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Chronic myeloid leukaemia (CML) is a type of blood cancer that is currently well-managed with drugs that target cancer-
causing proteins. However, a significant proportion of CML patients do not respond to those drug treatments or relapse
when they stop those drugs because the cancer cells in those patients stop relying on that protein and instead develop a
new way to survive. Therefore, new treatment strategies may be necessary for those patients.
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| 1. Introduction

Chronic myeloid leukaemia (CML) is a malignancy characterized by the clonal proliferation of white blood cells that are
mostly originated from the myeloid lineage in the bone marrow . CML arises from the t(9;22)(q34:q11) balanced
reciprocal translocation between chromosome 9 and 22 that forms the Philadelphia chromosome [l The translocation
event results in the fusion of the Breakpoint Cluster Region (BCR) gene with the Abelson proto-oncogene 1 (ABL1) gene,
generating the BCR::ABL1 fusion gene @l The resulting chimeric protein, BCR::ABL1, is a potent tyrosine-kinase
signalling protein that drives cell proliferation and reduces apoptosis, which causes leukaemia 4. Depending on the
position of the BCR breakpoint, different BCR::ABL1 protein isoforms are generated (Figure 1A) Bl The el13a2/e14a2
alternative transcripts (or b2a2/b3a2), resulting from the juxtaposition of BCR exon 13 or 14 with ABL1 exon 2, produce a
210 kDa protein, which is found in over 90% of CML patients. The ela2 transcript encodes a 190 kDa protein (p190),
which is rare in CML but is relatively common in acute lymphoblastic leukaemia, occurring in around 70% of cases
(Figure 1B) B8] Approximately 95% of CML patients are diagnosed at the chronic phase, which is relatively indolent but
can involve symptoms such as fatigue, abdominal pain, or weight loss. During this phase, the disease can be effectively
managed with tyrosine kinase inhibitors (TKIs). If untreated, CML could progress to an accelerated phase (AP), which can
last for up to a year, and eventually progress into the terminal blast phase of the disease, termed the blast crisis (BC). The
blast crisis is characterized by the presence of excess blast cells in the blood or bone marrow . Blast crisis results in
dismal treatment outcomes, and it is often fatal even with intervention [, Patients in AP and BC are generally grouped
together as advanced-phase CML patients [&l.
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Figure 1. (A) Philadelphia (Ph) chromosome is formed from the translocation t(9;22)(q34;q11) of chromosome 9 and 22.
The translocation event leads to the fusion of the breakpoint cluster region (BCR) gene with the Abelsonl proto-oncogene
1 (ABL1) gene, resulting in a BCR::ABL1 fusion gene. (B) Different BCR::ABL1 fusion gene transcripts p190BCR-ABLL
p210BCR:ABLL  gnd p230BCR:ABLL are generated, depending on where the break occurs in the BCR gene Bl Figure
created in BioRender.com.

The BCR::ABL1 fusion gene is translated into the BCR::ABL1 protein, which contains several domains from BCR and
ABL1. The BCR region of this protein regulates its enzymatic activity and provides sites for its binding partners 210, The
coil-coil domain of the BCR N-terminal part is responsible for the oligomerization and constitutive activation of BCR::ABL1
activity (Figure 2C) (11, The ABL1 component of the BCR::ABL1 protein contains an SRC-homology-2 (SH2) domain, an
SH3 domain, and a kinase domain &!. When not fused with BCR, ABL1 has a myristoylated N-terminal responsible for the
auto-inactivation of ABL1 kinase activity 4. However, the myristoylated N-terminal is lost during the BCR::ABL1 fusion
process 12, The BCR:ABL1 kinase domain consists of key motifs responsible for its activity, including the phosphate
binding loop (p-loop), the contact site (ATP/IM binding site), the catalytic domain, and activation loop (A-loop) (Figure 2C)
(131 BCR::ABL1 is active when ATP hinds to the active site in the ABL1 kinase domain and transfers its phosphate group
to ABL1 substrate. However, tyrosine kinase inhibitors (TKIs) compete with ATP for binding to the active site, inhibiting the
BCR::ABL1 activation and preventing leukaemia (Figure 2A) 141,

