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Abstract: Protein kinases (PKs) play crucial roles in cellular proliferation and survival,
hence their deregulation is a common event in the pathogenesis of solid and hematologic
malignancies. Targeting PKs has been a promising strategy in cancer treatment, and there are
now a variety of approved anticancer drugs targeting PKs. However, the phenomenon of
resistance remains an obstacle to be addressed and overcoming resistance is a goal to be
achieved. Chronic myeloid leukemia (CML) is the first as well as one of the best examples of
a cancer that can be targeted by molecular therapy; hence, it can be used as a model disease
for other cancers. This review aims to summarize up-to-date knowledge on the main
mechanisms implicated in resistance to PK inhibitory therapies and to outline the main
strategies that are being explored to overcome resistance. The importance of molecular
diagnostics and disease monitoring in counteracting resistance will also be discussed.
Keywords: protein kinases, chronic myeloid leukemia, tyrosine kinase inhibitors, synthetic
lethality

Introduction
Protein kinases (PKs) are enzymes that play a pivotal role in signal transduction
processes by catalyzing the transfer of phosphate from adenosine triphosphate
(ATP) to specific amino acid residues (serine, threonine or tyrosine) of target
proteins.1 They may be located on the cellular surface and function as receptors,
or in the cytoplasm, where their activation is rather dependent on upstream signal-
ing molecules (that may be represented by other PKs). The human kinome includes
more than 500 members.2 Phosphorylation is among the most common posttransla-
tional modifications, and is implicated in the regulation of key cellular aspects like
proliferation, gene expression, metabolism, motility, membrane transport, apopto-
sis. Thus, it is not surprising that deregulation of PKs has been found to be one of
the hallmarks of cancer. PKs are involved in the pathogenesis of solid and hema-
tologic malignancies via a variety of mechanisms, including genomic rearrange-
ments (eg, chromosomal translocations), gene amplification or deletions, and point
mutations. Most frequently, the role of PKs as cancer drivers is due to their aberrant
or constitutive activation, making them ideal targets of therapy with selective kinase
inhibitors (KIs).1 The first KI to receive approval for clinical use, as early as in
2001, was the ABL1 inhibitor imatinib mesylate.3 It was acclaimed as
a breakthrough in anticancer therapy and made the cover of Time Magazine on
May 28th, 2001. Since then, many additional PKs known or identified as cancer
drivers have been explored as therapeutic targets (they were approximately 110 as
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of May 2021).4 The PubChem section of the US National
Library of Medicine lists more than 200 KI compounds,
although just 71 of these have so far made it all to way to
Food and Drug Administration (FDA) approval.4

Besides the issues of toxicity and off-target effects,
which may be more or less relevant depending on the
degree of specificity of the individual KI, the greatest,
nearly universal hurdle that anticancer targeted therapy
has to cope with is the development of drug resistance.
Many cancers display a high degree of heterogeneity, with
multiple coexisting subclones that are difficult to be kept
in check by a single targeting approach. Moreover, once
hit, cancer cells know well how to strike back. They may
activate a series of protective adaptive strategies enabling
them to escape therapy, and their inherent genetic instabil-
ity fuels the rapid acquisition of additional alterations that
may increase their fitness under the “novel” environmental
conditions shaped by the targeted therapeutics. As a result,
new clones may be selected and become rapidly dominant.
The idea that cancer populations follow Darwinian evolu-
tionary trajectories was formulated by David Nowell as
early as in 1976,5 thus it was not a surprise when the first
resistant cases were observed in clinical trials with imati-
nib in advanced phase chronic myeloid leukemia (CML),
in 2000–2001.6 Since then, the mechanisms of resistance
to imatinib have been extensively investigated, laying the
foundation for subsequent-generation molecules to be
developed and introduced in the clinic (reviewed in7).
Since neoplastic cells follow strikingly similar strategies
to evade targeted therapies, the CML experience has
served as a model in many other cancers. Here, we will
use CML as a paradigmatic example of how resistance to
KIs may develop and how it may be counteracted, or even
better prevented, by reviewing the advances made over the
last two decades in CML biological characterization, treat-
ment and monitoring, in a “bench-to-bedside and back”
fashion.

CML: The First and Still the Most
Successful Example of Targeted
Therapy
CML is indeed a paradigm under several points of view. It
is one of the first neoplasms whose molecular pathogenesis
could be dissected. CML is caused by the t(9;22)(q34;q11)
reciprocal translocation,8 which results in a derivative
chromosome 22 called “Philadelphia” (Ph) chromosome9

where BCR and ABL1 genes are fused.10,11 Both BCR and

ABL1 code for cytoplasmic PKs. The resulting chimeric
protein retains a fully functional kinase domain (KD) from
ABL1 but loses the N-terminal myristoylated portion,
physiologically involved in regulation of kinase activity –
that is replaced by the oligomerization domain of BCR.12

