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Abstract

Introducing tyrosine kinase inhibitors (TKIs) has had a transformative impact on treating chronic myeloid
leukemia (CML), leading to a remarkable survival rate exceeding 80%. The primary focus of CML treatment has
centered around enhancing the effectiveness and specificity of TKIs to inhibit the activation of the BCR-ABL1
kinase and addressing resistance arising from mutations in the BCR-ABL1 oncogene. However, despite
successful BCR-ABL1 inhibition, a significant number of patients develop resistance to TKls, necessitating the
exploration of novel therapeutic approaches.

This review is focused on a detailed examination of the latest reports on both BCR-ABL1-dependent and BCR-
ABL1-independent mechanisms of resistance to TKI. The investigation of these crucial pathways could lead to
the development of promising therapeutic approaches. By employing such combination treatments, residual
leukemic cells can be effectively targeted, leading to an increased response rate among CML patients.
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1. Introduction

Chronic myeloid leukemia (CML) is a malignant condition characterized by the clonal expansion of white
blood cells originating from the myeloid lineage in the bone marrow. CML develops as a result of a balanced
reciprocal translocation, known as the t(9;22)(q34;q11), occurring between chromosomes 9 and 22, leading to
the formation of the Philadelphia chromosome [1]. This 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. The given chimeric protein, BCR-ABL1, is a highly active tyrosine kinase signaling protein that
promotes uncontrolled cell proliferation and inhibits apoptosis, leading to leukemia [2].
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Based on the specific breakpoint location within the BCR gene, various isoforms of the BCR-ABL1 protein are
generated. The variant found in over 90% of patients with CML is el3a2/el4a2 (b2a2/b3a2) alternative
transcripts, which arise from the fusion of BCR exon 13 or 14 with ABL1 exon 2, resulting in a 210 kDa protein
variant. In contrast, the ela2 transcript codes for a 190 kDa protein, which is less prevalent in CML but
frequently observed in cases of acute lymphoblastic leukemia, occurring in approximately 70% of such cases
[3].

The fusion gene generates the BCR-ABL1 protein, responsible for uncontrolled cell proliferation, disruption
of stromal adhesion, and inhibition of apoptosis by activating downstream signaling pathways, including Janus
kinase-signal transducer and activator of transcription (Jak-Stat) and Myc. Within the bone marrow, specific
niches play a vital role in generating and progressing chronic myeloid leukemia (CML) [4]. ABL1 component of
the BCR-ABL protein includes an SRC-homology-2 (SH2) domain, an SH3 domain, and a kinase domain.
Normally, in the absence of BCR fusion, ABL1's myristoylated N-terminal region induces self-inactivation of its
kinase activity. However, during the fusion process of BCR-ABL, this myristoylated N-terminal region is
eliminated [7].

The BCR-ABL kinase domain contains crucial motifs essential for its function, including the phosphate
binding loop (P-loop), the contact site (ATP/IM binding site), the catalytic domain, and the activation loop (A-
loop). BCR-ABL1 exhibits activity when ATP binds to the active site within the ABL1 kinase domain and transfers
its phosphate group to ABL1 substrates. Nonetheless, tyrosine kinase inhibitors (TKls) compete with ATP for
binding to the active site, thereby hindering BCR-ABL1 activation and preventing the occurrence of leukemia
[6]. Since its initial approval by the FDA as a tyrosine kinase inhibitor (TKI) in 2001, Imatinib has revolutionized
the course of leukemia therapy, leading to notable long-term overall survival rates. Furthermore, the drug has
been joined by four additional TKIs, namely dasatinib, nilotinib, bosutinib, and ponatinib, which have received
approval and are now crucial in managing patients with CML. However, approximately 25% of patients
encounter TKI resistance at some stage during therapy [3].

TKI resistance can be classified as primary or acquired. Primary resistance refers to the lack of response to
treatment, while acquired resistance is characterized by disease progression after an initial positive response to
therapy. Notably, acquired resistance develops during the course of treatment, indicating that the tumor has
developed mechanisms to evade continuous inhibition of the target. It is essential to mention that the most
prevalent mechanisms underlying acquired resistance involve the occurrence of point mutations within the
BCR-ABL kinase domain. Disease progression and exposure to multiple TKls are influential factors affecting the
frequency of these mutations [8].