The treatment of CML with TKIs has been paradigm-shifting, increasing the survival from 20% to over 80% today 141,
There are five available approved TKIs, prescribed based on disease phase, individual risk assessment, response level,
presence of BCR::ABL1 kinase domain mutations, and response to prior TKI therapy 2228l The current available TKIs
include the first-generation TKI imatinib (Glivec, Novartis, Basel, Switzerland ); second-generation TKIs dasatinib (Sprycel,
Bristol-Myers Squibb, New York, USA), nilotinib (Tasigna, Novartis), and bosutinib (Bosulif, Pfizer, New York, USA); and
third-generation ponatinib (Iclusig, Takeda/Incyte, Tokyo, Japan). Ponatinib is approved as a third-line treatment, when two
or more TKIs are not effective, and for patients harbouring the T315l mutation in the BCR::ABL1 kinase domain. In
October 2021, the Food and Drug Administration approved the new allosteric inhibitor of BCR::ABL1, asciminib (Scemblix,
Novartis), for CML patients previously treated with two or more TKIs and for T3151 mutations 1. Asciminib binds to the
myristoyl's site on BCR::ABL1 and allosterically inhibits its activation, including that of BCR::ABL1 with T315] mutation,
with very high selectivity, preventing downstream signalling €. ABL1 can normally self-regulate its activity via its
engagement with the myristoylated N-terminal; however, in patients with CML, this ability is lost when ABL1 is fused with
BCR (Figure 2B) 12 Therefore, the binding of asciminib to a myristoyl pocket facilitates the inhibition of BCR::ABL1
activity by restoring its allosteric inhibition ability (Figure 2B).
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Figure 2. (A) Mechanism of action of adenosine triphosphate (ATP)-competitive tyrosine kinase inhibitors (TKIs). ATP
binds to the ABL1 kinase domain, and the phosphate group is transferred to the ABL1 substrate, leading to BCR::ABL1
activation. The TKI competes with ATP for binding to the ABL1 kinase domain, inhibiting BCR::ABL1 activation and
therefore preventing leukaemia progression. (B) Mechanism of action of asciminib, an allosteric inhibitor of BCR::ABL1.
Asciminib binds to the myristoyl binding site, leading to BCR::ABL1 inactivation via allosteric inhibition of ABL1 kinase. (C)
Schematic diagram of the BCR and ABL1 components of the BCR::ABL1 protein showing the N-terminal coil-coil domain
(containing key tyrosine residue at 177 position, Y177) of BCR and an SRC-homology-2 (SH2) domain, an SH3 domain,
and a kinase domain of ABL1. The ABL1 kinase domain shows the P-loop, ATP/imatinib binding site, catalytic domain, A-
loop, and the most clinically relevant mutations affecting the kinase domain 19, Figure created in BioRender.com.

The response to TKIs is assessed by measuring the levels of BCR::ABL1 transcript in the peripheral blood by quantitative
real-time PCR (RT-gPCR) and based on the achievement of molecular milestones over time 29, BCR::ABL1% is
expressed and reported on a log scale, where 10%, 1%, 0.1%, 0.01%, 0.0032%, and 0.001% corresponds to 1, 2, 3, 4,
4.5, and 5 log reductions, respectively, below the standard baseline used in IRIS study 2. Both 4-log (MR4) and 4.5-log
(MR4.5) reductions are described as deep molecular responses [22. Optimal molecular response corresponds to
achieving specific milestones, which are the early molecular response of BCR::ABL1 < 10% at 3 months and the major
molecular response (MMR) to BCR::ABL1 < 0.1% at 12 months. The main goal for CML patients is to achieve a durable
remission, known as treatment-free remission, which first requires maintaining a deep molecular response (DMR)
(BCR::ABL1 < 0.01% or undetectable; limit of detection of 0.001%) [23]. Patients who achieve a deep molecular response
(MR4 or MR4.5) have a better outcome with low risk of disease progression or relapse 22,