Thus, BCR-ABL1 is constitutively active in CML cells
and behaves as an oncogene, altering the proliferation
rates, survival signalling, immunological interactions, and
cytoskeleton dynamics of hematopoietic cells.13 Three
clinical stages are defined for CML: an initial and rela-
tively indolent chronic phase (CP), an accelerated phase
(AP), and a terminal acute phase called blast crisis (BC).14

Without therapeutic intervention, the disease follows
a natural, inexorable progression. Clinical and laboratory
studies indicate that BCR-ABL1 is necessary and suffi-
cient for initiation and maintenance of CP CML,15–17

which is unusual for a cancer. In contrast, the transforma-
tion of CML from CP to BC requires additional genetic
and/or epigenetic alterations, and oncogene addiction
(hence, therapeutic efficacy) is greatly reduced.18,19

At least in CP CML, BCR-ABL1 was recognized since
the late 80s to be an ideal therapeutic target. Imatinib mesylate
stood out among hundreds of ATP-competitive compounds
screened for their inhibitory activity against ABL1, and its
clinical development, from Phase 1 studies to FDA approval,
was extraordinarily rapid and seamless.3 Imatinib was found
to combine good efficacy (although is a more potent inhibitor
of other kinases, like platelet-derived growth factor receptor
[PDGFR], than of ABL1) with satisfactory tolerability (its
most frequent side effects being fluid retention, oedema,
muscle cramps, fatigue, skin rash, nausea, diarrhea).3

However, the problem of resistance was soon observed.

Mechanisms of Resistance to
Tyrosine Kinase Inhibitors (TKIs) in
CML
Resistance to targeted therapies may either be primary or
acquired. Primary (or upfront) resistance is defined as the
lack of satisfactory response to treatment, whereas second-
ary (or acquired) resistance is defined as the relapse after
an initial response to therapy. The meaning of “satisfac-
tory” response depends on the disease, on the treatment
endpoints and on the monitoring tools. Usually, acquired
resistance occurs more frequently than primary resistance.

Resistance to TKI therapy in CML has been found to be
sustained by a variety of mechanisms that recapitulate key
general strategies adopted by tumor cells to evade therapy –
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although some have more extensively been investigated and/
or are more clinically relevant than others.

TKI resistance in CML can result from two fundamentally
different categories of mechanisms: BCR-ABL1-dependent
(“on target”) resistance mechanisms and BCR-ABL1-
independent resistance mechanisms.

“On Target” Resistance (or BCR-ABL1-
Dependent Resistance)
“On target” resistance develops through direct modifications
of the treatment target, so that it cannot any longer be suc-
cessfully inhibited. BCR-ABL1-dependent mechanisms
were the first to be identified, as early as during Phase 2
studies, in a handful of AP and BC CML patients who had
relapsed after an initial response to imatinib and in whose
white blood cells reactivation of BCR-ABL1 kinase activity
despite continued treatment could be documented.6 BCR-
ABL1-dependent mechanisms are thus the best characterized
mechanisms of resistance to TKI therapy in CML. They
include either qualitative or quantitative modification of the
target, ie, point mutations in the KD and BCR-ABL1 over-
expression, respectively (Figure 1). The exchange of the
amino acid threonine (T) with isoleucine (I) at position 315
(T315I) of the BCR-ABL1 protein was the first mutation
detected in imatinib-resistant CML patients (and has long
been the most problematic);6,20 this substitution was pre-
dicted to fully abrogate the affinity for the drug. Structural
studies have indeed shown that T315 stabilizes imatinib
binding through hydrogen-bond interactions and control
access of the inhibitors to a hydrophobic pocket deep in the

active site that is not contacted by ATP.21 Substitution of
T with the bulkier and more hydrophobic I creates a steric
hindrance impeding imatinib (and second-generation ATP-
competitive TKI) binding.6,22 Mutations at a “gatekeeper”
residue are a “leitmotif” in resistance to anticancer target
therapies.23 For example, a strikingly identical T to I amino
acid substitution has been observed at homologous positions
in the kinase domain of KIT (T670I) and PDGFRα (T674I)
in imatinib-resistant gastrointestinal stromal tumors and
hypereosinophilias, respectively. The multitude of studies
that over the years have investigated BCR-ABL1-
dependent mechanisms through sequencing experiments in
CML patients with imatinib resistance have observed,
besides T315I, a spectrum of additional mutations leading
to amino acid changes in or near the phosphate-binding loop
(P loop; positions M244, G250, Q252, L248, Y253, and
E255), at other key contact-binding sites between imatinib
and BCR-ABL1 (T315 and F317), in the C-lobe (M351,
F359), and in the activation loop (H396).24 These mutations
are thought to contribute to resistance by inducing local or
global conformational changes that reduce imatinib-binding
affinity. Since conformational changes may be more or less
permissive to binding, different mutations may confer differ-
ent degrees of resistance. This is usually estimated by asses-
sing the “IC50” of the mutant, ie, the intracellular
concentration of drug required to inhibit by 50% its kinase
activity in vitro or the growth of a cell line engineered to
express the given mutant oncoprotein (the latter is the most
frequently used method).25 Very recently, however, it has
been postulated that some mutations may act by altering the

