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Abstract

we focus on how patients can overcome these issues.

resistance

Background Tyrosine kinase inhibitors (TKIs) are prescribed as a targeted therapy to treat chronic myeloid leuke-
mia patients. A challenge in clinical practice is that despite excellent efficacy and improved clinical response levels
acquired by imatinib, a number of patients receive TKl therapy but have a poor primary response, develop a drug
resistance, or relapse after initial success. This inter-individual difference into response has increased the concern in
investigating the pharmacogenetics of cancer drugs. This review discusses the influence of various factors, such as
BCR-ABL point mutation, efflux and influx transporters, and others, on targeted drug response in CML. Additionally,
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Background

Chronic myeloid leukemia (CML), as a hematologic
malignancy, is a clonal myeloproliferative disorder
caused by reciprocal chromosome translocation t(9;22)
(g34;q11), well known as the Philadelphia chromo-
some (Ph™), as the molecular hallmark of CML, leads
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to forming the breakpoint cluster region and Abelson
proto-oncogenel (BCR-ABLI1) fusion gene [1-3]. Pht
chromosome exists within 60-70% of CML patients [4—
6]. BCR-ABL gene, as an oncogene, can encode the BCR-
ABL tyrosine kinase protein. By constitutively activating
a tyrosine kinase receptor, it allows ligand-independent
stimulation of downstream signaling pathways that affect
cell adhesion, DNA repair, survival, and proliferation,
which all contribute to leukemia development [7-10].
Accordingly, an inhibitor of the BCR-ABL such as tyros-
ine kinase inhibitors (TKIs), should be a selective and
effective treatment for CML [11-15]. Despite acceptable
results of TKIs in the treatment of CML patients, tyros-
ine kinase inhibitor (TKI) resistance is the main chal-
lenge among these patients [16].

In recent decades, the treatment of cancers with anti-
cancer drugs has evolved. Nevertheless, patients treated
with identical therapeutic regimens show considerable
diversities in drug response and survival results. There-
fore, common treatment decision-making strategies
that depend solely on the clinical and histopathological
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factors of disease or environmental agents like age and
sex are not completely impressive for every patient [17,
18]. With the advent of human genome sequencing tech-
nologies and high-throughput genetic analysis methods,
it is undeniable that an individual’s genetic structure can
influence drug responses, thus increasing attention to
carefully examining genetic profiles in the monitoring of
cancer patients.

In this study, (1) CML disease and its therapeutic
aspects, (2) possible pharmacogenetic markers for pre-
dicting the response to TKIs, and (3) strategies to over-
come non-response to the treatment of these patients will
be discussed. To perform a literature review on chronic
myeloid leukemia (CML) and its treatment options, the
PubMed and Google Scholar databases were searched
using a range of keywords in various combinations. The
keywords used include chronic myeloid leukemia, tyros-
ine kinase inhibitors, imatinib, nilotinib, dasatinib, bosu-
tinib, ponatinib, asciminib, olverembatinib, vodobatinib,
treatment failure, BCR-ABL kinase domain mutations,
molecular biology, pharmacogenetics, resistance, and
personalized medicine. By combining these keywords in
different ways, researchers can explore various aspects
of CML and its management; these combined keywords
include: CML AND tyrosine kinase inhibitors AND
treatment failure, BCR-ABL kinase domain mutations
AND CML AND personalized medicine, imatinib (other
tyrosine kinase inhibitors) AND CML AND pharmaco-
genetics, imatinib (other tyrosine kinase inhibitors) AND
CML AND molecular biology, CML AND imatinib (other
tyrosine kinase inhibitors) AND resistance. The search
can also focus on emerging therapies such as olverem-
batinib and vodobatinib, as well as the molecular biology
and pharmacogenetics of CML. Other pertinent articles
have been chosen amongst the references of retrieved
literature.