Chronic-phase CML patients who achieve an optimal response to treatment can expect a comparable life expectancy to
that of the general population. About 25% of patients can cease their TKI therapy and maintain treatment-free remission
(24]125][26][27] ' pespite this enormous success, several challenges remain. The failure to eradicate persistent CML cells
leads to a relapse in about 50% of patients who cease therapy. These patients therefore need to restart therapy, which
can cause considerable emotional stress. Additionally, about 20% of CML patients respond poorly to frontline therapy, with
5-10% progressing to blast crisis (28, This is due to the development of resistance, which represents a “bottleneck to
cure” 22 While a lot of progress has been made in understanding the BCR::ABL1-dependent mechanisms of resistance
that rely on BCR::ABL1 reactivation, the mechanisms of BCR::ABL1-independent resistance have remained largely
elusive B9, |t is becoming increasingly clear that TKI resistance can be driven by mechanisms that do not depend on
BCR::ABL1 activation 2. These mechanisms need to be considered in the curative approach of CML.

| 2. Targeted Therapies against BCR::ABL1-Independent Resistant Cells

Given the variety of BCR::ABL1-independent mechanisms of resistance, it is now important to focus the studies on the
development of the most appropriate targeted therapy for a specific deregulated pathway. This will also involve the



development of sensitive techniques for identifying specific biomarkers using phospho-flow and next-generation
sequencing at diagnosis or at relapse 2. Mutations in several genes have been identified in CML patients, such as
ASXL1, RUNX1, TET2, BCL6 Corepressor-Like 1 (BCORL1), GATA-binding factor 2 (GATA2), and others B3], Kim et al.
showed a strong correlation between the mutations in TP53, Lysine Methyltransferase 2D (KMT2D), and TETZ2 during TKI
therapy and treatment failure in CML patients 24, Additionally, IKAROS Family Zinc Finger 1 (IKZF1) exon deletion has
been reported to be associated with poorer outcomes in CML patients 23, In an interesting study, Chan et al. discovered
that mutations converging in one principal driver pathway were able to promote progression toward leukaemia 221,
Conversely, divergent signalling pathways represented a powerful barrier to transformations. Mutations in these divergent
pathways prevented leukaemia instead of promoting it B2, This finding is of principal relevance for the development of
new targeted therapies against deregulated pathways in leukaemia. Chan et al. also demonstrated that targeting
divergent pathways had a counterproductive effect on cancer progression. It is therefore vital to identify the driver pathway
and target it B2, This supports the possibility of developing drugs that could target different mediators of a driver pathway,
increasing the possibility of finding the best precision medicine therapeutic approach.