Figure 1 BCR-ABL1 dependent mechanisms inducing imatinib resistance include: BCR-ABL1 overexpression (1a) and BCR-ABL1 mutations (1b). The schematic diagram of
ABL1 kinase domain mutations shows the distribution of mutations. The 10 most frequent mutations are highlighted in red.
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dissociation kinetics rather than drug affinity.26 Starting from
the puzzling observation that some TKI-resistant mutants
experimentally displayed similar or even higher imatinib
binding affinity than the unmutated protein, it was uncovered
that such mutants dissociate considerably faster, thus redu-
cing the residence time, which is critical for drug efficacy.26

This interestingly points toward a novel mechanism of muta-
tion-induced resistance to KIs, worth to be explored further
in CML and other contexts. Importantly, such “kinetic resis-
tance” mechanisms may be addressable by altering the treat-
ment from a single daily dose to multiple doses.

BCR-ABL1 KD mutations are a frequent finding in
advanced phase patients and in heavily pretreated patients,
where they account for up to 70% of resistant cases, but do
not exceed 30% of the cases of resistance when CP
patients treated first-line are considered.

Amplification of oncogenes is frequently observed in
the pathogenesis of cancer as well as in resistance to
anticancer drugs. Overexpression of the BCR-ABL1 tran-
script and protein due to amplification of the BCR-ABL1
fusion gene6,27–33 was indeed identified since initial stu-
dies in imatinib-resistant CML cell lines, and suggested
that the overexpression of BCR-ABL1 might be an early
phenomenon in the establishment of resistance and disease
evolution in CML. Acquisition of a second Ph chromo-
some or of multiple copies of the BCR-ABL1 gene were
later observed in some AP and BC patients at the time of
imatinib resistance.34,35 Increase in BCR-ABL1 expression
level has been associated with disease evolution in CML,
and double Ph is among the so-called “major route” addi-
tional cytogenetic abnormalities that identify patients at
high risk of poor response to TKI therapy and disease
progression.36 BCR-ABL1 overexpression may be asso-
ciated with resistance because protein levels overcome
imatinib inhibitory capacity, and/or because it heralds pro-
gression of the disease from CP to BC, where genetic
instability is greater and oncogenic addiction is reduced,
thus impairing the therapeutic efficacy of the sole BCR-
ABL1 inhibition. The extent of BCR-ABL1 transcript over-
expression associated with imatinib resistance has been
estimated in cell lines and patients,27–33,37 and it has
been reported to range from a few folds to one log or
even more. In cell lines, this has been reported to translate
into two to ten-fold increase in BCR-ABL1 target protein
expression.27–29,31–33 A few studies have compared the
relative frequency of BCR-ABL1 KD mutations and BCR-
ABL1 amplification/overexpression in the same cohort of
imatinib-resistant patients. Gorre et al had observed gene

amplification in 3/9 patients and mutations in 6/9 patients
(it must be noted that all 9 patients were in advanced
phase).6 Hochhaus et al had observed mutations in 23/66
patients (all phases of the disease), BCR-ABL1 transcript
overexpression in 7/55 patients and genomic amplification
in 2/32 patients with available fluorescence in situ hybri-
dization (FISH) data.30

BCR-ABL1-Independent Resistance
Alternatively, resistance may develop via mechanisms that
are independent of the target oncoprotein. In CP patients,
BCR-ABL1-independent mechanisms are indeed the most
frequent ones, since 60–70% of patients with unsatisfactory
response to TKI therapy are negative for mutations or tran-
script overexpression. Several different mechanisms, not
necessarily mutually exclusive, have been observed in cell
lines and patients. They are outlined below.

Downstream Pathway Activation or Bypass by
Parallel Pathway Activation
There is evidence that, in some cases, TKI resistance can
develop despite effective target inhibition either through
downstream reactivation of the signaling pathways or
through the de novo activation of bypass parallel pathways
that take over to sustain the oncogenic processes.
Malignant growth occurs when key cellular pathways –
eg, the RAS/RAF/MEK/ERK pathway, the JAK2/STAT
pathway, the PI3K/AKT/mTOR pathway – are hijacked
by oncogenes, or when components or upstream activators
of these cascades are directly activated. Alterations in
these pathways and upstream signaling molecules can
thus influence sensitivity to small molecule inhibitors
used for cancer therapy. In CML, a series of evidences
indeed indicate a role for altered activation of the AKT and
ERK pathways, elevated Bcl-2 or Bcl-xL, diminished Bim
or Bad, overexpression of Src family kinases or Aurora
A in BCR-ABL1-independent resistance.38–51