Chronic myeloid leukemia (CML)
Myeloproliferative disorders refer to a group of hemato-
logic conditions characterized by abnormal growth and
proliferation of blood cells. Chronic myeloid leukemia
(CML) is one such disorder that results from the malig-
nant transformation of hematopoietic stem cells (HSCs).
The occurrence of CML is different depending on the
region. It varies from 0.4 per 100,000 persons in some
countries to 1.75 per 100,000 in the USA. The incidence
relates to age and sex; for instance, CML is a very infre-
quent disorder among children. In addition, it occurs
among men more than women [1, 2]. Furthermore, the
median age of people affected is approximately 56 years
[3].

Chronic myeloid leukemia is caused by chromo-
somal translocation of t(9;22), which results in the Ph™
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chromosome formation, and BCR-ABL1 gene manufac-
turing [4]. BCR-ABL plays a critical role in producing
the disease by tyrosine kinase activity. During alterna-
tive splicing, the BCR-ABL gene is able to produce three
types of fusion transcripts with different molecular
weights such as P210, P190, and P230 that have consti-
tutively active tyrosine kinase. P210BCR-ABL is more
common than the other ones [5]. P210BCR-ABL leads to
phosphorylation of various cellular substrates, as a result
of activating several downstream signal-transduction
cascades such as RAS/MAPK, c-Casitas B lineage lym-
phoma (c-CBL), PI3- kinase, and Chicken Tumor 10 Reg-
ulator of Kinases-like protein (CRKL), Src pathway, and
JAK-STAT by p210 BCR-ABL cause the malignant form
of the cells. Thereby p210 can control cell differentiation
and proliferation [6].

Chronic myeloid leukemia stages divide disease pro-
gression into three phases: chronic phase (CP), acceler-
ated phase (AP), and blast phase (BP) [7].

Nearly 90% of patients diagnosed with CML are asymp-
tomatic [8]. Pain or a feeling of fullness below the ribs on
the left side can be caused by an enlarged spleen (sple-
nomegaly) [9]. According to the National Comprehen-
sive Cancer Network (NCCN) and European Leukemia
Net (ELN) guidelines, the clinical presentation of CML
can include the following signs and symptoms: fatigue,
weakness, or shortness of breath. These symptoms may
be caused by anemia (a low red blood cell count) or by
the buildup of abnormal white blood cells in the bone
marrow. Unusual bleeding or bruising can be caused by
a low platelet count (thrombocytopenia). Rapid weight
loss can be caused by the cancer cells taking up space in
the bone marrow, making it difficult for normal cells to
grow. Recurrent infections can be caused by a low white
blood cell count (leukopenia). Skin rashes or itching due
to depositing cancer cells in the skin [10-12].

Treatment of CML disease

Chronic myeloid leukemia is presented in three phases
including: chronic phase (CP), accelerated phase (AP),
and blast phase (BP).

CP is the most common and first stage of the disease
with a little or no symptoms in the patient but according
to studies, the frequency of chronic phase chronic mye-
loid leukemia (CML) in adults is estimated to be around
85-90% of all cases of CML. In pediatric patients, CML is
a rare disease, and the frequency of chronic phase CML
is not well established. However, a study published in the
journal Cancer in 2020 reports that the incidence of CML
in the pediatric population is estimated to be around
1-2% of all childhood leukemias [13-15].

Most people in the CP stage respond well to standard
treatments such as IMA, nilotinib, dasatinib, or bosutinib
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[16, 17]. If the patient is resistant to the first line of
medication, the dose may be increased, or another TKI
may be tried [18]. In the AP, leukemia cells in the body
quickly begin to develop symptoms. Also, leukemia cells
often acquire new gene mutations that accelerate their
growth [19]. Treatment for the AP of CML depends on
the medication the patient has already received [20, 21].
If the patient has not received any treatment, the patient
will receive TKIs [22]. Most patients respond to IM at
this stage, though these responses do not last as long as
patients within the CP, so novel drugs such as nilotinib
and dasatinib are often used at this stage [23].

