3K and Akt are essential for Hh signaling, both in embryonic development 
and in Hh-dependent tumors [197]. Activation of this pathway is an important mechanism of 
Bcr-Abl-induced leukemogenesis [15,16] and represents a compensatory response to imatinib 
treatment [198]. The mTOR inhibitor rapamycin synergizes with imatinib against Bcr-Abl-
transformed myeloid and lymphoid cells and increases survival in a murine CML model, and 
the combination also inhibits imatinib-resistant mutants of Bcr-Abl [199]. The rapamycin 
derivative everolimus (Afinitor®, Novartis) has been shown to block the late reactivation of 
mTOR observed in response to imatinib therapy that results from the induction of an mTOR-
PI3K feedback loop that drives the retrograde activation of Akt [200]. The dual 
mTORC2/mTORC1 inhibitor, OSI-027 (OSI), induces potent suppressive effects on primitive 
leukemic progenitors from CML patients and generates anti-leukemic responses in cells 
expressing Bcr-AblT315I [201]. Finally, the dual PI3K/mTOR inhibitor PI-103 was more 
effective than rapamycin at suppressing the proliferation of mouse precursor B-cell (pre-B-) 
ALL and human CD19+CD34+ Ph+ ALL leukemia cells treated with imatinib [202]. A phase 
I/II clinical trial (NCT00093639) of imatinib and everolimus in patients with CML-CP on a 
stable dose of imatinib who have achieved and maintained a hematological response, but not 
a CCyR, to imatinib has recently been completed, and another (NCT01188889) for those who 
have achieved a CCyR but have molecular evidence of disease persistence is planned.  

 
 

FOXO and Inhibition of Bcl-6 and TGF-β Signaling 
 
Bcr-Abl suppresses the forkhead O transcription factors (FOXO) via activation of the 

PI3K/Akt/mTOR pathway [203], supporting the proliferation or inhibiting the apoptosis of 
CML cells [204,205]. The FOXO are also essential for the maintenance of normal HSCs 
[206,207]. In a seminal study, Naka and colleagues found that the FOXO play a critical role 
in the maintenance of leukemia-initiating cells (LICs) in CML [208]. Furthermore, they 
showed that treatment of human CML LICs with a transforming growth factor beta (TGF-β) 
inhibitor impaired their colony-forming ability in vitro [208]. Subsequently, Hurtz et al. 
identified the BCL6 proto-oncogene as a critical effector downstream of FOXO in self-
renewal signaling of CML-initiating cells, acting via repression of Arf and p53 [209]. 
Importantly, peptide inhibition of Bcl-6 in human CML cells compromised colony formation 
and leukemia initiation in transplantation assays and selectively eradicated CD34+CD38- LICs 
in patient-derived CML samples [209]. In another seminal paper from the same group, Duy et 
al. reported that Bcl-6 is a central component of a protective feedback signaling pathway in 
Ph+ ALL cells triggered by TKI treatment, demonstrating that targeted inhibition of Bcl-6 
leads to eradication of drug-resistant and leukaemia-initiating subclones [210]. TGF-β is a 
relevant target in a variety of disease states (reviewed in ref. [211]). Potentiation of imatinib-
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induced cell death in non-proliferating CD34+ CML cells by a TGF-β kinase inhibitor, SB-
431542 (Glaxo Smithkline), has been reported [212]. 

 
 

JAK/STAT Pathway Inhibition 
 
JAK2 plays fundamental roles in cytokine signaling in normal hematopoiesis [213,214] 