JAK family members are key pathogenetic players in the
induction and evolution of CML. The JAK/STAT pathway
mediates signaling from cytokine receptors to the nucleus:
activation of JAK2 by cytokines and growth factors leads to
phosphorylation and thus activation of STAT3 and STAT5,
promoting their dimerization and nuclear translocation where
they regulate transcription of STAT-dependent genes. JAK2
has been shown to be a major downstream signaling mole-
cule in CML. JAK2 is routinely tyrosine-phosphorylated in
the K562 cell line and in CML patient cells, and activation of
JAK2 contributes to BCR-ABL1 oncogenicity via activation
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of PI3K/AKT and increased expression of c-Myc.39–41,43 In
line with this, Samanta A et al showed that the treatment with
a dual JAK2 and BCR-ABL1 inhibitor could induce apopto-
sis in imatinib-resistant cells.42 mTORC1 is a downstream
molecule of AKT and is activated by phosphorylated AKT.
Burchert et al have demonstrated that PI3K/AKT/mTOR
signaling is activated in response to imatinib and facilitates
imatinib resistance.44 Moreover, PI3K/AKT pathway leads
to inhibition of FOXO transcriptional activity. FOXO mem-
bers play a role at the G0-G1, G1-S, and G2-M checkpoints
via transcriptional modulation of proteins that regulate these
transitions, thereby inducing cell cycle arrest. FOXOs func-
tion downstream of the PI3K signalling pathway and are
direct phosphorylation targets of the protein kinase AKT.
Phosphorylation of FOXOs by AKT result in their nuclear
exclusion and prevent transactivation of target genes impor-
tant for cell cycle regulation. Elevated FOXO levels have
also been associated with BCR-ABL1-independent resis-
tance (Figure 2).45

Src family kinases play a key role in BCR-ABL1
signaling axis in that they are both substrates and activa-
tors of BCR-ABL1. Studies by Donato et al demonstrated
that the src family kinase LYN, which acts downstream of

BCR-ABL1, is highly expressed and persistently activated
in imatinib-resistant cell lines and in primary samples from
imatinib-resistant CML patients negative for BCR-ABL1
KD mutations.46–48

Finally, a recent study by Mancini et al has reported
that another pathway implicated in BCR-ABL1-
independent resistance is the Aurora kinase A/Polo-like 1
(PLK1) kinase/FOXM1 axis.49–51 The overexpression and
hyper-activation of this axis, observed in resistant cell
lines and primary patient cells, was found to induce ima-
tinib resistance by activating multiple pathways implicated
in proliferation and survival advantage of leukemic hema-
topoiesis. Aurora A is a serine/threonine kinase overex-
pressed in several cancers and it regulates centrosome
maturation, entry into mitosis, formation and function of
the bipolar spindle, and cytokinesis. PLK1, another serine/
threonine kinase, is activated in G2 phase of cell cycle by
Aurora A which phosphorylates it on T210 residues.
FOXM1 is a transcription factor of the Forkhead family
and it is a substrate of PLK1 which hyper-phosphorylates
FOXM1 on residues Thr596 Ser678 and activates it in the
G2/M phase. FOXM1 binds free β-catenin in the cytosol
driving it into the nucleus where it interacts with T-cell

Figure 2 BCR-ABL1-independent resistance. Schematic overview of the main resistance mechanism such as: activation of alternative signaling pathways (PI3K/AKT, JAK/
STAT, and RAS/MAPK); activation of Aurora A-PLK1-FOXM1 axis; changes in drug transporter activity (MDR1, hOCT1).
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factor/lymphoid enhancer factor (TCF/LEF) transcription
activation complex, supporting leukemic cell proliferation
(Figure 2).

Pharmacokinetic Resistance
Altered intracellular drug availability modulated by drug
influx and efflux transporters is another mechanism that
has frequently been implicated in anticancer drug resis-
tance. Multidrug efflux transporters of the ATP-binding
cassette (ABC) transporter family, which include the mul-
tidrug resistance gene product P-glycoprotein (MDR1 or
Pgp; encoded by the ABCB1 gene), and the breast cancer
resistance protein (BCRP; encoded by ABCG2), may have
a significant effect on restricting drug uptake from tumor
cells through active efflux. In addition to high expression
on hematopoietic primitive cells, both ABCB1 and
ABCG2 show tissue localization in the small bowel,
brain, testes, and canalicular membrane of hepatocytes
and may contribute to resistance by causing drug efflux
from cells at these sites. Overexpression of MDR1 has
been observed in imatinib-resistant cell lines and
patients.52,53 Cells from BP patients are characterized by
higher expression of ABCB1 than CP patients.54 More
controversial is the role of BCRP in imatinib resistance,
since contrasting data have been reported about its role in
imatinib transport.55–57 hOCT1 is another membrane trans-
porter that is responsible for the intracellular transport of
imatinib. Reduced expression and/or activity of hOCT1
has been found to correlate with poorer response to ima-
tinib and worse outcomes (Figure 2).58–63

