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Abstract
Chronic myeloid leukemia (CML) is effectively treated with tyrosine kinase inhibitors (TKI) targeted against BCR-ABL. We 
previously reported the investigation of residual CML diseases during TKI treatment using FACS-sorting and quantitative 
RT-PCR of BCR-ABL among each population; total mononuclear cells, hematopoietic stem cells, and myeloid progenitors. 
The observations also implied that the second-generation of ABL-tyrosine kinase inhibitors (2nd TKIs), dasatinib or nilotinib 
therapy can be more promising approach for efficient reduction of the CML stem cells. Moreover, we need to develop the 
evaluation method of the residual CML diseases to establish rational therapy-cessation strategies in CML.
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Properties of chronic myeloid leukemia stem 
cells

Chronic myeloid leukemia (CML) is a clonal myeloprolif-
erative disorder that is characterized by the presence of a 
fusion oncogene, BCR-ABL, which encodes a protein with 
constitutive tyrosine kinase activity [1]. The mechanisms for 
TKI insensitivity of CML stem remains unclear; factors such 
as quiescence, high level of BCR-ABL expression, acquired 
mutations in the oncogene, and overexpression of membrane 
transporter proteins in these cells may play a role [2–4].

The normal hematopoiesis is sustained through the life 
by the regulated proliferative and differentiation activity of 
a large pool of hematopoietic stem cells (HSCs) (Fig. 1a). 
Cells within hematopoietic hierarchy can be distinguished 
by their proliferative and differentiation activity which they 
display under conditions designed to optimally elicit these, 

either in vivo (where the most primitive cells are called 
long-term repopulating cells, LTRCs) or in vitro (as long-
term culture-initiating cells, LTC-ICs and CFCs) [5, 6]. 
Surface markers, such as CD34 and CD38 are differentially 
expresses upon differentiation, progenitors being mostly 
CD34+ CD38+ and HSCs exclusively CD34+ CD38− [7]. 
In patients with CML-chronic phase (CP), normal and leuke-
mic cell population co-exist (Fig. 1b) [1, 4, 8, 9]. In the stem 
cell compartment, normal HSCs often outnumber the small 
numbers of their leukemic counterparts. However, current 
evidence suggests that the normal HSCs are outcompeted 
by the CML stem cells when these begin to proliferate and 
differentiate, which the CML stem cells also attempt more 
frequently due to their higher turnover and increased prob-
ability of differentiation. The autocrine secretion of IL-3 and 
Granulocyte colony stimulating factor (G-CSF) by primitive 
leukemic progenitors likely contributes to growth advantage 
of leukemic myeloid progenitors and mature cells in patients 
resulting in their dominance of peripheral blood and bone 
marrow of newly diagnosed CML patients with mature CML 
cells [6].
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CD25

CML stem cell-specific surface molecules are poten-
tially suitable markers for identification of LICs as well 
as targets for LIC eradication. Many markers are report-
edly expressed specifically on CML stem cells, includ-
ing IL1RAP, CD93, CD26, and CD25 [10–13]. Among 
these CD25 is well characterized in both human CML 
samples and murine CML models. CD25 is an α-chain of 
high affinity-IL-2 receptor encoded by IL2RA gene [14]. 
In mouse CML model, CD25 is expressed on the CML 
lineage(−)Sca-1(+)c-Kit(+) (LSK) fraction, including 
stem cells [13]. CD25+ LSK cells possess higher leuke-
mia propagation capacity, whereas CD25- LSK cells can 
initiate leukemia to lesser extent. CD25+ CML LSK cells 
exhibit gene expression profile resembling mast cells with 
preferential differentiation toward FcεRI(+) mast cells. 
Of note, other CML stem cell markers IL1RAP [15] and 
CD26 [16] are also expressed on normal mast cells and 
CD25 is expressed on neoplastic mast cells [17], suggest-
ing a common genetic mechanism regulated by BCR-ABL 
that underlies aberrant expression of CML stem cell-spe-
cific markers. Since basophils and mast cells are function-
ally and evolutionarily related cell types, it is interesting 
to ask whether this mechanism is also associated with 
increase in basophils in human CML.