and is strongly implicated in the pathogenesis of the BCR-ABL1-negative myeloproliferative 
neoplasms (MPNs, reviewed in ref. [215]). Blocking cytokine signaling via JAK inhibition 
along with Bcr-Abl kinase inhibition induces apoptosis in primary CML progenitors [216], 
and granulocyte macrophage colony-stimulating factor (GM-CSF) induces TKI resistance in 
primary GMPs via Bcr-Abl-independent activation of the JAK2/STAT5 pathway [217]. It has 
also been shown that Bcr-Abl stability and oncogenic signaling in CML cells are under the 
control of JAK2 [218]. Abelson helper integration site 1 (Ahi-1) is a novel oncoprotein whose 
expression is highly deregulated in CML stem/progenitor cells, where it forms an interaction 
complex with Bcr-Abl and JAK2 that mediates TKI responsiveness/resistance of these cells 
[219]. Samanta et al. showed that CML cell lines and patient-derived CML cells sensitive or 
resistant to imatinib underwent apoptosis on exposure to AG490, a potent tyrphostin JAK2 
inhibitor [220]. Further studies from the same group demonstrated that JAK2 inhibition 
(using TG101209, TargeGen) up-regulates SET and activates protein phosphatase 2A (PP2A) 
and the Shp1 phosphatase, leading to decreased levels of activated Lyn, while sparing normal 
hematopoietic cells [221]. It has recently been claimed that Bcr-Abl uncouples canonical 
JAK2-STAT5 signaling in CML, thereby making JAK2 targeting irrelevant, such that STAT5 
should be the real target of pharmacologic approaches in this setting [222]. The authors noted 
that several JAK2 TKIs induced apoptosis in Bcr-Abl+ cells irrespective of whether JAK2 
was expressed or not, suggesting direct “off-target” inhibition of Bcr-Abl [222]. In support of 
this concept, inhibition of STAT5 signaling by indirubicin derivatives was shown to induce 
apoptosis of imatinib-sensitive and –resistant human CML cell lines, including those 
expressing Bcr-AblT315I, and primary patient-derived CD34+ CML cells [223]. Some 
preclinical studies (both in vitro and in vivo) of combination treatment with JAK2 and Bcr-
Abl TKIs suggest a very narrow therapeutic window for this strategy, owing to toxic effects 
on normal hematopoietic cells at the doses of JAK2 inhibitors required to restore sensitivity 
of CML cells to Bcr-Abl TKIs [224]. The investigators demonstrated that soluble factors, 
signaling via JAK2/STAT3, were responsible for microenvironment-mediated resistance to 
Bcr-Abl TKIs, and that JAK2 inhibitors alone were only modestly effective in inducing 
apoptosis in CML cell lines and primary CML CD34+ progenitors, and prolonging survival in 
a murine model of CML [224]. Although at least additive efficacy for combined JAK2/Bcr-
Abl inhibition was noted, the authors concluded that such combinations insufficiently 
discriminate between normal and CML cells to be of therapeutic use [224]. However, others 
have very recently shown that combination treatment with imatinib and TG101209 
statistically significantly enhances apoptosis of CD34+ leukemic stem/progenitor cells and 
eliminates their long-term leukemia-initiating activity in immunodeficient mice [225]. 
Importantly, this approach was effective against treatment-naive CML stem cells from 
patients who subsequently proved to be resistant to imatinib therapy [225]. Ruxolitinib 
(Jakafi®, Incyte), the first FDA-approved JAK inhibitor [226,227], is being evaluated for its 
ability to eradicate minimal residual disease (MRD) in CML in conjunction with Bcr-Abl TKI 
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therapy by investigators at the M.D. Anderson Cancer Center (MDACC) in a phase I/II trial 
(NCT01751425).  

 
 

PP2A Activation 
 
Neviani et al. showed that in Bcr-Abl-transformed cells and CML-BC progenitors, the 

phosphatase activity of the tumor suppressor PP2A is inhibited by Bcr-Abl-induced 
expression of the PP2A inhibitor SET, and molecular and/or pharmacologic activation of 
PP2A promotes dephosphorylation of key regulators of cell proliferation and survival, 
suppresses Bcr-Abl activity, and induces its degradation in imatinib-sensitive and -resistant 
(including the T315I mutant) Bcr-Abl+ cell lines and CML-BC progenitors, leading to growth 
suppression, enhanced apoptosis, restored differentiation, impaired clonogenic potential, and 
decreased in vivo leukemogenesis of imatinib-sensitive and -resistant Bcr-Abl+ cells [228]. As 
noted above, JAK2 may have a role in activating SET downstream of Bcr-Abl [221]. 
Fingolimod (Gilenya™, Novartis), FDA-approved for the treatment of patients with relapsing 
forms of multiple sclerosis [229], is a potent PP2A activator that induces apoptosis and 
impairs clonogenicity of TKI-sensitive and –resistant Bcr-Abl+ (both p210 and p190 fusion 
proteins) myeloid and lymphoid cell lines and CML-BC and Ph+ ALL progenitors, but not of 
normal CD34+ and CD34+CD19+ BM cells [230]. Furthermore, pharmacologic doses of 
fingolimod profoundly suppress in vivo Bcr-Abl-driven leukemogenesis (both p210 and p190 
and including Bcr-AblT315I) [230]. PP2A activity is suppressed in CML stem cells relative to 
normal HSCs [231]. TKI-resistant quiescent stem cells from patients with CML exhibit 
increased levels of Bcr-Abl, but very low kinase activity, and Bcr-Abl overexpression, but not 
the kinase function of Bcr-Abl, was very recently shown to be required for activation of a 
JAK2/β-catenin-dependent survival/self-renewal pathway and inhibition of PP2A [231]. 
Fingolimod strikingly reduced survival and self-renewal of quiescent CML stem cells, but not 
of normal quiescent HSCs, through Bcr-Abl kinase-independent and PP2A-mediated 
inhibition of JAK2 and β-catenin, findings that were vindicated in xenograft models and 
serial transplantation assays [231]. Fingolimod also inhibits sphingosine kinase 1 (SK1), 
thereby inhibiting the formation of sphingosine-1-phosphate (S1P), a bioactive lipid that is a 
key player in a number of biological processes including cell survival, proliferation and 
migration and represents a novel emerging target in cancer (reviewed in ref. [232]). Alteration 
of the balance between S1P and ceramide, another biologically active lipid, due to 
overexpression of SK1 has been implicated as a mechanism of resistance to imatinib-induced 
apoptosis in CML cells [233]. SK1 plays a critical role in the inhibition of apoptosis in CML 
cells, serving both as a downstream effector of Bcr-Abl/Ras/ERK signaling and an upstream 
regulator of Bcl-2 family proteins [234]. Fingolimod therefore represents an attractive agent 
with multiple targets that needs to be explored further against CML stem cells. 