On the other hand, primary resistance mechanisms may involve the overexpression of ATP-binding cassette
(ABC) transporters, such as P-glycoprotein (ABCB1) and breast cancer resistance protein (ABCG2). ABC
transporters play a role in intracellular drug accumulation regulation [9]. However, recent biological evidence
suggests that curative approaches for TKl-resistant chronic myeloid leukemia (CML) patients should also take
into consideration BCR-ABL-independent mechanisms of resistance, with a particular focus on leukemia stem
cells (LSCs), immunological aspects and epigenetic alterations. LSCs can persist in CML patients independently
of BCR-ABL1 kinase activation. The interaction between LSCs and cells within the hematopoietic niche in the
microenvironment may promote the development of resistance [10], (Fig. 1.). Lastly, a relatively new concept
highlights the role of molecular minimal residual disease (MRD) during TKI treatment, which may result from
LSC persistence. It is possible that MRD positivity could contribute to the development of TKI resistance over
time [11].

Thus, in this review, we focus on a detailed description of the mechanisms that have a potential risk of
causing TKI resistance and negatively influencing CML subject management.
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Fig. 1 The mechanisms to cause resistance to TKIs (Loscocco et al., 2019).

BCR-ABL mutations as a major factor in causing the TKl resistance

The most studied mechanism of secondary resistance to ITK therapy is variations in the ABL1 kinase domain.
As a result, these alterations are responsible for approximately 40-60% of CML cases with a relapse in
hematological condition while on imatinib therapy [12].

Increasing evidence suggests that mutations leading to resistance against kinase inhibitors (KI) primarily
occur in four regions of the kinase domain: the gatekeeper region, the A-loop, the G-loop, and the aC-helix.
Taking into consideration the specificity of these substructures, they have been extensively investigated for
their involvement in the development of drug resistance, particularly secondary mutations that arise as a result
of cancer treatment [13].

More than 90 different point mutations involving 50 various amino acids, including the ATP-binding domain
(P-loop), catalytic domain, and activation loop (A-loop), have been identified as responsible for clinical imatinib
resistance is important to highlight a few especially, G250E, Y253F/H, and E255K/V mutations in the P-loop,
T3151 mutation in the imatinib binding site, and M351T and F359V/C/I mutations in the catalytic domain (Table
1).

Table 1. Various clinically significant mutations in the BCR-ABL1 kinase domain, and their responsiveness to
different tyrosine kinase inhibitors (TKIs) (Poudel et al., 2022).

Mutations in the BCR-ABL kinase domain Resistance to TKI

73151, Y253F/H, E255K/V, Q252H, M244V, L248YV, Imatinib
G250E, F317L, M351T, M355D, F359V, and
H396R/P/A

7315/, E255V/K, V299L, G250E, E255K/V, and Bosutinib
F317L/V/I/C
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T3151/A, V2991, and F317L/V/I/C Dasatinib
T315M/L Ponatinib
T3151, L248V, Y253H, E255K/V, and F359V/I/C Nilotinib

Optimal binding of the drug requires structural adjustments in BCR-ABL, which are impeded in P-loop
mutants, while the kinase remains stabilized in an active state in A-loop mutants [14]. The T315I] mutation, also
known as "the gatekeeper" mutation, occurs when threonine is replaced by isoleucine, preventing Imatinib
from forming a hydrogen bond with the protein [3]. The presence of a gatekeeper mutation involves the
substitution of a small side chain residue with a bulky side chain residue. This change in size hinders the binding
of drugs to the protein, leading to potential drug resistance. Recent literature shows that the prognosis of
overall survival rates and treatment failure (both TKI and chemotherapy) for T315I carriers is poor. In addition,
even though nilotinib and dasatinib, exhibit increased potency and activity against most imatinib-resistant
mutations, the T315I alteration remains an exception in their application [3]. Nevertheless, it is crucial to note
the progress ponatinib has demonstrated against most kinase domain mutations, including T315l. However,
there are complications, such as compound mutations and ponatinib’s cytotoxicity [15].

The necessity for an effective and potent drug against mutated BCR-ABL1 protein triggered the development
of a new allosteric inhibitor - asciminib. In the latest experiments, asciminib demonstrated significantly
favorable clinical results, namely recently, Cortes et al. stated that approximately 50% of CML patients with
T315I achieved a major molecular response within a short period [17]. In addition, another large phase | study
of asciminib in patients who failed previously showed that 88% of patients induced complete hematological
response and 24% of T315I carriers - a major molecular response [16]. Thus, there are ongoing trials to prove
and assign asciminib as a front-line therapy (NCT03578367).