Targeting CD25+ cells using a monoclonal antibody 
delayed disease onset thus can be a good target for LIC 

eradication [13]. In humans, CD25 is highly expressed 
on the CD34+ CD38− stem cell fraction. The expression 
level of CD25 elevates along with disease progression 
from CP to AP and AP to BC [13]. CD25 is reportedly 
regulated by STAT5 activity, thus STAT5 inhibition with 
TKI treatment resulted in diminished CD25 expression 
[18]. Interestingly knockdown of CD25 by lentivirus sys-
tem in human CML samples promoted proliferation of 
leukemic cells [18], which is apparently contrary to the 
efficacy of monoclonal antibody treatment against murine 
CML model. One explanation for this is targeting CD25 by 
monoclonal antibody not only blocks the signal from IL-2 
but also activates antibody-dependent immune response to 
eliminate CML stem cells.

Given the specificity of CD25 expression in the stem cell 
fraction, it can also be a potential MRD marker, and now 
the clinical relevance of CD25 expression in the CD34+ 
CD38− fraction at diagnosis and during TKI treatment is 
being tested in a large cohort with 95 patients at Keio Uni-
versity [19].

Recent study examining single-cell gene expression pro-
file of CML stem cells at diagnosis and during TKI treat-
ment further revealed the stem cell-specific expression 
of CD25 along with CD26 and IL1RAP in CML patients 
while its expression diminishes after treatment as has been 
reported [20]. Combining CD25 with other surface markers 
would facilitate identification of CML stem cells and enable 
more precise prediction of the outcome through detection of 
MRD (Fig. 2).

Fig. 1  CML-CP stem cells and leukemic myelopoiesis. a Schematic 
representation showing myelopoiesis in normal adults. Surface mark-
ers, such as CD34 and CD38 are differentially expressed upon dif-

ferentiation. b Schematic representation showing how leukemic 
myelopoiesis is differently deregulated at different stages of hemat-
opoiesis in patients with CML-CP (adapted from Ref. [6])
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Residual CML stem cells during treatment 
with ABL‑tyrosine kinase inhibitors

The use of tyrosine kinase inhibitors (TKI) such as imatinib 
mesylate (IM) targeted against BCR-ABL has proven suc-
cessful in CML and long-term survival has become a real-
ity [21, 22]. However, several mathematical models and 
ex-vivo examinations suggested that imatinib (IM) therapy 
does not eradicate CML stem cells [3, 8, 23–25]. We previ-
ously reported a method for investigation of CML-CP cases 
during TKI treatment using FACS-sorting and quantitative 
RT-PCR of BCR-ABL among each population; total mono-
nuclear cells, HSC, and myeloid progenitors [9, 26, 27]. 
From each population, we collected at least 5000 cells (most 
samples were over 20,000 cells), and the limited number of 
sorting cells was one critical reason for the methodologi-
cal limitation regarding subtle quantitative evaluation. As 
internal control, we compared ABL, GAPDH, and BCR. For 
this kind of evaluation using limited number of cells, ABL 
was not the best from the aspect of expression, and BCR 
was more suitable. In the HSC population by this method, 
more than 30% cells are supposed to have stem cell potential, 
likely as LTC-ICs (Fig. 1b). In optimal responders to IM 
therapy, BCR-ABL transcripts in the HSC populations tended 
to be more retentive than other populations. Treatment with 
the second-generation of ABL-tyrosine kinase inhibitors 
(2nd TKIs), dasatinib or nilotinib induced more rapid reduc-
tion of BCR-ABL transcripts even in the HSC population, 
which implied that 2nd TKI therapy can be a more promis-
ing approach than IM treatment for early reduction of CML 

stem cells [27]. However, these observations also implied 
that there was a methodological limitation for subtle quan-
titative evaluation around complete molecular remission 
(CMR) during 2nd-TKI treatments.