 
 

SIRT1 Inhibition 
 
SIRT1 is a multi-faceted, nicotinamide adenine dinucleotide (NAD)+-dependent protein 

deacetylase whose role in cancer may either be oncogenic or tumor-suppressive depending on 
the mutational status of p53 (reviewed in ref. [235]). Bcr-Abl activates SIRT1 through 
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STAT5 signaling, thus promoting CML cell survival and proliferation associated with 
deacetylation of multiple SIRT1 substrates, including FOXO1, p53, and the DNA repair 
enzyme Ku70 [236]. Bcr-Abl inhibition by imatinib partially reduces SIRT1 expression and 
SIRT1 inhibition further sensitizes CML cells to imatinib-induced apoptosis. Furthermore, 
knockout of SIRT1 suppresses Bcr-Abl-induced transformation of mouse BM cells and the 
development of a CML-like myeloproliferative disease [236]. Inhibition of SIRT1 by small 
molecule inhibitors or gene knockdown blocks the acquisition of Bcr-Abl mutations (“clonal 
evolution”) in and relapse of CML cells on TKIs [237]. Additionally, although SIRT1 can 
enhance the cellular DNA damage response (DDR), it interferes with the DNA repair 
machinery in CML cells and increases error-prone DNA damage repair [237]. Most 
significantly, Li et al. have recently shown that SIRT1 is overexpressed in human CML stem 
cells, and that pharmacological inhibition of SIRT1 or SIRT1 gene knockdown increases 
apoptosis in CML-CP and –BC LSCs through p53 activation, reducing their growth in vitro 
and in vivo, effects that are potentiated by co-administration of imatinib [238]. 

 
 

Targeting Anti-Apoptotic Proteins of the Bcl-2 Family 
 
A large body of evidence suggests that Bcr-Abl signaling results in blockade of apoptotic 

pathways [15,16]. The Bcl-2 family of pro- and anti-apoptotic proteins stands at the 
crossroads of cellular survival and death, controlling the intrinsic (mitochondrial) pathway of 
apoptosis, and regulating the two other major forms of cell death, viz. necrosis and 
autophagy, thus operating as nodal points at the convergence of multiple pathways with broad 
relevance to oncology (reviewed in ref. [239]). Bcl-2 has been shown to have a fundamental 
role in the causation of Bcr-Abl+ leukemias [240,241]. The anti-apoptotic Bcl-2 family 
protein myeloid cell leukemia-1 (Mcl-1) has been shown to be a Bcr-Abl-dependent survival 
factor in CML cells, the expression of which can be down-regulated by the mitogen activated 
protein kinase kinase (MEK)/ERK inhibitor PD98059 [242]. Similarly, the pro-apoptotic Bcl-
2 family proteins Bcl-2 interacting mediator of cell death (Bim) and Bcl-2 anatgonist of cell 
death (Bad) play major roles in imatinib-induced apoptosis of Bcr-Abl+ cells [243]. ABT-737 
(Abbvie), a “BH3-mimetic” antagonist of the anti-apoptotic proteins Bcl-2 and Bcl-xL [244], 
can overcome resistance to imatinib caused by overexpression of Bcl-2 or loss of Bim (plus 
Bad) [243], or various other mechanisms, but not when leukemic cells harbor imatinib-
insensitive mutations in Bcr-Abl such as T315I [245], thus invoking a role for BH3-mimetics 
in combinatorial strategies directed against CML stem cells. Bcl-xL, the transcription of 
which is activated by Bcr-Abl through STAT5 [246,247], was recently shown to be critical 
for disease progression in CML, and combined Bcl-xL inhibition and Bad activation 
markedly augmented apoptosis of CML-BC cell lines and primary CD34+ CML progenitors 
but not of those from healthy donors [248]. Inhibition of Bcl-2/Bcl-xL by ABT-737 in cells 
from patients with TKI-resistant CML-BC promotes apoptosis in quiescent CD34+ progenitor 
cells with an efficacy similar to that in proliferating cells [249]. Combination of ABT-737 
with imatinib (which decreases Mcl-1 levels) synergistically induces death of both 
proliferating and quiescent CD34+ progenitor cells obtained from TKI-resistant CML-BC 
patients [249]. TKIs synergize strongly with ABT-737 to induce apoptosis in CML cell lines, 
including in the CD34+CD38- TKI-insensitive population; this is accompanied by off-target 
post-translational down-regulation of the X-linked inhibitor of apoptosis (XIAP) protein 
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[250]. Navitoclax (Abbvie), an orally bioavailable analog of ABT-737, has demonstrated 
robust single-agent activity in a phase I trial in patients with relapsed or refractory chronic 
lymphocytic leukemia (CLL) [251]. The company has since developed a highly potent, orally 
bioavailable, Bcl-2-selective inhibitor, ABT-199, by re-engineering of navitoclax in order to 
avoid thrombocytopenia due to platelet apoptosis (caused by Bcl-xL inhibition with 
navitoclax), while maintaining efficacy against Bcl-2-dependent malignancies [252]. While 
none of the aforementioned BH3-mimetics inhibits Mcl-1, a variety of approaches exist to 
target this short-lived anti-apoptotic protein, such as inhibition of transcription and 
translation, as well as promotion of degradation; these have recently been reviewed [253]. 
Omacetaxine mepesuccinate (Synribo™, Teva) is a semi-synthetic derivative of 
homoharringtonine, a natural alkaloid obtained from various Cephalotaxus species that exerts 
its antitumor activity through inhibition of protein synthesis and promotion of apoptosis, 
primarily due to down-regulation of Mcl-1 [254]. One study found that omacetaxine killed 
more than 90% of CML and Ph+ ALL stem cells (including those bearing Bcr-AblT315I) in 
vitro, in contrast to < 9% and < 25% with imatinib or dasatinib, respectively [255]. 
Omacetaxine received approval from the FDA in 2012 for the treatment of patients in CML-
CP or –AP who have failed two or more TKIs. Among 62 CML-CP patients with the Bcr-Abl 
T315I mutation and TKI failure treated on a phase II trial of omacetaxine at the MDACC, 14 
(23%) achieved a MCyR, including CCyR in 10 (16%), and median progression-free survival 
(PFS) was 7.7 months [256]. Sabutoclax (Boehringer Ingelheim, Oncothyreon) is a pan-Bcl-2 
inhibitor that was very recently shown to sensitize BM niche-resident CML-BC stem cells to 
TKIs at doses that spare normal progenitors [257]. 