Other BCR-ABL-dependent mechanisms of resistance to therapy

A growing interest in TKI resistance mechanisms is stimulated by the increasing number of unresponsive
CML patients. Obtained results and ongoing trials identify resistance mechanisms different from the BCR-ABL
mutations scheme. For instance, an increase in drug efflux is a pathway that can interfere with the complete
inhibition of BCR-ABL1 by TKIs.

Indeed, studies demonstrate that various members of the ABC transporter family have an association with
resistance to specific TKls. Namely, ABCB1 was found to cause resistance to Imatinib and nilotinib, ABCG2 with
asciminib and ABCC6 with second-line TKls dasatinib and nilotinib [18]. Another example is the investigation of
the influence of organic cation transporter-1 (OCT-1) on intracellular drug availability. It was shown that OCT-1
might contribute to imatinib resistance; however, it does not affect the outcome of the second and third-
generation TKis. It is worth noting that when a specific transporter associated with resistance is overexpressed,
strategies such as using a TKI that is not susceptible to that transporter or adding an inhibitor targeting the
transporter can be employed. For instance, Agrawal et al. observed that patients with imatinib-resistant CML,
who displayed elevated levels of ABCB1 expression, still exhibited positive responses to second-line treatment
with nilotinib. Similarly, there is another study that identified overexpression of ABCG2 as a significant
resistance pathway in asciminib-resistant K562 cells and demonstrated that the inhibitor Ko143 (100 nM) could
restore the effectiveness of asciminib against those cells [19, 20].

Although common mutations in the BCR-ABL domain are major causes of resistance, recently, there has
been more data supporting that a portion of patients gains variations in the myristoyl-binding pocket.
Alterations in that region, namely A337V, P465S, V468F, 1502L, and C464W, were found to be associated with
asciminib resistance, despite the drug's promising results. However, there is the possibility of overcoming this
type of resistance with combined therapy of several TKls [20].

In addition to mentioned mechanisms, it is also vital to mention BCR-ABL1 overexpression caused by Ph
chromosome duplication. Although its role is not investigated and confirmed as the role of KD mutations, there
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are some suggestions that increased levels of BCR-ABL may elevate kinase activity, which may result in kinase
domain mutations leading to TKI therapy resistance [21]. Interestingly, elevated BCR-ABL expression is often
observed at the latest stages of chronic myeloid leukemia, where reduced sensitivity to TKls and the
development of resistance are commonly encountered [22].

BCR-ABL independent mechanisms and TKls treatment outcome

Among mechanisms to cause resistance, BCR-ABL independent pathways also should be considered. Despite
TKI's impressive results, the primary cause of resistance is that these drugs cannot eliminate leukemia stem
cells (LSCs), which play a crucial role in the development and regeneration of CML. It is important to note that
LSCs and hematopoietic stem cells (HSCs) share various molecular components involved in maintaining their
stemness, including transcription factors, signal transduction factors, regulators of the cell cycle, metabolism,
autophagy, and factors associated with the microenvironment. On the other hand, LSCs and HSCs also possess
distinct biological properties that affect their interactions with these factors, which may influence therapy
outcomes [5].

The majority of acquired resistance cases arise early in the disease progression as a result of the expansion
of clones containing Bcr-Abl mutations that hinder its binding to TKls. Conversely, it has been observed that
patients who achieve a complete cytogenetic response still harbor Bcr-Abl positive clones, including LSCs
capable of causing relapse upon discontinuing imatinib treatment [23].

The critical complication in the majority of CML patients is that LSCs are not eliminated. Thus, they act as a
reservoir of malignant cells that subsequently may relapse upon therapy absence. Also, due to CML-LSCs
intratumoral heterogeneity and low frequency in bone marrow, its identification and characterization are
problematic. Thus, the key question is regarding the origin of TKI-resistant CML-LSCs: whether they arise from a
pre-existing subset of therapy-resistant CML-LSCs or if they emerge as a population that becomes resistant
through the process of therapeutic selection [24]. Nevertheless, recent progress provides insight into these
issues. Namely, a recent study of the combination of large-scale single-cell gene-expression analysis with cell
surface marker screens showed that CML-LSCs possess an aberrant expression of cell surface molecules such as
CD33, CD123, IL1RAP, CD26, and CD25. Therefore, these molecules may be applied as markers to distinguish
CML-LSCs from normal HSCs [25].