In the BP, symptoms and leukemia cells become more
abnormal [24]. For patients who have not been previ-
ously treated for the blast phase, high-dose IMA may be
helpful [25]. Newer TKIs such as bosutinib, nilotinib, and
dasatinib show a better effect on BP, and ponatinib may
only be used after testing all other TKIs [26].

The treatment process in patients depends on their dis-
ease phase, their age, other prognostic agents, and the
possibility of stem cell donation [27]. Despite the high
efficiency of TKIs therapy, patients do not show identical
responses to the same treatment [28]. Then, the patient’s
response to treatment was divided into three categories
of optimal response, warning, and failure based on the
evaluation of cytogenetic and molecular response [12].
In addition to mutations and overexpressions of BCR-
ABLY], inhibition of drug transporter activities, activation
of alternative signal pathways, dysfunction of DNA repair
and genomic instability, epigenetic abnormalities, per-
sistence of leukemia stem cells (LSCs), and dysfunction
of the immune system, drug resistance is a multifactorial
process [29, 30].

Tyrosine kinase inhibitors

IMA

imatinib (IMA) (GLEEVEC®) is the most commonly pre-
scribed first-line medication used to treat CML universal
[31]. Patients with Ph4+CML who have failed interferon-
alpha therapy or whose disease has recurred following
stem cell transplantation have been included in its indica-
tions. For other diseases, the indication of this medicine
includes patients with ph+acute lymphoblastic leukemia
(ph+ALL), diseases associated with the platelet-derived
growth factor receptor (PDGFR) gene rearrangement,
aggressive systemic mastocytosis (ASM) without the
D816V c-Kit mutation or unknown c-Kit mutation sta-
tus, chronic eosinophilic leukemia (CEL) who have the
FIP1L1-PDGFRa fusion kinase, and HES or CEL who
are FIP1L1-PDGFRa fusion kinase negative or unknown,
unresectable, recurrent, metastatic dermatofibrosar-
coma protuberans (DFSP), and malignant stromal tumors
(GIST) [32, 33]. Inhibition of the BCR-ABL protein
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occurs through binding of IMA to the ATP pocket in the
active site, preventing downstream phosphorylation of
target proteins [34].

For patients in the chronic phase of CML, the recom-
mended initial dose is 400 mg per day. For patients in the
accelerated or blast phase of CML, the recommended ini-
tial dose is 600 mg per day. If a patient experiences low
levels of white blood cells or platelets, the dose may be
held or reduced until the levels return to a safe range. If a
patient experiences severe hepatotoxicity or fluid reten-
tion, the medication may be held until the issue resolves.
Patients with moderate or severe renal impairment
should receive a lower dose and should be used with cau-
tion [11].

IMA is a highly selective drug against specific molecu-
lar targets. IMA, as an inhibitor, can restrain c¢-KIT, Abl,
platelet-derived growth factor receptor (PDGF-R), Abl-
related gene (Arg), and finally BCR-ABL activity [31, 35,
36].

An analysis of the outcomes of IMA treatment for
chronic myeloid leukemia over a period of 10.9 years
showed that 83.3% of patients in the IMA group sur-
vived at least 10 years. Most (48.3%) of patients randomly
assigned to IMA completed study treatment with IMA,
and 82.8% had a complete cytogenetic response. In the
first year of treatment, serious adverse events that the
investigators considered to be associated with IMA were
uncommon [37].

Based on the results of the phase 2 study including
patients who were resistant or intolerant to interferon
therapy, IMA was the first TKI to receive the approval for
the treatment of CML. A complete cytogenetic response
(CCyR) rate of 69% was estimated after 12 months of
treatment with IM. Patients treated with IMA experi-
enced a better response than those treated with inter-
feron and cytarabine [38, 39]. In the most recent update,
an overall survival rate of 83% was estimated at 10 years.
Following 5 and 10 years of follow-up, respectively, 31%
and 52% of patients assigned to IMA stopped treatment.
There were only 4% of patients discontinued treatment
due to side effects [40].