Stem Cell (SC) Resistance
It has been demonstrated that many if not all cancers arise
from oncogenic transformation at the SC level. Most
therapies are effective in eliminating progenitors and term-
inally differentiated cells, but leave SCs unaffected. SCs
represent a dangerous reservoir that may feed disease
recurrence at any time. The fact that very low levels of
residual disease may still be detected after many years of
therapy in a not negligible proportion of CML patients,
and that even when molecularly undetectable, the disease
may often re-emerge after TKI discontinuation is attribu-
ted to SC persistence. SCs have long been known to up- or
down-regulate drug transporters to protect themselves
from chemotherapeutics and targeted therapies, but other
mechanisms have also been implicated. In CML, for
example, it is now understood that BCR-ABL1 kinase-
independent mechanisms are responsible for persistence

of leukemic SC (LSC) subpopulations,64,65 and both cell
intrinsic and microenvironmental mechanisms have been
found to contribute to LSC maintenance. Self-renewal is
an essential property of SCs, and the aberrant activation of
self-renewal-related signaling pathways has been recog-
nized as a hallmark of cancer. A number of BCR-ABL1-
independent signaling pathways, including Wnt/b-catenin
and Hedgehog signalling, together with other factors like
epigenetic alterations, enhanced autophagy, autocrine pro-
duction of growth factors, etc. (recently reviewed by
Soverini et al66) have been found to contribute to CML
LSC persistence and TKI resistance. The interaction
between SCs and cells from the microenvironment is
also known to nurture SCs and protect them from thera-
peutics, thus favoring the development of resistance. The
LSC niche as well as its contribution to LSC persistence
via cell contact as well as secreted signalling molecules
have been extensively investigated and are reviewed
elsewhere.66

Strategies to Overcome Resistance
to TKIs
More Potent and/or Selective Second-
and Third-Generation ATP-Competitive
TKIs
In many cancers, especially those sustained by nonreceptor
PKs, ATP-competitive inhibition has represented the first
targeted therapeutic strategy. ATP-competitive inhibitors
compete with ATP for binding to the KD in the cleft
between the N- and C-terminal lobes.22 On the basis of
the molecular mechanisms of action, two major classes of
kinase inhibitors can be distinguished: types 1 and 2.67

Type 1 inhibitors target the catalytically competent active
(“DFG-in”) conformation of the KD, while type 2 inhibi-
tors recognize the inactive (“DFG-out”) kinase conforma-
tion. Imatinib is a type 2 inhibitor. Thus, even mutations at
residues distant from the binding pocket may induce resis-
tance if they that destabilize or prevent the adoption of the
inactive conformation of the kinase. On the other hand, it
has long been assumed that type 1 inhibitors are less
specific (hence, may have more undesired, off-target
effects) than type 2 inhibitors because the active confor-
mation is very similar in most kinases. The problem of
resistance to imatinib prompted the development of further
ATP-competitive TKIs. While imatinib serendipitously
emerged from a massive screening of a huge library of
inhibitory molecules modeled over the ATP structure,68
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subsequent generation-TKIs were more rationally devel-
oped to be more potent and/or more selective.69 The
knowledge accumulated from the extensive characteriza-
tion of imatinib-binding mode to ABL1 and of its
‘Achilles heels’, especially in terms of resistant mutations,
played a key role in the development of more effective
TKIs. Each imatinib-resistant point mutation has indeed
been studied in detail by a conformational point of view to
investigate how it may compromise imatinib binding
through steric clash, elimination of direct contacts, and/or
favoring an active conformation of the ABL1 kinase
domain.

Out of a multitude of molecules evaluated pre-
clinically or in phase 1 clinical studies, four ATP-
competitive TKIs have so far been approved for clinical
use based on a favorable balance between efficacy and
safety: dasatinib, nilotinib, bosutinib, and ponatinib.70

They have become an important resource in the treatment
of those patients who fail therapy. They have different
features, binding modes and target profiles (as well as
different side effects). Nilotinib is a type 2 inhibitor as
well, but was obtained through a rational design aimed to
modify imatinib chemical backbone in order to enhance
potency against ABL1.71,72 Dasatinib and bosutinib are
type 1 inhibitors; hence, they were expected not to lose
efficacy in case of mutations destabilizing the inactive
conformation of the kinase.73,74 Moreover, they both
have the SRC kinases among their targets, which was
presumed to be an added value in light of the role of
SRC kinase activation in some cases of imatinib resis-
tance. Dasatinib, nilotinib and bosutinib indeed have
a much smaller spectrum of resistant mutations, mainly
clustering at key contact residues: T315, Y253, E255, and
F359 for nilotinib; T315, V299, and F317 for dasatinib;
T315, V299, and E255 for bosutinib.75 Ponatinib is a type
2 inhibitor like imatinib and nilotinib but has more
recently been obtained from a thorough structure-guided
drug design specifically aimed to create a compound cap-
able to bind the KD irrespective of any mutation, including
the T315I.76