Unfortunately, the latest investigations showed that a highly dormant subset of CML-LSCs can persist even
after prolonged treatment with TKls. Interestingly, the primary molecular difference of LSCs subset from
normal HSCs as it exhibits elevated expression levels of various potential therapeutic targets, including TGF-
beta, TNF-alpha, Jak-STAT, CTNNB1, and NFKB1A. These distinct molecular characteristics may offer the
opportunity for selective targeting of these highly resistant CML-LSCs [26]. Namely, Neviani et al. identified
protein phosphatase 2A (PP2A) as a tumor suppressor capable of reducing the survival and self-renewal
capacity of quiescent CML-LSCs but not normal quiescent HSCs [27]. Also, according to a recent study, the PP2A
activator FTY720 was found to have no significant impact on normal HSCs but significantly impaired the survival
and self-renewal capacity of quiescent CML-LSCs. Surprisingly, the primary determinant of these effects on
quiescent CML-LSCs was the PP2A-induced inactivation of JAK2 and B-catenin rather than the inactivation of
BCR-ABL1 [5].

It is worth mentioning the association between autophagy and resistance in CML. Being a well-conserved
catabolic process, it is responsible for protein degradation and antigen presentation. Treatment with TKIs has
been shown to induce autophagy, which contributes to the survival of LSCs and the development of TKI
resistance. Consequently, selective inhibition of autophagy could potentially reverse TKI resistance and target
CML-LSCs, leading to their elimination [5].

According to Baquero et al., basal autophagy was found to be higher in CML-LSCs compared to normal HSC.
Moreover, when Lys05 and PIK-Ill were administered together, a significant decrease in the number of primary
CML-LSCs was observed, and xenografted LSCs were effectively eliminated in combination with TKls. These
findings suggest the potential of combining second-generation autophagy inhibitors with TKls, offering a
potential treatment strategy for CML patients with minimal residual disease (MRD). Targeting LSCs is crucial
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since their persistence after TKI treatment has been associated with disease relapse, emphasizing the
importance of including them as part of the treatment arsenal for CML [28].

Currently, it is common knowledge that specific dysregulated BCR-ABL signaling pathways play a significant
role in TKI resistance. For instance, an essential limitation of Imatinib is that CML-LSCs are not eliminated
during imatinib therapy, meaning that they use survival signals different from BCR-ABL to survive and resist
during imatinib treatment [5].

A study by Ma et al. demonstrated increased activity in RAF/MEK/ERK signaling pathway responsible for
BCR-ABL-independent imatinib resistance through CML-LSCs. Thus, to overcome BCR-ABL independent
resistance to Imatinib, it might be necessary to simultaneously inhibit both BCR-ABL and RAF/MEK/ERK
signaling. Imatinib and Trametinib, a MEK-inhibitor, were recently combined in a mouse model, showing the
successful killing of CML-LSCs and proving the principle of testing this combination in humans [11].

Using exon microarrays, Gerber et al. identified ninety-seven genes that were differentially expressed
between CML-LSCs and normal HSCs. These genes play important roles in various cellular processes such as
metabolism, proliferation, cell surface interactions, self-renewal, differentiation, and inflammation.
Interestingly, certain genes that were found to be overexpressed in CML-LSCs encode cell surface proteins,
including IL2Ra (CD25), DPP4 (CD26), PTPRD, CACNA1D, IL1RAP, SLC4A4, and KCNK5. The presence of these
proteins on the cell surface makes them potential targets for immune-based strategies [29].

Cancers are considered to be influenced by epigenetic changes in addition to genetic abnormalities, and
CML is not an exception. Epigenetic dysregulation plays a significant role in the development of TKI resistance,
leading to the escape of leukemic clones and the propagation of the disease. Epigenetic alterations are driven
by various systems, including modifications of histones and DNA, as well as the involvement of non-coding
RNAs. Enzymes such as histone acetyl- or methyl-transferases, histone deacetylases, and demethylases are
responsible for adding or removing specific variations at amino acid residues or CpG islands in DNA.