Treatment with IMA is mostly well endured with a low
occurrence of intense side effects. But, the most common
adverse events include mild-to-moderate edema, nausea,
muscle cramps, skin rashes, diarrhea, and myelosuppres-
sion [41, 42]. There is a possibility of irreversible acute
renal injury associated with IM therapy. After discontin-
uing IMA treatment, the estimated glomerular filtration
rate and hemoglobin levels may improve. There has been
no report of serious long-term exposure toxicity associ-
ated with IMA [43-45].

Amplification, or overexpression of BCR-ABL, clonal
evolution, and mutations in the P-loop, catalytic domain,



Zaker et al. Egyptian Journal of Medical Human Genetics (2023) 24:31

and another mutation have been displayed to play a role
in primary and secondary resistance against IM, respec-
tively, which will be discussed in the next part. Increased
comprehension of the underlying mechanisms of resist-
ance has led to the improvement of novel second-gener-
ation TKIs [46].

Nilotinib

Nilotinib (TASIGNA®), as a second-generation TKIs, is
designed to dominate the resistance created by IM due
to a vast range of mutations (F317L/VLI/C, T315A, and
V299L) [33]. Nilotinib compared to IMA: (1) induce
faster and deeper molecular responses, (2) the binding
site is more lipophilic and therefore has greater potency
and selectivity (fits into the ATP-binding site), (3) can
bind to the inactive conformation of the ABL kinase
domain (KD) [47].

For patients newly diagnosed with the chronic phase
of CML, the recommended initial dose is 300 mg twice a
day. For patients who are resistant or intolerant to other
treatments, the recommended initial dose is 400 mg
twice a day. For patients in the blast phase of CML,
the recommended initial dose is 400 mg twice a day. If
a patient experiences low levels of white blood cells or
platelets, the dose may be held or reduced until the levels
return to a safe range. If a patient experiences QT inter-
val prolongation, the medication may be held or reduced.
If a patient has a history of peripheral arterial occlusive
disease or cardiovascular risk factors, nilotinib should be
used with caution, and if peripheral arterial occlusive dis-
ease is confirmed, nilotinib should be permanently dis-
continued [11].

In a study, nilotinib was associated with an incidence of
5% for ischemic heart disease, 1.4% for ischemic cerebro-
vascular disease, and 4.3% for peripheral arterial disease
after 6 years, compared with IMA [48].

A study followed patients with newly diagnosed CML
in chronic phase for 10 years or more and found that
nilotinib had higher rates of molecular response, lower
rates of disease progression and CML-related death, and
increased eligibility for treatment-free remission (TFR)
when compared to IMA [49].

Dasatinib

Dasatinib (SPRYCEL®), as an oral TKIs medicine, shows
its benefits in cases where IMA fails because of resistance
to specific mutations (Y253H, E255V/K, and F359V/1/C),
and it has been reported that dasatinib has more signifi-
cant activity in inhibiting BCR-ABL than IMA [50, 51].
Also, with a CCyR rate of 98% at 12 months, dasatinib
was evaluated as first-line therapy in the treatment of
CP CML [52]. Dasatinib can bind to multiple conforma-
tions of the ABL kinase and also inhibit PDGFR-A and
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B, SRC-family kinases (SRC, LCK, YES, FYN) and ¢-KIT,
and ephrin receptor kinase [53].

The initial recommended dose for patients in the
chronic phase of CML is 100 mg once daily, while the
recommended initial dose for patients in the accelerated
or blast phase of CML is 140 mg once daily. National
Comprehensive Cancer Network outlines guidelines
for adjusting the dose in cases of hematologic and non-
hematologic toxicities, as well as rare but serious tox-
icities such as pulmonary arterial hypertension (PAH).
These adjustments include holding or reducing the dose
of dasatinib, using growth factors in combination, and
using diuretics, supportive care, and steroids to manage
fluid retention events and pleural/pericardial effusions.
National Comprehensive Cancer Network suggests tak-
ing the medication with a meal and large glass of water
to prevent gastrointestinal upset and using topical or sys-
temic steroids, dose reduction, dose interruption, or dose
discontinuation for rash [11].