Currently, first-line options for the treatment of CML
are either imatinib, dasatinib, nilotinib or bosutinib.70 In
case of therapeutic failure, the TKI is switched, and the
choice is between dasatinib, nilotinib, bosutinib or ponati-
nib (the latter in case of T315I-positive patients or if no
other TKI is indicated).70 Choice is generally based weigh-
ing previous treatment history, patient comorbidities and
TKI safety profile, and considering BCR-ABL1 KD

mutation status.77 CML patients who experience multiple
failures of sequential TKI therapy may develop polyclonal
or compound mutations (CMs).78,79 The former are when
two mutations have been acquired by two distinct BCR-
ABL1 molecules, hence they are in two different clones;
the latter are when two mutations are acquired by the same
BCR-ABL1 molecule, hence they are in a single clone.
A number of T315I-inclusive CMs have recently been
shown to be resistant not only to imatinib and second-
generation TKIs, but also to ponatinib, thus representing
a great concern.80–83

Allosteric TKIs
More recently, a novel class of ABL1 inhibitors has been
explored in CML. Allosteric inhibitors do not compete
with ATP for binding to the same binding site. They
recognize other sites that are critically implicated in the
regulation of kinase activity.84 As a consequence, they
tend to be much more specific. Moreover, by binding to
completely different and far distant regions of the kinase,
they can be expected not to be affected by mutations
impairing ATP-competitive TKI fitting. Allosteric
enzymes are defined as K-type or V-type depending on
whether they act via a change in affinity (measured by the
KM constant) or in maximum activity (defined as Vmax).

Asciminib (ABL001) is the first allosteric BCR-ABL1
inhibitor that has entered clinical evaluation.85 By binding
the myristoyl site normally occupied by the myristoylated
N-terminal of ABL1, which serves as an allosteric nega-
tive regulatory element but is lost upon fusion of ABL1 to
BCR, asciminib mimics myristate and restores the inhibi-
tion of kinase activity. Since the myristate pocket of ABL1
is located at the very bottom of the C-terminal lobe,
asciminib is expected to maintain activity against all TKI-
resistant ATP-site mutations – although a very recent
in vitro study has suggested that this may not entirely
hold true. Eide et al86 have indeed shown that among ten
BCR-ABL1 single mutants tested, asciminib potently
inhibited five (G250E, Y253H, E255V, T315I,
andH396R) with IC50 values below 30 nM. By contrast,
some variants (C/I/V) of F359 were insensitive to ascimi-
nib (IC50 > 2500 nM). Moreover, preclinical evaluation of
asciminib has predicted that resistance may still develop
due to mutations in or around the myristate pocket: A344P,
A337V, P465S, V468F, I502L, G671R.87 As always, how-
ever, the integration of in vitro IC50 and in vivo observa-
tions in patients who will not respond or will develop
resistance will definitively clarify the actual Achilles
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heels of asciminib – thus more data from the currently
ongoing clinical trials are eagerly awaited.

Combinations of ATP-Competitive and
Allosteric TKIs
The presence of a second inhibitory site also offers the
potential for simultaneous targeting of both the myristoyl-
binding and ATP-binding sites, not only for enhanced
kinase inhibition but also in an attempt to prevent the
emergence of any mutation whatsoever. Indeed, preclinical
studies have shown that the combination of the ATP-
competitive inhibitors imatinib or nilotinib with allosteric
inhibitors suppressed the emergence of resistance muta-
tions in vitro or in mouse xenografts.87,88 Phase 1/2 studies
exploring the combination of asciminib with imatinib,
nilotinib and dasatinib are ongoing, and have so far
demonstrated a good overall safety/tolerability profile.
The yet clinically unexplored combination of asciminib
with ponatinib, however, appears to be the most intriguing.
Indeed, Eide et al86 have recently shown that the ascimi-
nib/ponatinib combo not only suppressed the outgrowth of
resistant clones carrying single mutations but was also
effective in tackling clinically challenging compound
mutants that were resistant to either agent alone.
Interestingly, the combination was effective even at very
low doses of ponatinib, which would reduce the concerns
deriving from ponatinib-associated toxicity.

Synthetic Lethal Combinations
Synthetic lethality results from disruption of two inde-
pendent pathways, which together perform an essential
function. Two genes or two pathways are said to be
“synthetic lethal” if loss of either one alone has little
effect on cell viability, but the simultaneous loss of both
results in cell death. Packer et al first proposed that
synthetic lethality could provide an approach to block
the emergence of drug resistance in CML patients.89 In
vitro and ex vivo studies have shown that several TKIs
(eg imatinib, nilotinib and dasatinib), while inhibiting
BCR-ABL1, lead to paradoxical activation of RAF,
MEK and ERK. Consequently, the combined use of
first and second generation TKIs associated with
a MEK inhibitor (PD184352) induces apoptotic death
of the clone.89 In addition, Eiring et al showed that
STAT3 signaling is critical in BCR-ABL1 kinase-
independent TKI resistance and, as a consequence, the
combined inhibition of both BCR-ABL1 and STAT3

could kill CML stem and progenitor cells with kinase-
independent TKI resistance, while inhibition of only
BCR-ABL1 or only STAT3 has very limited effects.90