Mathematical models

The mathematical models based on the previous TKIs clini-
cal studies, mathematicians made a standardized formula 
about the manner of the BCR-ABL decline, which consists 
of bi-exponential phases; α-slope with initial rapid decline 
and β-slope correspondent to kinetics of more residual cells 
[24]. Our observations were similar with biphasic decreasing 
in the CD34+38− population. Combined with the results, 
we developed a hypothesis that the β-slope corresponds 
mainly to the partial (quiescent, imatinib-insensitive stem 
cells) CD34+38− population, not to the entire one. Our 
results showed treatment with 2nd-TKI induced a steeper 
α-slope in comparison with IM treatment.

Strategy and issues based on the kinetics 
of CML stem cells

In the nonrandomized Stop Imatinib (STIM) study, IM 
treatment was discontinued in patients with CML who had 
achieved complete molecular remission (CMR) of more than 
2-year duration [28]. Of the 69% of patients with complete 
follow-up, 61% relapsed from CMR states (nevertheless, all 
patients who relapsed responded safely to the reintroduc-
tion of IM). The remaining patients maintained CMR states, 
suggesting that TKI treatment may cure some proportion of 
patients with CML [29, 30]. Ross et al. proposed the sensi-
tive measurement of minimal residual disease using genomic 
PCR method with patient-specific primers [31]. Moreover, 
we need to develop the clinically available biomarker and 
the evaluation method of the residual CML stem cells to 
establish rational TKI-cessation strategies in CML. At the 
same time, we should also continue to discuss about the 
classification and strategy based on the each clinical goal 
among CML patients.

ABL001 (Asciminib)

Both of first and second-generation TKIs have improved 
prognosis of patients with CML. However, CML cells 
acquire resistance during these TKI treatments. The 
resistance or intolerance mainly occurs because of BCR-
ABL mutations following replacements of amino acids in 
BCR-ABL. Replacements of amino acids are observed in 
ABL-tyrosine kinase domains. The structure of BCR-ABL 

Fig. 2  CML-specific surface markers expressed on stem and pro-
genitor cells. CD25, CD26, and CD93 are expressed specifically 
on the CD34+ CD38− stem cell fraction of CML, while IL1RAP 
is expressed on both of the CD34+ CD38− stem cell fraction and 
the CD34+ CD38+ progenitor fraction. The expression of CD25 is 
reportedly regulated by STAT5 activation
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changed and these induce the lack of TKIs binding to ABL. 
Classic TKIs target the BCR-ABL ATP-binding catalystic 
site and reduce tyrosine kinase activities. Several mutations 
were reported [32], and second generation TKIs against most 
of mutations except for T315I mutation which located in 
the middle of ATP-binding site. Only ponatinib overcomes 
T315I mutation. However, new options are needed for 
patients with resistance or tolerance to ATP-binding TKIs 
or who do not achieve treatment goals with them.

Recently small molecules were reported to bind to the 
BCR-ABL myristoyl pocket and inhibit tyrosine kinase 
activity via an allosteric mechanism [33]. Unfortunately the 
first small molecule had limited potency and lacked activity 
against the BCR-ABL T315I mutation. However, second-
generation allosteric inhibitors have similar cellular poten-
cies but distinct patterns of resistance mutations [34, 35]. 
Asciminib (ABL001) is a potent and specific inhibitor of 
BCR-ABL with a mutation profile complementary to that 
of ATP-binding TKIs. Asciminib and nilotinib which is a 
second-generation ATP-binding TKI did not share the resist-
ance with genetic barcoding studies [35]. In this study, rapid 
tumor regression was seen with single-agent asciminib or 
nilotinib in the mice xenograft model. However, the resist-
ant emerged due to the A337V and P223S mutations with 
asciminib and T315I mutations with nilotinib. On the other 
hand, sustained tumor regression was observed with com-
bination treatment of asciminib and nilotinib.