Approximately 30% of patients treated with dasatinib
develop pleural effusions. In addition, more than 70% of
patients experience a recurrence of the pleural effusion
once dasatinib is restarted. As a result of dose adjust-
ments based on dasatinib plasma levels, pleural effusion
rates can be reduced, while responses are maintained. It
is uncommon for dasatinib to cause pulmonary arterial
hypertension (PAH), but it may lead to severe and some-
times irreversible complications [42, 54—58].

In a study of patients with chronic CML who had resist-
ance or intolerance to IMA, those who received dasatinib
had a high rate of progression-free survival and overall
survival. Most adverse events occurred within the first
2 years of treatment, and it was concluded that dasatinib
can provide long-term benefits for patients with CML
who have resistance or intolerance to IMA [59].

Bosutinib

Bosutinib (Bosulif®) acts as a dual Src and Abl kinases
inhibitor. Interestingly, separately lower concentrations
of the dual src/abl suppressor are essential to cut BCR-
ABL phosphorylation when compared to IMA. Bosutinib
has exhibited favorable harboring results in CML patient’
resistance to mutations or intolerance against IMA [60].
In vitro studies showed that bosutinib also repressed 16
of 18 IM-resistant isoforms of BCR-ABL1 kinase [61-65].
The studies found no difference in CCyR between bosu-
tinib and IM even though bosutinib is associated with a
higher likelihood of achieving major molecular response
(MMR) than IMA [66-69].

The recommended initial dose for newly diagnosed
CML is 400 mg once daily. For CML, AP-CML or BP-
CML that has shown resistance or intolerance to prior
therapy, the recommended initial dose is 500 mg once
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daily. Dose adjustments may be made based on hema-
tologic toxicities, such as low levels of white blood cells
or platelets. If recovery occurs within 2 weeks, treatment
may be resumed at the same dose. If blood counts remain
low for more than 2 weeks, the dose may be reduced by
100 mg upon recovery. Doses lower than 300 mg/day
have not been evaluated. Non-hematologic toxicities,
such as diarrhea or liver transaminase elevation, may also
require dose adjustments. Special consideration should
be given to patients with preexisting hepatic or renal
impairment. If clinically appropriate, bosutinib may be
re-escalated to 500 mg once daily [11].

A common side effect of bosutinib is diarrhea. Most of
the time, this side effect can be managed by reducing or
interrupting the dose [42, 66, 67]. Pleural effusions are
generally uncommon in patients who are treated with
bosutinib [70]. Long-term exposure to bosutinib has
been associated with a decrease in the glomerular fil-
tration rate [71]. A study with the purpose of use of the
drug bosutinib in adults with CML who have either been
newly diagnosed or have developed resistance or intol-
erance to other treatments such as IMA followed 284
patients for an average of 5 years and found that at 2 and
5 years, 54% and 40% of patients, respectively, were still
receiving treatment with bosutinib. The study found that
the drug had a high rate of success in achieving cytoge-
netic response and complete cytogenetic response and
that the majority of adverse events occurred within the
first 2 years of treatment. Overall, the study suggests that
bosutinib is a viable option for treating CML in patients
who have developed resistance or intolerance to other
treatments, with durable efficacy and manageable side
effects over time [72].