 
 

Rac2 GTPase Inhibition 
 
Bcr-Abl kinase activity leads to the formation of reactive oxygen species (ROS), with 

resultant oxidative DNA damage, genomic instability and mutations in the kinase domain that 
confer resistance to imatinib [258,259]. Additionally, Bcr-Abl stimulates single strand 
annealing, a relatively rare but very unfaithful DNA double strand break (DSB) repair 
mechanism, causing chromosomal aberrations [260]. Finally, Bcr-Abl directly phosphorylates 
the DNA DSB repair protein RAD51 on the Y315 residue to promote RAD51 recombinase-
mediated unfaithful homologous recombination repair in a dosage-dependent manner, which 
can be prevented by a peptide aptamer mimicking the RAD51(pY315) fragment [261]. These 
issues are particularly relevant in CML-BP cells and very primitive CML-CP cells (LSCs), 
which are characterized by high levels of Bcr-Abl expression [17,141]. Gene targeting of the 
guanosine triphosphatases (GTPases) Rac1 and Rac2 significantly delays or abrogates disease 
development in a murine model of p210-Bcr-Abl-induced MPN, accompanied by severely 
diminished p210-Bcr-Abl-induced downstream signaling in primary hematopoietic cells 
[262]. Rac has been validated as a molecular target in both primary human CML cells in vitro 
and in a xenograft model in vivo using a small-molecule antagonist of Rac1, NSC23766 
[262]. Rac2 GTPase alters mitochondrial membrane potential and electron flow through the 
mitochondrial respiratory chain complex III (MRC-cIII), thereby generating high levels of 
ROS in CML-CP LSCs and primitive leukemia progenitor cells (LPCs) [263]. Inhibition of 
Rac2 by genetic deletion or a small-molecule inhibitor and down-regulation of mitochondrial 
ROS by disruption of MRC-cIII, expression of mitochondria-targeted catalase, or addition of 
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a ROS-scavenging mitochondria-targeted peptide aptamer have been shown to reduce 
genomic instability, suggesting that the Rac2-MRC-cIII pathway could be targeted to prevent 
both relapse and disease progression of CML [263].  

 
 

Interferon and Growth Factors 
 
In the pre-imatinib era, IFN-α was first-line therapy for patients with CML ineligible for 

allogeneic HSCT [14]. IFN-α induces CCyR in a substantial minority of patients with CML-
CP, although molecular evidence of disease persists [264]. In these patients, IFN-α may 
induce a situation of “tumor dormancy”, where the presence of a minority of Ph+ CML 
progenitor cells for a very long period of time is still compatible with durable remission 
[265]. In preclinical studies, IFN-α is more active against primitive CML progenitors, 
inducing G1 cell cycle arrest and terminal differentiation, than imatinib, which is more active 
against differentiated CML progenitors, perhaps explaining why responses to IFN-α, while 
slower and less dramatic than those to imatinib, can be durable even after discontinuation of 
the drug [266]. Myeloid growth factors augmented the anti-leukemic activity of IFN-α, and 
neutralizing antibodies directed against myeloid growth factors inhibited it [266]. In an 
intriguing study, 6 of 12 patients with CML-CP who discontinued imatinib after having been 
in a CMR for at least 2 years continued to have undetectable Bcr-Abl transcripts after 18 
months (median) of follow-up; notably, 10 of these 12 patients had previously been treated 
with IFN-α [267]. Essers et al. reported that in mice, acute treatment with IFN-α induces 
dormant HSCs to enter the cell cycle and proliferate, whereas chronic activation of the IFN-α 
pathway in HSCs impairs their function [268], suggesting that combining IFN-α with TKI 
therapy may allow the latter to more effectively kill CML stem cells. A retrospective study of 
76 early CML-CP patients treated with imatinib plus IFN-α and 419 early CML-CP patients 
treated with imatinib alone found that responses (CCyR, MMR) to the combination were 
more rapid, but that the response rates in the imatinib alone group “caught up” with those in 
the imatinib + IFN-α group with longer follow-up [269]. In the French STI571 Prospective 
Randomized Trial (SPIRIT) in 636 patients with previously untreated CML-CP, the rates of a 
“superior molecular response” (defined as a decrease in the ratio of transcripts of Bcr-Abl to 
transcripts of Abl of 0.01% or less, corresponding to a 4-log reduction or more from the 
baseline level, as assessed by a real-time Q-PCR assay) at 12 months was significantly higher 
(p=0.001) among patients receiving imatinib 400 mg daily plus peginterferon alfa-2a (30%) 
than among patients receiving 400 mg of imatinib daily alone (14%), although rates of CCyR 
were not significantly different between the groups [270]. IFN-α maintenance after treatment 
with imatinib plus IFN-α for ≥ 2 years was evaluated longitudinally in twenty patients with 
CML-CP with regular monitoring of peripheral blood Bcr-Abl transcripts by Q-PCR after 
imatinib discontinuation (due to patient request and/or imatinib intolerance) [271]. After a 
median follow-up of 2.4 years from imatinib discontinuation, 15 of the 20 patients remained 
in molecular remission, and all 5 patients who relapsed could be rescued with imatinib. 
Notably, the number of patients in CMR increased on IFN from two patients at baseline to 
five patients after 2 years [271].  