In the context of BCR::ABL1-independent pathways, combination therapies that target both BCR::ABL1 and alternative
survival pathways have the potential to eliminate leukaemic stem cells and sensitize progenitor cells, improving the
treatment of CML. For instance, using a CML-mouse model, Shan et al. demonstrated that the inhibition of BCR::ABL1
with TKIs, combined with inhibition of the RAS pathway using trametinib, an FDA-approved MEK inhibitor, synergistically
induced cell death in BCR::ABL1-independent MAPK pathway-driven imatinib-resistant CML stem cells B8, Similarly, the
JAK/STAT pathway has also been implicated in the survival of quiescent leukaemic stem cells, and the combination
therapy of TKIs and ruxolitinib (JAK2 inhibitor) has been demonstrated to reduce their number in murine xenografts 4. In
a phase | clinical trial (NCT01702064), the combination therapy of nilotinib and ruxolitinib resulted in undetectable
BCR::ABL1 in 40% of CML patients after 6 months, as measured by RT-qPCR 8], As a result, this combination treatment
was recommended for further investigation in a phase Il clinical trial [28l. Moreover, Yagi et al. reported that the specific
activation of STAT3 in CML and the combined inhibition of JAK1 with tofacitinib and BCR::ABL1 with imatinib
synergistically induced anti-tumour effects in CML cells B9, Likewise, many PI3K/AKT/mTOR pathway inhibitors, including
those which have received FDA approval, such as PI3K inhibitors (Idelalisib, Copanlisib, and Duvelisib) and mTOR
inhibitors (Everolimus, Sirolimus, and Temsirolimus), have been studied as potential treatments against TKl-resistant
CML, and active pre-clinical investigation is ongoing (Figure 3 and Table 1) 2. A clinical trial is underway for
investigating the safety and efficacy of the co-treatment of imatinib and everolimus in CML (NCT00093639).
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Figure 3. BCR:ABL1-dependent/independent pathways and drugs showing their targets for their BCR::ABL1-
independent expression/activation to be used in combination with TKIs. Dark arrow indicates activation, dotted line
indicates inhibition by inhibitor/s and encircled p indicates phosphorylation. The mitogen-activated protein kinase (MAPK)
pathway (also known as rat sarcoma virus (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated kinase
kinases (MEK)/extracellular signal-regulated kinase (ERK)), Phosphatidylinositol-3-Kinase (PI3K)/AKT/mammalian target
of rapamycin (mTOR) and Janus Tyrosine Kinase (JAK), and signal transducer and activator of transcription (STAT)
pathways are the major BCR::ABL1-downstream pathways responsible for BCR::ABL1-independent TKI resistance when
re-activated by alternate routes. BCR::ABL1 can mediate the inhibition of the tumour-suppressor protein phosphatase 2A
(PP2A) and activation of B-catenin to promote leukaemia, but this can also occur independently from BCR::ABLL.



Leukaemic cells can also use JAK1/STAT3, Wnt signalling, the sonic hedgehog pathway, and the expression of the
epigenetic modulator EZH2 to remain quiescent, which could contribute to resistance and relapse [30]. These pathways
could be targeted by using inhibitors/activators that were developed for other diseases and could be repurposed for a
combination treatment with TKIs to treat Ph+ leukaemias. Figure created in BioRender.com.

There are multiple clinical trials assessing the inhibitors of the WNT/B-catenin pathway in various haematological
malignancies, including CML 21, The results from phase | and Il clinical trials are currently being evaluated for the safety
and efficacy of PRI-724, an inhibitor of WNT/B-catenin pathway, in pancreatic cancer and leukaemia patients 4. More
recently, a combination treatment with dasatinib and okadaic acid (an inhibitor of PP2A) has also been shown to induce
cell cycle arrest and apoptosis in the K562 cell line 42, However, conflicting reports of the pro- and anti-survival role of
PP2A warrants further investigation to understand the situations where such a dual role of PP2A exists 43, Consistent
with the previously reported tumour-suppressor role of PP2A, its activating drugs, such as FTY720 and OP449, have
been shown to re-sensitize TKI-resistant LSCs to BCR::ABL1 inhibition by targeting the JAK2/PP2A/B3-catenin pathway
(Figure 3 and Table 1) 4l Therefore, the combination of TKI and an FDA-approved PP2A activator FTY720 or OP449
has been actively investigated in preclinical studies 44],

Due to the ability of EZH2 to reprogram and prevent apoptosis in CML-leukaemic stem cells, the combination of TKI
treatment and an FDA-approved inhibitor of EZH2, Tazemetostat, has also been actively investigated in pre-clinical trials
(451 similarly, Stobo et al. demonstrated that the first-generation autophagy inhibitor hydroxychloroquine potentiated TKI-
induced cell death in CML-leukaemic stem cells, but their recent clinical trial combining hydroxychloroquine with imatinib
showed that clinically achievable doses of hydroxychloroquine were not sufficient to accomplish the efficient inhibition of
autophagy 48 Autophagy genes were found to be highly expressed in CML-patient-derived leukaemic stem cells
compared with progenitor cells, and the genetic or pharmacological inhibition of autophagy with the second-generation
autophagy inhibitor Lys05 resulted in decreased leukaemic cell viability and improved sensitivity to chemotherapy 7.
Therefore, the second-generation FDA-approved autophagy inhibitors Lys05 and PIK-1Il were combined with TKls to
investigate their effects in preclinical trials (Figure 3) 24,