Ponatinib

Ponatinib (ICLUSIG®), as a third-generation kinase
inhibitor, is organized to prevail over the T315I mutation.
This medicine demonstrated inhibitory operation against
native BCR-ABL1 kinase and different ABL1 mutations
in different trials. Also, P-loop, B3-, f5- strands and «C-
helix are mainly responsible for ponatinib binding [73].
For this reason, ponatinib is recently illustrated for the
treatment of CML in each phase of the disease resist-
ant to dasatinib, nilotinib and IMA [74]. More studies
have indicated that ponatinib is active on KIT, MEK/
ERK kinase 2 (MEKK2), AKT, extracellular signal-reg-
ulated kinase (ERK1/2), fibroblast growth factor recep-
tors (FGFRs), rearranged during transfection (RET), and
other kinases, and this medicine has been assessed on
various cancers in which these kinases play important
roles, including ovary, breast, lung, thyroid cancers, neu-
roblastoma, rhabdoid tumors and in myeloproliferative
disorders [75].
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The initial recommended dose is 45 mg once daily for
patients in the chronic phase of CML and can be reduced
to 15 mg once daily upon achieving a certain level of dis-
ease response. For patients in the accelerated or blast
phase, the recommended initial dose is 45 mg once daily.
Dose adjustments are recommended for hematologic and
non-hematologic toxicities, such as low blood cell counts
or liver enzyme elevations [11].

As a consequence of ponatinib, patients with CP-CML
were more likely to experience cardiovascular events,
including arterial occlusive events, which were 31% in
five years (16% cardiovascular, 13% cerebrovascular, and
14% peripheral arterial vascular events). A reduction in
the dose of the drug is recommended for the manage-
ment of these side effects [76].

Asciminib

Asciminib (SCEMBLIX®) is a selective allosteric inhibi-
tor of BCR-ABL1 that binds to the second myristoyl
ABL1 kinase with high intensity, unlike other TKIs [77].
Because the myristoyl domain is not readily found in
other kinases, this inhibitor is highly selective for BCR-
ABL1. The design logic of asciminib is based on the
results obtained in docking, nuclear magnetic resonance
(NMR) and crystallographic studies. Among the com-
pounds with specific properties for causing significant
curvature at the C-terminus of the second domain, asci-
minib has been identified [78]. A phase 1a study was con-
ducted with asciminib and nilotinib, dasatinib, or IMA in
patients with chronic myeloid leukemia who had become
resistant or intolerant to the previous two lines of ther-
apy. Asciminib was combined with nilotinib, IMA or
dasatinib in this study to increase the dose of single-agent
asciminib. The study included 141 patients with chronic
phase CML and nine patients with accelerated phase
CML with a mean follow-up of 59 weeks. According to
the registration data, 105 patients (70%) had received at
least three previous TKIs, mainly IMA (73%), nilotinib
(76%) and dasatinib (87%), and 46 patients (31%) had at
least one mutation within the BCR-ABL. Following the
administration of the drug, 92% of 37 patients without
a complete hematologic response achieved one. There
was a complete cytogenetic response (CCyR) in 54% of
57 patients without CCyR within 24 weeks. Within six
months and twelve months, 37% and 48% of patients
achieved MMR, respectively [79]. In a subset of patients
with the T315] mutation, those who have been resistant
to previous therapies, asciminib, as the first example of
an allosteric inhibitor, may offer a promising treatment
option as a third-line therapy [80]. Asciminib is a medi-
cation that should be taken orally without food. Patients
should avoid food 2 h before and 1 h after taking asci-
minib. The recommended initial dose for CP-CML
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(previously treated with>2 TKIs) is 80 mg orally once
daily or 40 mg twice daily (at approximately 12-h inter-
vals). For patients with CP-CML with T315I mutation,
the recommended initial dose is 200 mg orally twice
daily (at approximately 12-h intervals). Dose adjustments
should be made for hematologic and non-hematologic
toxicities, such as absolute neutrophil count < 1.0 x 10%/L,
platelets <50 x 10°/L, elevated serum amylase and/or
lipase, hypertension, hypersensitivity and cardiovascular
toxicity. Drug interactions should be closely monitored
with strong CYP3A4 inhibitors, itraconazole oral solu-
tion containing hydroxypropyl-p-cyclodextrin, CYP3A4
substrates, CYP2C9 substrates, P-glycoprotein substrates
[11].