Recent studies have revealed an association between CML progression, TKI resistance, and CpG islands. The
increased methylation of specific genes, such as transcription factor AP-2 alpha (TFAP2A), early B-cell factor 2
(EBP2), and autophagy-related 16-like 1 (ATG16L1), has been observed in patients with blastic phase compared
to those in the chronic phase. Furthermore, methylated cases at baseline exhibited a higher frequency of
methylation in the ATG16L1 gene among CML patients. It was also found that methylated cases at baseline had
a lower probability of achieving a major molecular response (MMR) at 12 or 18 months than unmethylated
cases [30]. In CML blast crisis patients, somatic mutations in ASXL1, DNMT3A, RUNX1, and TET2 have been
associated with poor response to TKls and disease. However, the exact causal relationship between these
mutations and TKI resistance, disease progression, and relapse is not yet fully understood. EZH2, another
epigenetic regulator, has emerged as a factor associated with TKI resistance in CML. It serves as a histone
methyl-transferase and is a component of the polycomb repressive complex 2 (PRC2). Studies conducted in a
CML mouse model revealed that EZH2 was overexpressed in leukemic stem cells (LSCs), and its dysregulation
contributed to resistance against TKlIs and offered protection to LSCs. Inactivation of EZH2 using CRISPR/Cas9-
mediated gene editing resulted in reduced initiation, maintenance, and survival of LSCs, independent of BCR-
ABL1 mutations. Dysregulation of PRC2, which involves the reprogramming of EZH2 and H3K27me3, was also
observed in CML stem cells, leading to the evasion of apoptosis and the survival of LSCs [31, 32].

Last but not least, it is important to note the role of the immune system in CML, not only for disease
development and progression but also impact on prognosis and therapy response. It is challenging to establish
a direct association between the immune system and CML. The major complication is an accumulation of
immature myeloid cells known as myeloid-derived suppressor cells (MDSCs), originating from the malignant
BCR-ABL1 clone, which leads to suppression of both the innate and adaptive immune systems, thus
contributing to the development of CML [33]. However, there is growing evidence of a linkage between the
absence of relapse and immunological control of CML in patients who discontinued TKIs. For instance, there
are studies to support the relationship between the immune system, checkpoint inhibitors, microenvironment
and long-term molecular response. Namely, patients with successful results of TKI therapy and deep molecular
response possessed a reduced number of MDSC.
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Furthermore, it was found that a deep molecular response correlates with increased NK-cell and CD8+ T-cell
counts in the peripheral blood of CML patients [34]. In addition, the levels of checkpoint receptors such as PD1,
CTLA4, and TIM3 were elevated in CD4+ and CD8+ T cells of CML patients compared to healthy volunteers. In
other words, enhanced net effector immune responses and decreased PD-1 and immune suppressors may
promote sustained deep molecular response in CML [34, 35]. It is worth mentioning that cytokines and
chemokines IL-1 alpha, IL-1 beta, IL-6, G-CSF, TNF-, CCL3, and CCL4 are potentially responsible for the reduction
of CXCL12 functional expression. However, among these, anti-G-CSF antibody therapy increased CXCL12
expression and CML-LSC numbers in the bone marrow and reciprocally decreased CML LSC numbers in the
spleen, while only G-CSF in vitro decreased CXCL12 expression in bone marrow stromal cells [39]. In addition,
according to an investigation by Bruck et al., the levels of PD-1, TIM3, and CTLA4 in their CD4+ and CD8+ cells
were increased in comparison with controls. At the same time, the given levels were decreased in patients with
successful outcomes of TKI therapy, demonstrating a strong association between response to treatment and
the immune system [36]. There are many ongoing experiments to assume that immune biomarkers could be
applied to predict molecular response in CML patients undergoing TKI treatment.

2. Conclusion

Despite the significant progress in CML treatment through the use of TKIs, there are still challenges to
overcome. Disease progression to the latest stages, therapy resistance, and long-term dependence on TKI
therapy are major complications of CML management. Current approaches to overcome TKI resistance have
primarily focused on enhancing the effectiveness and selectivity of drugs targeting the BCR-ABL1 oncogene, as
well as addressing resistance caused by alterations in this oncogene. Nevertheless, BCR-ABL-dependent and
BCR-ABL-independent mechanisms contribute to the development of TKI resistance. Thus, there is a high
demand for novel therapeutic strategies that specifically target leukemic stem cells (LSCs) to address the
challenges faced by a significant portion of CML patients who do not achieve satisfactory outcomes with TKIs or
combining TKls with other agents targeting alternative survival pathways.

Also, unresponsive CML patients who do not exhibit modifications in the kinase domain should undergo
screening to identify alternative resistance mechanisms, as it may assist in determining the appropriate
combination-treatment approach for these individuals.

Combining new drugs that target the microenvironment, epigenetic factors, or metabolic pathways
responsible for the persistence of CML LSCs holds promise in improving the cure rate by addressing BCR-ABL-
independent mechanisms of resistance, which are responsible for TKI treatment failure.
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