There are ongoing clinical trials investigating the combination of TKIs and IFN-a to eliminate leukaemic stem cells, since
IFN-a can augment immune responses while TKIs inhibit BCR::ABL1 to exert combined effects 8l Palandri et al.
revealed higher complete cytogenetic responses in the imatinib and IFN-a group compared with the imatinib-only group
(60% vs. 42%, p = 0.003) at 6 months, with a more rapid response rate seen with the combination treatment 2. However,
there was no difference in the complete cytogenetic response rate at 48 months (88% vs. 88%). Another phase Il study by
the Nordic group showed higher major molecular response rates (82% vs. 54%) with an imatinib and IFN-a combination
treatment compared with an imatinib-only treatment BY. Another clinical trial investigating the combination of bosutinib
with interferon is also underway, and results are yet to be published (NCT03831776) 51, The combination therapy of TKls
and the hedgehog inhibitor trial was discontinued at a very early stage due to toxicity being observed BY. |f the drug could
be further refined to minimize toxicity, there may be potential for using this combination treatment in CML.

Carter et al. first discovered that the anti-apoptotic protein Bcl-2 plays a key role in the survival of CML stem cells and
progenitor cells, making it an attractive CML target [22. The combined inhibition of Bcl-2 with venetoclax and TKI provided
rationale for the potential curative treatment of CML (Figure 3 and Table 1) 52, The phase I clinical trial (NCT02689440)
combining TKI (dasatinib) and venetoclax in heavily pretreated blast-phase CML showed encouraging results, with a 75%
overall response rate 31, Another phase Il clinical trial combining ponatinib, venetoclax, and decitabine in blast-phase
CML is also underway, investigating the overall patient response rate (NCT04188405) (53],

Table 1. This table shows the BCR::ABL1-independent pathways and their inhibitors that could be used in combination
with TKIls, and the stage of their current development for diseases listed that could be repurposed in the treatment of Ph+
leukaemias.



Target Pathway

RAS/RAFIMEK/ERK

JAKISTAT

PIBKIAKT/ImTOR

Whnt/B-catenin

Tumour suppressor:

PP2A

Epigenetic
modulator: EZH2

Immune system

Hedgehog pathway

Intrinsic apoptotic
pathway

References

Inhibitor/s
« RAF inhibitor:

Vemurafenib and
Dabrafenib

« MEK inhibitors: Trametinib
and Cobimetinib (in
combination with
vemurafenib)

« JAK1 inhibitor: Rinvoq
(upadacitinib) and Cibingo
(abrocitinib)

2. JAK2 inhibitor: Ruxolitinib

3. JAK1/2 inhibitor:
Baricitinib

« PI3K delta inhibitor:
Idelalisib

2. PI3K alpha/delta inhibitor:
Copanlisib

3. mTOR inhibitor: Sirolimus

CBPI/B-catenin antagonist: PRI-
724

SET: FTY720 (Fingolimod)

Tazemetostat

IFN-a

Vismodegib (GDC-0449) and

Sonidegib (LDE225)

Venetoclax

Stage of
Development

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

Phase 2 Clinical

Trial
(NCT01606579)

FDA Approved

FDA Approved

FDA Approved

FDA Approved

FDA Approved

Approved/Treated Disease

BRAF(V600E) melanoma

« Myelofibrosis and ovarian
cancer

2. Refractory moderate to severe
atopic dermatitis

3. Rheumatoid arthritis

« Leukaemia and lymphoma

2. Relapsed follicular lymphoma

3. Lymphangioleiomyomatosis

Acute myeloid leukaemia and chronic
myeloid leukaemia

Multiple myeloma and mantle cell
lymphoma

Advanced or metastatic epithelioid
sarcoma

Hairy cell leukaemia, CML, follicular
non-Hodgkin lymphoma,
melanoma, and AIDS-related Kaposi’s
sarcoma

Basal cell carcinoma and
acute myeloid leukaemia

Chronic lymphocytic leukaemia and
acute myeloid leukaemia
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