A study looks at the effectiveness and safety of the drug
asciminib in patients with CML who had failed previ-
ous treatments. The study included 20 patients with a
median age of 60.1 years at the time of diagnosis, and
most patients were alive at the time of the survey. The
majority of patients had comorbidities, with the most
prevalent being cardiovascular, respiratory, and endo-
crine conditions. The median time from diagnosis to
starting asciminib treatment was 9.5 years. Most patients
received asciminib as the fourth or fifth line of treatment,
and the median BCR-ABLI1IS level at the start of treat-
ment was 1.05%. A total of 55% of patients discontinued
their previous treatment due to intolerance, 25% due
to lack of efficacy, and 25% due to both. Forty-five per-
centage of patients achieved a MMR at a median dura-
tion of 2.2 months. Thirty percentage of patients failed
to achieve MMR. Seventy percentage of patients were
still receiving asciminib at the time of analysis, for a
median duration of 13.4 months. Six patients discontin-
ued treatment for various reasons, including intolerance
and disease progression, and one patient required a dose
reduction due to side effects [81].

Future TKI drugs

Olverembatinib

As an oral, third-generation BCR-ABL1 TKI, olverem-
batinib (HQP1341) is being developed to treat CML,
ALL, as well as solid tumors including GIST. In addition
to inhibiting wild-type and mutant BCR-ABL1 kinases,
olverembatinib also inhibits the mutant T315I protein,
which confers resistance to all first- and second-genera-
tion TKIs. Olverembatinib was approved in China for the
treatment of adult patients with CP-CML or AP-CML
harboring the T315] mutation in November 2021. In
the USA, as of the time this article was written, clinical
studies are being conducted on CML and precursor cell
ALL, and in China, studies are being conducted on solid
tumors, including GIST [68, 82, 83].

Page 6 of 21

Vodobatinib

Vodobatinib is a new drug that is currently being studied
in patients with advanced CML who have been intoler-
ant or resistant to some of the TKIs or have other comor-
bidities that make the use of other TKIs difficult. In vitro
studies have demonstrated its efficacy against most BCR-
ABL mutations, and it is being investigated as a potential
new therapy for CML [68, 84].

How to measure molecular and cytogenetic
response

Gold standard method for molecular and cytogenetic
response measurement

After talking about the different mechanisms of response
to treatment, we answer the question, how to measure
the response to treatment?

The monitoring of treatment for chronic myeloid leu-
kemia (CML) is now mainly done using quantitative PCR,
which measures the levels of BCR-ABL1. This method is
known as the International Scale (IS) [85, 86], and it was
found that early response to treatment was an important
factor in determining the outcome of treatment. The IS
has also defined milestones for deep molecular remis-
sion (DMR), with a BCR-ABLI1 level of less than 1% being
equivalent to complete cytogenetic remission [45, 87,
88]. Cytogenetics is no longer recommended for routine
monitoring. It’s only used when molecular monitoring is
not possible, such as in cases of atypical translocations,
atypical transcripts, or additional chromosomal aber-
rations. If MMR is not reached within 36—48 months, a
change in treatment is recommended [12].

It may be necessary to perform molecular testing in
patients who fail TKI therapy due to BCR-ABL1 point
mutations that disrupt TKI binding. In some cases,
hybrid mutations of BCR-ABL1 can be very resistant to
first-, second-, and even third-generation TKIs due to
their clonal configuration. There is no doubt that Sanger
sequencing is the gold standard for screening BCR-ABL1
KD mutants, but it is relatively insensitive [89-92].

Cytogenetic responses have been evaluated, as accurate
and sensitive checking of BCR-ABL1 transcript levels,
via RT-qPCR. Estimation of cytogenetic response is usu-
ally monitored every three months till MMR is reached
and every 3-6 months after that [12]. Fluorescence
in situ hybridization (FISH) can be used to evaluate the
cytogenetic response in patients as previously described.
If the patient responds well to medication and the FISH
test is negative at 6 or 12 months of age, or BCR-ABL1
transcripts are less than 1%, the patient is likely to have
a complete cytogenetic response (CCyR) [93]. Therefore,
the NCCN 2021 guidelines recommend maintaining
cytogenetic assessment for diagnosis, failure to achieve
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response and loss of hematologic or cytogenetic response
[94].