Analogous to the concept of promoting killing of CML stem cells by imatinib by IFN-α-
induced proliferation, intermittent (but not continuous) exposure of primitive, quiescent 
CD34+ CML cells to G-CSF in vitro has been shown to promote their elimination by imatinib 
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[272]. Other investigators have obtained similar results, demonstrating that high growth factor 
concentrations significantly enhance CML proliferation with or without imatinib treatment 
and reduce the number of viable, quiescent CML progenitors remaining after imatinib 
exposure [273]. Stimulation with high growth factor concentrations before imatinib treatment 
further reduced the number of residual non-dividing CML CD34+ cells [273]. Importantly, 
clinically achievable concentrations of GM-CSF alone or in combination with G-CSF also 
significantly reduced non-dividing CML CD34+ cells [273]. Unfortunately, these promising 
preclinical findings did not translate into a significant difference in efficacy between any of 
the arms in a small pilot trial of continuous imatinib versus pulsed imatinib with or without 
G-CSF in patients with CML-CP who had achieved a CCyR (but not a CMR) on imatinib at 
trial entry [274]. However, the addition of GM-CSF has been shown to improve the 
cytogenetic response obtained with IFN-α therapy alone in patients with CML-CP [275]. 

 
 

Nuclear Export Inhibition 
 
One of the mechanisms by which Bcr-Abl promotes cellular survival is by retaining the 

endogenous cyclin-dependent kinase (CDK) inhibitor, p21WAF1 in a cytosolic location, 
thereby preventing cell cycle arrest normally induced by nuclear p21WAF1 [276]. The nuclear 
export protein implicated in this process is the karyopherin chromosome maintenance protein 
1 (CRM1), blocking which with small-molecule selective inhibitors of nuclear export (SINEs) 
has emerged as a novel therapeutic strategy to restore tumor suppressor function applicable to 
a number of cancers, since CRM1 is also involved in the active transport of p53 and 
nucleophosmin out of the nucleus [277], and in the nucleocytoplasmic shuttling of 
heterogenous nuclear ribonucleoproteins (hnRNPs) that are critical for the expression of 
factors (e.g., SET/PP2A, c-Myc, C/EBPα/miR-328 (CCAAT enhancer binding protein 
alpha/microRNA-328)) that regulate proliferation and survival of Ph+ progenitors [19]. 
Vigneri and Wang showed that imatinib stimulates nuclear entry of the Bcr-Abl TK, which 
can then be trapped in the nucleus by the nuclear export inhibitor leptomycin B, with resultant 
activation of apoptosis [278]. The drug combination caused complete and irreversible killing 
of Bcr-Abl-transformed cells [278]. This strategy has been shown to be effective in killing 
human CML cells ex vivo [279] and in overcoming imatinib resistance due to Bcr-Abl 
amplification and clonal evolution, but not due to Bcr-Abl kinase domain mutations [280]; 
however, it does not eliminate CD34+ CML stem cells [281]. Leptomycin B may be too toxic 
for therapeutic use, and the novel CRM1 inhibitors KPT-185 and KPT-207 (Karyopharm) 
have been shown recently to selectively kill mouse Bcr-Abl+ cells (American Association for 
Cancer Research Annual meeting, Chicago, IL, April 3rd, 2012, abstract # 3839). These 
agents may have the potential to target CML stem cells, and deserve to be explored further.  

 
 

Cyclopentenone Prostaglandins (CyPGs) 
 
It was demonstrated recently that ∆(12)-prostaglandin J(3), a natural metabolite of the ω-

3 polyunsaturated fatty acid eicosapentaenoic acid (EPA), completely restored normal 
hematologic parameters, splenic histology, and enhanced survival in mice expressing Bcr-Abl 
in the HSC pool [282]. Furthermore, Δ(12)-prostaglandin J(3) activated p53 selectively in 
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LSCs, targeting LSCs for apoptosis in the spleen and BM, and completely eradicated LSCs in 
vivo, as demonstrated by the inability of donor cells from treated mice to cause leukemia in 
secondary transplantations [282]. These natural compounds therefore represent an exciting 
avenue for investigation in the search for the elusive cure for CML. 