Moreover, it has been shown that BCR-ABL1-positive
cells are deficient in both BRCA-dependent homologous
recombination and DNA-dependent protein kinase (DNA-
PK)-mediated nonhomologous end-joining (NHEJ). In
these cells, repair of DNA double strand breaks, the most
lethal DNA lesions, thus relies only on Poly(ADP)ribose
polymerase 1 (PARP1)-dependent back-up NHEJ. Based
on these premises, Nieborowska-Skorska et al91 success-
fully used PARP1 inhibitors to induce synthetic lethality in
primary cells from CML patients. They also interestingly
demonstrated that BRCA and DNA-PK deficiency is
a common vulnerability and may be exploited for selective
targeting with PARP1 inhibitors in other contexts like
acute myeloid leukemia and acute lymphoblastic
leukemia.

Combinations of ABL1 Inhibitors and
LSC-Targeting Drugs
As discussed above, SCs are considered to be the main
drivers of therapeutic resistance across all cancers: cancer
SCs often survive the treatments, causing recurrence of the
diseases. In CML, evidences that TKIs eliminate progenitors
and more differentiated cells but fail to eradicate quiescent
LSCs date back to 2002. Since CML LSCs have been shown
not to depend upon BCR-ABL1 tyrosine kinase activity for
their survival, the combination of TKIs and LSC-targeting
drugs represents the only approach capable of completely
eradicating the disease. The molecules or pathways impli-
cated in CML LSC persistence have been extensively
investigated,66 and a wide variety of agents targeting such
pathways have been tested in cell lines and mouse models in
order to sensitize LSCs to TKI-induced killing or eliminate
LSCs by synthetic lethality, showing very promising results
in many cases.66 However, these preclinical data have so far
led to very few clinical trials.

An overview of TKIs and targeted combinations that
are currently approved or are being actively evaluated in
clinical trials is presented in Table 1.

The Importance of Molecular
Testing for Early Identification and
Management of TKI Resistance
Response monitoring is essential to assess the efficacy
of therapy and to intervene quickly in case of failure.75
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Given its well established role as a dynamic predictor
of relapse risk and overall survival, minimal residual
disease (MRD) monitoring has been incorporated in
routine follow-up and clinical decision-making algo-
rithms for many hematologic malignancies.92 Once
again, CML has been a forerunner and has led the
way for the application of sensitive, quantitative

approaches for MRD detection relying on real-time
quantitative reverse transcription-polymerase chain
reaction (RQ-PCR). Based on logarithmic reduction in
BCR-ABL1 transcript levels from a standardized base-
line, molecular response (MR) milestones have been
defined that should be achieved at critical checkpoints
during therapy: Early Molecular Response (EMR),

Table 1 Overview of the TKIs and Targeted Combinations Approved or Currently Explored in Clinical Trials for the Treatment of
CML

ATP-Competitive ABL1 Inhibitors

Imatinib Approved by FDA and EMA for first and subsequent-line use, all phases

Dasatinib Approved by FDA and EMA for first and subsequent-line use, all phases

Nilotinib Approved by FDA and EMA for first and subsequent-line use, CP and AP

Bosutinib Approved by FDA and EMA for first and subsequent-line use, all phases

Radotinib Approved in Korea for first and subsequent-line use; phase 3 recruiting CP pts resistant/intolerant to

previous TKIs (NCT03459534) and newly diagnosed CP pts (NCT03722420)

Ponatinib Approved by FDA and EMA for pts with T315I or who have failed at least 2 TKIs, all phases

Olverembatinib (HQP1351) Approved in China for pts with T315I mutation, CP and AP; phase 1 recruiting pts who are resistant and/or
intolerant to ≥3 prior TKIs or ponatinib or with T315I (NCT04260022)

Flumatinib Phase 3 recruiting pts with newly diagnosed CP CML (NCT04591197)

PF-114 Phase 1/2 recruiting pts failing ≥2 TKIs or with T315I (NCT02885766)

Vodobatinib (K0706) Phase 1/2 recruiting pts who are resistant/intolerant to ≥3 prior TKIs or who had co-morbidities

precluding the use of 2GTKI (NCT02629692)

Allosteric ABL1 Inhibitors

Asciminib Approved by FDA for CP pts failing ≥2 TKIs or with T315I; phase 3 study in newly diagnosed CP CML
(NCT04971226)

Combinations of ATP-Competitive and Allosteric ABL1 Inhibitors

Asciminib+imatinib Phase 2 recruiting pts with newly diagnosed CP CML (NCT03906292)

Asciminib+dasatinib Phase 2 recruiting pts with newly diagnosed CP CML (NCT03906292)