Based on this study, clinical trials performed to explore 
asciminib as both a single-agent and in combination with 
other TKIs in patients with CML-CP. In phase-I open-label 
study (NCT0281378) which investigates asciminib as a 
single-agent and in combination with imatinib, nilotinib, 
dasatinib, single-agent asciminib showed clinical activity 

and was generally well tolerated in patients with CML-CP 
who were resistant or intolerant to classic TKIs. In addi-
tion, phase-III study is underway to investigate the efficiency 
of asciminib versus bosutinib [36] in patients treated with 
classic TKIs (NCT03106779). Combination of ATP-binding 
TKIs and asciminib will have potential to achieve treatment-
free remission in patients with CML.

AIC‑47

Recently, anti-cancer drugs targeting energy metabolism is 
expected to be useful for overcoming drug resistance. One 
of the hallmarks of cancer glycolytic metabolism “Warburg 
effect” is achieved through regulated expression of pyruvate 
kinase isoforms, PKM1 and PKM2, by alternative splicers 
including PTBP1 [37, 38]. We found that knockdown of 
BCR-ABL led to perturbation of the Warburg effect through 
the PTBP1/PKM cascade [39]. Barger et al. also showed 
that BCR-ABL activates glycolysis and promotes glucose-
dependent survival [40]. It is tempting to speculate that 
BCR-ABL functions one of the key molecules of glycolysis 
in CML cells.

We recently reported medium-chain fatty-acid derivative 
AIC-47 as a novel anti-cancer agent for the CML therapy 
[39, 41]. AIC-47 induces transcriptional repression of BCR-
ABL and disruption of glycolysis through the down-regu-
lation of c-Myc (Fig. 3). The greatest difference between 
AIC-47 and TKIs is the effect on the expression of BCR-
ABL. TKIs inhibit only the phosphorylation, whereas, AIC-
47 suppresses the expression of BCR-ABL itself. It suggests 
that AIC-47 could affect BCR-ABL-mutant cells. As a con-
sequence of the down-regulation of c-Myc and BCR-ABL, 

Fig. 3  AIC-47. Schematic dia-
gram showing the mechanism 
of AIC-47 in CML cells. Cancer 
cells achieve the Warburg effect 
by dominant expression of 
PKM2, which is regulated by 
the c-Myc/BCR-ABL/PTBP1 
signaling. AIC-47 decreases 
c-Myc and BCR-ABL, and as a 
consequence, AIC-47 perturbs 
the Warburg effect. AIC-47 also 
blockades the compensatory 
activation of fatty-acid oxida-
tion through the inhibition of 
LCAD activity



369Chronic myeloid leukemia stem cells and molecular target therapies for overcoming resistance…

1 3

AIC-47 changes the ratio of PKM1/PKM2 through the 
down-regulation of PTBP1. We also showed that IM per-
turbs the Warburg effect through the PTBP1/PKM cascade.

Glucose metabolism is a central source of energy for can-
cer cells; however, impaired glycolysis can be compensated 
by other energy source. Earlier studies showed that stem 
cells utilize glucose-independent metabolic pathway, such 
as fatty-acid oxidation (FAO; also known as β-oxidation) or 
specific dipeptide species [42, 43]. Notably, FAO is essential 
for maintenance and chemoresistance of LSCs, and proposed 
to be as a potential target for CML therapy [44]. Our findings 
indicate that the perturbation of the Warburg effect by IM 
activates FAO as compensatory energy supplier; however, 
AIC-47 inhibits FAO [41]. AIC-47 exhibited cytotoxicity in 
cultures of CD34+ cells by modulation of both glycolysis 
and FAO. The docking experiment indicated that AIC-47 has 
highly binding affinity to PPARγ [39]. Prost et al. showed 
that PPARγ activation decreases the expression of STAT5 
and HIF-2a/CITED2, which are key guardians of the qui-
escence and stemness of CML LSCs [45]. The interaction 
of AIC-47 and PPARγ may be one of the causes of effects 
of AIC-47 on CD34+ cells. Furthermore, pharmacological 
blockade of FAO improves the sensitivity of IM in CD34+ 
cells [41]. We speculate that the modulation of both glyco-
lysis and FAO could be a useful strategy for radical cure of 
CML. Further investigation into the workings of metabolism 
and resistance will help us to refine rational approaches to 
CML therapies for overcoming resistance.
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