 
 

Farnesyltransferase Inhibition 
 
Farnesyltransferase inhibitors (FTIs), originally developed to target the subcellular 

localization of Ras at the plasma membrane via inhibition of prenylation, are an interesting 
group of agents with complex biologic actions (reviewed in ref. [283]). The FTI lonafarnib 
(Sarasar™, Schering-Plough) exhibits single agent activity against CML cell lines in vitro 
and in vivo, as well as against primary human CML cells [284], augments imatinib-induced 
apoptosis in imatinib-sensitive cells, and overcomes imatinib resistance due to BCR-ABL1 
gene amplification [285]. Lonafarnib is also a potent inhibitor of the P-glycoprotein [286]. 
Lonafarnib enhances the toxicity of imatinib against K562 CML-BC cell lines and primitive 
quiescent CD34+ leukemic cells from CML-CP patients in vitro [287]. In a pilot study at the 
MDACC in 13 CML-CP (n = 6) or –AP (n = 7) patients with imatinib resistance or 
intolerance, it produced responses in two patients [288]. A phase I study of lonafarnib in 
combination with imatinib was subsequently conducted in 23 patients with CML who had 
failed imatinib therapy [289]. Eight (35%) patients responded; three each with CP and AP 
disease, and 2 with CML-BC, with one CML-CP patient attaining a CCyR [289]. BMS-
214662 (Bristol-Myers Squibb), another FTI, alone or in combination with imatinib or 
dasatinib, potently induced apoptosis of both proliferating and quiescent CML 
stem/progenitor cells, while relatively sparing normal stem/progenitor cells [290]. BMS-
214662 was cytotoxic against CML-BC stem/progenitor cells, particularly in combination 
with a TKI and equally effective in cell lines harboring wild-type versus mutant Bcr-Abl, 
including the T315I mutant [290]. Interestingly, the mechanism of these effects in primitive 
CD34+CD38- CML cells appeared to involve up-regulation of protein kinase C beta (PKCβ), 
down-regulation of E2F1, and phosphorylation of cyclin A/CDK2, resulting in apoptosis via 
the intrinsic, or mitochondrial pathway, rather than through Ras modulation [291]. Recently, 
the MEK inhibitor PD184352 was shown to increase the apoptotic effect of BMS-214662 in 
K562 and primary CML-CP CD34+ cells; this was accompanied by Mcl-1 down-regulation 
[292]. However, despite evidence of modest single-agent anti-leukemia activity in a phase I 
trial [293], there appear to be no current plans for continued clinical development of BMS-
214662. A phase I trial conducted at the MDACC of the FTI tipifarnib (Zarnestra®, Johnson 
& Johnson) in combination with imatinib in patients with CML-CP who had failed therapy 
with imatinib yielded hematologic responses in 17 (68%) of 25 evaluable patients and 
cytogenetic responses in 9 (36%), including four with mutant forms of Bcr-Abl (one with 
Bcr-AblT315I) [294]. As a single agent, tipifarnib yielded only transient responses in 7 of 22 
patients with CML in another MDACC study [295]. 
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Targeting BMI1 
 
The transcriptional repressor BMI1, a polycomb group gene product that functions as an 

epigenetic regulator during development, is essential for proliferation, self-renewal and 
maintenance of normal adult HSCs as well as LSCs [296,297]. BMI1 expression increases 
with disease progression in CML from CP to AP and BC, and the protein is also 
overexpressed in CML CD34+ cells compared to their normal counterparts [298]. Rizo et al. 
showed that BMI1 collaborates with Bcr-Abl in inducing a fatal, transplantable leukemia in 
NOD/SCID mice transplanted with transduced human CD34+ cells [299]. Retroviral 
introduction of BMI1 in primary CD34+ cells from CML-CP patients elevated their 
proliferative capacity and self-renewal properties [299]. Taken together, these findings 
identify BMI1 as a novel therapeutic target to eradicate CML at the stem cell level.  

 
 

Targeting MicroRNAs 
 
 Micro-RNAs (miRs) are small (approximately 22 bases), non-protein-coding RNAs that 

recognize target sequences of imperfect complementarity in cognate messenger RNAs 
(mRNAs) and either destabilize them or inhibit protein translation [300]. Among other 
regulatory roles in vertebrate development, miRs modulate hematopoietic lineage 
differentiation [301]. In CML-BC, loss of miR-328 occurs in a Bcr-Abl dose- and kinase-
dependent manner through the mitogen activated protein kinase (MAPK)-hnRNP E2 pathway 
[302]. In this setting, miR-328 functions as an RNA decoy to release CEBP/α mRNA from 
translational inhibition mediated by hnRNP E2 [302]. CML-CP CD34+ cells are characterized 
by Bcr-Abl- and c-Myc-dependent up-regulation of the miR-17-92 polycistron [303]. Finally, 
genetic and epigenetic silencing of the tumor suppressor miR-203 enhances expression of the 
BCR-ABL1 oncogene in CML [304]. There is thus considerable evidence of miR deregulation 
in CML and their manipulation for therapeutic benefit is an area of intense investigation. 
Small interfering RNAs (siRNAs) have been shown to inhibit Bcr-Abl oncoprotein 
expression in hematopoietic cells, and sensitize Bcr-Abl-overexpressing and –mutant CML 
cells to imatinib [305,306]. 