Asciminib+nilotinib Phase 2 recruiting pts with newly diagnosed CP CML (NCT03906292)

Combinations of ABL1 Inhibitors and LSC-Targeting Drugs

Pioglitazone (PPARγ/STAT5)+ATP-
competitive TKIs

Phase 1 recruiting pts with no deep molecular response (NCT02767063)

Ruxolitinib (JAK2)+ATP-competitive

TKIs

Phase 2 recruiting pts with no deep molecular response (NCT03654768) or who are candidate to TFR

(NCT03610971)

Other Combinations

KRT232 (MDM2)+ATP-competitive

TKIs

Phase 2 recruiting pts who are resistant/intolerant to ≥2 TKIs (NCT04835584)

Notes: For non-ABL1 inhibitors, the target is specified in parentheses. Only actively recruiting clinical trials are listed, according to Clinicaltrials.gov (accessed
December 22nd, 2021); study identifiers are provided in parentheses.
Abbreviations: FDA, Food and Drug Administration; EMA, European Medicines Agency; CP, chronic phase; AP, accelerated phase; LSC, leukemic stem cells; TFR,
treatment-free remission.
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corresponding to BCR-ABL1≤10% at 3 months and
BCR-ABL1≤1% at 6 months; Major Molecular
Response (MMR), corresponding to BCR-ABL1≤0.1%
and Deep Molecular Response (DMR), corresponding
to BCR-ABL1≤0.01% (down to 0.001%, the lowest MR
level that RQ-PCR can quantitate).75 International
guidelines (like those by the National Comprehensive
Cancer Network [NCCN] and by the European
LeukemiaNet [ELN])70,93 base the evaluation of
response on the stepwise achievement of such MR
milestones. ELN recommendations, for example, define
3 categories of response to treatment with TKIs: “opti-
mal”, “warning” and “failure”. “Optimal” means that
the response is satisfactory and the current treatment
should be continued. “Failure” means that the patient
should receive a different treatment to limit the risk of
progression (and death). “Warning” is a grey zone in
between. Continuation or change should be carefully
considered, depending on patient’s characteristics,
comorbidities and tolerance as well as on therapeutic
endpoints.70 When response is classified as “failure” or
as a “warning” (the expected MR milestone has not
been achieved) or when a previously achieved mile-
stone is lost, careful investigation into the underlying
mechanisms should be undertaken. An unsatisfactory
response may be due to reduced patient compliance to
treatment (not infrequent with therapies that have to be
administered chronically), to drug interactions (espe-
cially in elderly patients taking many concomitant
medications) or to true resistance. Once nonadherence
and interactions with other medications have been
excluded, testing for BCR-ABL1 KD mutations is
recommended.77 At the present time, mutations are
indeed the only actionable mechanism of resistance.94

The presence of any mutation identifies those subjects
who have a greater genetic instability, hence a higher
probability of relapse once they are switched to another
TKI; such patients will therefore have to be monitored
more closely. Moreover, the type of mutation detected
can direct, in some cases, the choice of the second- or
subsequent-line TKI more likely to be effective.
Mutational analysis has therefore become part of the
panel of molecular tests to be performed in patients
with CML and according to the ELN recommendations,
it should be performed in case of failure and
warning.70,77 For long time, the gold standard for per-
forming mutational analysis of BCR-ABL1 has been
Sanger sequencing.77 Sanger sequencing enables to

scan the entire KD for mutations, but it has some
limitations: it only allows identification of mutations
if they are present in ≥20% of BCR-ABL1 transcripts
and often does not allow to discriminate between com-
pound and polyclonal mutations. More recently, several
groups have developed next generation sequencing
(NGS)-based targeted assays and have demonstrated
that they are superior to Sanger sequencing in that
they are more sensitive (with a detection limit as low
as 1–3%) and enable straightforward clonal analysis
whenever two mutations map within approximately
400 base pairs.95–100 The greater sensitivity of NGS
enables more accurate mutation assessment (in some
cases, mutations detectable by Sanger are just “the tip”
of the iceberg, and additional low level mutations may
be detected by NGS) and earlier identification of emer-
ging drug-resistant clones, calling for a timely treat-
ment change before overt resistance (that might also
lead to disease progression) manifests.

Conclusions
Being the first human malignancy in whom kinase inhibition
was accomplished, CML has been a precious study model for
the characterization of mechanisms enabling therapeutic eva-
sion and for the development of alternative inhibitory strate-
gies aimed at circumventing resistance. CML is a paradigm of
precision medicine not only because of the success of TKI
therapies, but also because of the high standards achieved in
response monitoring and dynamic patient management on the
basis of molecular information deriving from highly standar-
dized and sensitive MRD quantitation and testing for resis-
tance-associated mutations. CML thus exemplifies how
preclinical and clinical research efforts and technological
advances may concur to transform patients’ outcomes and
quality of life by continuous improvement of KI therapy.
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