 
 

Proteasome Inhibition 
 
NFκB activation is a requirement for Bcr-Abl-mediated transformation [307], and is the 

primary target of proteasome inhibitors [308]. The proteasome inhibitor bortezomib 
(Velcade®, Millennium) targets primitive CML cells, both alone and in combination with 
dasatinib, with effects on CD34+38-, long-term culture-initiating cells (LTC-IC) and 
NOD/SCID mouse repopulating cells, but also induces apoptosis in normal CD34+38- cells 
[309]. The drug also induces apoptosis in CML cell lines expressing Bcr-Abl mutations, 
including T315I [309]. Interestingly, proteasome inhibitors may be able to “re-express” the 
pro-apoptotic “BH3-only” protein Bim, which is down-regulated by Bcr-Abl, in CML cells 
[310]. Bortezomib treatment leads to inhibition of Bcr-Abl-induced suppression of FoxO 
proteins and their pro-apoptotic targets, TRAIL and Bim in CML cell lines in vitro and in 
vivo, as well as in primary CML cells, including those expressing Bcr-AblT315I [311]. 
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Bortezomib up-regulates TRAIL receptor expression on quiescent CD34+ CML cells, and 
enhances their susceptibility to cytotoxicity by in vitro expanded donor natural killer (NK) 
cells, suggesting that donor-derived NK cell-mediated graft versus leukemia (GVL) effects 
may be improved by sensitizing residual quiescent CML cells to NK-cell cytotoxicity after 
HSCT using bortezomib [312]. Thus, bortezomib could possibly serve as an adjunct to donor 
lymphocyte infusions (DLIs) and pharmacologic therapy to reduce the risk of relapse in CML 
patients who require HSCT [312]. Another potential mechanism of therapeutic NFκB 
pathway blockade involves the inhibition of IκB kinase (IKK); the IKK inhibitor PS1145 
(Millennium) inhibits the proliferation of CML cell lines and primary BM cells, effects that 
are enhanced by imatinib [313]. 

 
 

Targeting TNF-α 
 
Very recently, it has been demonstrated that CML stem and progenitor cells produce 

tumor necrosis factor-alpha (TNF-α) in a kinase-independent manner and at higher levels 
compared to their normal counterparts [314]. It was found that TNF-α supports survival of 
CML stem and progenitor cells via activation of the NFκB/p65 pathway and expression of the 
β-chain receptor common to IL-3 and GM-CSF. A small-molecule inhibitor of TNF-α was 
shown to induce apoptosis in CML stem and progenitor cells, both alone and synergistically 
in combination with nilotinib [314].  

 
 

Other Potential Targets in CML Stem Cells 
 
It was recently shown that Setbp1 overexpression confers self-renewal capability on 

myeloid progenitors in vitro via direct transcriptional activation of the homeobox genes 
HOXA9 and HOXA10, causing their immortalization, and that self-renewal after 
immortalization requires continuous Setbp1 expression [315]. Setbp1 was also found to 
promote self-renewal of myeloid progenitors in vivo as its co-expression with Bcr-Abl 
transformed primary mouse myeloid progenitors, generating aggressive leukemias in recipient 
mice resembling CML-BC. Increased Setbp1 mRNA levels were also detected in a subset of 
CML AP/BC patients with high levels of Hoxa9 and Hoxa10 expression [315]. The Blk (B-
lymphoid kinase) gene has recently been identified as a tumor suppressor gene in CML stem 
cells that appears not to affect normal HSCs or hematopoiesis [316]. Blk, which is down-
regulated by Bcr-Abl through c-Myc in LSCs in CML mice, suppresses LSC function through 
a pathway involving an upstream regulator, Pax5, and a downstream effector, the endogenous 
CDK inhibitor p27. Inhibition of the Blk pathway accelerates, whereas increased Blk pathway 
activity delays CML development in mice, and Blk suppresses proliferation of human CML 
stem cells [316]. CML LSCs may be particularly dependent on CD44 for BM homing and 
engraftment, suggesting that pharmacologic blockade of CD44 might be of therapeutic benefit 
[317]. The tumor suppressor phosphatase and tensin homolog (PTEN) is down-regulated by 
Bcr-Abl in CML LSCs and PTEN deletion causes acceleration of CML development in mice 
[318]. Overexpression of PTEN suppresses LSCs and induces cell cycle arrest of leukemia 
cells, delaying the development of CML and B-ALL via regulation of Akt and prolonging the 
survival of Ph+ leukemia mice [318]. The hairy enhancer of split 1 (Hes1) is a key target of 
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Notch signaling that functions as a transcriptional repressor and is able to immortalize 
common myeloid progenitors (CMPs) and GMPs in the presence of IL-3; the combination of 
Hes1 and Bcr-Abl in CMPs and GMPs causes an acute leukemia resembling CML-BC in 
irradiated mice [319]. This molecule is likely to play a key role in CML progression to BC, 
which is characterized by deregulation and cross-talk among several key self-renewal 
pathways, viz., sonic Hh, Wnt, Hox and Notch [320]. Eukaryotic initiation factor 5A (eIF5A), 
essential for cell proliferation and the only known eukaryotic protein activated by 
posttranslational hypusination, can be targeted by hypusination inhibitors (HIs); HIs exert 
anti-proliferative effects on Bcr-Abl+ cells, including primary CD34+ CML cells, and 
synergize with imatinib [321]. Fbxw7 may play a pivotal role in maintenance of quiescence in 
CML LICs by down-regulating c-myc, and abrogation of quiescence in CML LICs by Fbxw7 
ablation may selectively increase their elimination by imatinib [322]. Quiescence in normal 
HSCs, critical to their self-renewal capacity, is maintained in the hypoxic bone marrow 
endosteal niche through stabilization of hypoxia-inducible factor-1α (HIF-1α) [323]. 
Compared with normal HSCs, CML LSCs appear to be more dependent on the HIF-1α 
pathway, thus potentially providing another therapeutic strategy for eradicating CML stem 
cells [324].  

 
 

Immunotherapy  
 
The success of allogeneic HSCT and DLIs in CML attests to the efficacy of 

immunotherapy in this disease [325]. Allogeneic HSCT is considered to be the only 
potentially curative strategy at the present time, albeit with considerable attendant morbidity 
and mortality [326]. Recently, Jaras et al. reported IL-1 receptor accessory protein (IL1RAP) 
as being specifically expressed on the surfaces of Ph+ CD34+CD38- candidate stem cells in 
CML, potentially serving as a unique biomarker able to reliably distinguish between CML 
stem cells and normal HSCs, and targetable by an anti-IL1RAP antibody that induces 
antibody-dependent cell-mediated cytotoxicity (ADCC) [327]. There is evidence that 
responders to IFN-α and allogeneic HSCT develop CML-specific cytotoxic T cells that 
recognize PR-1, a proteinase 3-derived nonapeptide [328,329]. CML cells express human 
leukocyte antigen (HLA)-associated leukemia-specific immunogenic peptides derived from 
the joining regions of the Bcr-Abl fusion protein, such as b3a2 and b2a2, that can be 
recognized by cytotoxic T cells [330-333]. In a small trial of a peptide vaccine derived from 
the sequence p210-b3a2 plus molgramostim and Quillaja saponaria (QS-21) as adjuvants 
(CMLVAX100) in CML-CP patients with stable residual disease on imatinib or IFN-α, 
almost all patients achieved deeper cytogenetic responses [334]. Measurable peptide-specific 
CD4+ T-cell immune responses to a Bcr-Abl-derived fusion peptide vaccine were observed in 
another phase II trial in 14 CML-CP patients, including some who were in molecular relapse 
after allogeneic transplantation, with several patients obtaining improved cytogenetic and 
molecular responses [335]. There is a report of enduring CMR induced by vaccination with 
an immunogenic 25-mer b2a2 breakpoint-derived peptide (CMLb2a2-25) in a patient who 
had received IFN-α for six years, obtaining both CCyR and MMR, but who had lost MMR 
about 2 years after stopping IFN-α therapy [336]. Vaccination of imatinib-treated CML-CP 
patients with Bcr-Abl peptides spanning the e14a2 fusion junction elicited T-cell responses to 
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the Bcr-Abl peptides in 14 of 19 patients in one study [337], and this correlated with a 
subsequent fall in Bcr-Abl transcript levels. Benefit was restricted to patients in MCyR at 
baseline and was generally delayed, consistent with effects at the LSC level [337]. In a small 
phase II trial in ten patients with CML-CP who had received imatinib for a median of 62 
months, vaccination with a mixture of heteroclitic and native peptides derived from both the 
b3a2 and b2a2 sequences of Bcr-Abl led to molecular responses in 6 patients, including three 
who achieved a MMR [338]. However, other trials have found less encouraging responses, 
and it has been suggested that although it is possible to immunize patients with CML against 
their own breakpoint peptides, there may be insufficient processing or presentation of the 
appropriate peptides on the cell surface of target CML cells or too weak a T-cell response to 
allow for clinically relevant activity, even in the setting of minimal disease [339]. Using a 
slightly different approach, investigators vaccinated 19 patients with CML-CP who had 
achieved at least a MCyR but continued to have measurable, persistent disease after one or 
more years on imatinib (median 37 months) with K562/GM-CSF, a GM-CSF-producing 
vaccine derived from a CML cell line (K562) that expresses several CML-associated antigens 
[340]. Mean PCR measurements of Bcr-Abl for the group declined significantly following the 
vaccines (P = 0.03), and seven subjects became PCR-undetectable [340]. A study of a novel, 
autologous vaccine of leukocyte derived Hsp70-peptide complexes (Hsp70PC) in conjunction 
with imatinib in imatinib-treated CML-CP patients reported cytogenetic or molecular 
responses in 13 of 20 patients, and immunologic responses in 9 of 16 patients analyzed [341]. 
Preferentially expressed antigen of melanoma (PRAME) is aberrantly expressed in several 
hematologic malignancies, elicits CD8+ T-cell responses and may be a useful target for 
immunotherapy in CML [342].  

 
 

Conclusion 
 
The evolution of our understanding of CML biology and translation of the same into 

effective therapy for patients has been a fascinating story. Deep molecular remissions can 
now be achieved and sustained for long periods with modern TKI therapy, and transformation 
to advanced phases of the disease substantially delayed, if not largely prevented. The vast 
improvement in life expectancy for patients with this disease has made the possibility of a 
cure somewhat realistic. Most authorities believe that this will require eradication of the 
elusive CML stem cell. Although formidable challenges remain in this area, the above 
discussion illustrates the exciting advances that have been made in elucidating survival 
mechanisms in CML stem cells, opening up previously unexplored avenues for rational 
combination therapy. Hopefully, one or more of these approaches will lead to a cure for CML 
in the not too distant future, and CML will once again write medical history.  
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