Monitoring methods in the future

The gold standard for BCR-ABL1 KD mutant screen-
ing is Sanger sequencing, but this technique is relatively
weakly sensitive [89-92]. Considering BCR-ABL1 point
mutations, digital PCR (dPCR) are considered alternative
method for Sanger sequencing [91]. In a study aimed at
quantifying mutations that produce resistance to one or
more second-generation TKIs (such as T315I/A, F359V/
I/C, V299L, E255K, F317L/V/I/C, E255V, and Y253H),
excellent dPCR matching was shown in positive samples
for second-generation TKI-resistant mutations. How-
ever, next-generation sequencing (NGS) technique stays
a better way to diagnose emerging mutations because of
its ability to detect the large number of various mutations
that can resist to TKIs [95].

A recent study has found that NGS is more effective
than traditional methods in detecting these low-level
mutations, which can indicate the resistance to TKIs or
progression of the disease. Monitoring the kinetics of
these mutations through NGS can help identify patients
who need to switch to a different TKI or TKI dose and
that NGS with a myeloid mutation panel should be con-
sidered for patients with no identifiable BCR-ABL1
mutations [96].

The use of machine learning methods to identify the
usual types and subtypes of leukemia has been very prac-
tical in recent decades. One of the most comprehen-
sive attempts was made ten years ago by using genomic
expression profiles to diagnose and classify different
types of leukemias by Salah et al. [97]. Artificial intelli-
gence (AI) and machine learning (ML) techniques are
also useful for combining large-scale omics information
from cancer patients and for exploring gene expression
profiles in response to several drugs [98]. In general, this
method provides a positive relationship between gene
expression and drug activity, allowing the detection of
gene purposes for drugs examined. Conversely, a nega-
tive correlation between gene expression and measured
drug function (e.g., detection of high-level expression
of a gene subject to reduced activity of a drug) suggests
that like a gene may mediate resistance and hypersensi-
tivity to the drug [99, 100]. Specially, a machine learning
model can forecast CML utilization blood cell counts and
diagnose CML earlier in the disease course compared
to routine medical examinations. The leukemia artificial
intelligence (LEAP) program has recently been developed
using the decision tree method with extreme gradient
boosting (XGBoost) to determinate tree procedure for
the optimal therapy advice for TKIs in patients with CP-
CML. As a result, the AI method can consistently address
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the challenges of international data analysis to choose the
appropriate TKI with the exact prediction [101, 102].

Mechanisms of drug resistance

The BCR-ABL1 rearrangement in CML patients results
in overexpression of ABL1 [103, 104], and the develop-
ment dependence of CML cells on constitutively acti-
vated BCR-ABL tyrosine kinase permits its objecting
by TKIs [105]. It is approximated that more than 25%
of CML patients will expand resistance to first-line TKI
therapy and have to change this, at least once through-
out their lifespan [43, 106, 107]. Drug resistance mecha-
nisms in patients as it is shown in Fig. 1 can be divided
into two groups: BCR-ABL-independent mechanisms
and BCR-ABL-dependent mechanisms [108]. BCR-
ABL-dependent mechanisms include mutations of the
BCR-ABL kinase domain, mutations outside BCR-ABL
kinase domains, compound mutations, amplification or
overexpression of BCR-ABL and BCR-ABL-independent
mechanisms including activation of alternative pro-sur-
vival signaling pathways as a mechanism of resistance,
drug influx—efflux activity, clonal evolution, genomic
instability, epigenetic modifications, CML stem cells and
cytochrome P450 (CYP) isoenzymes polymorphisms
[109, 110]. In the following, we are going to explain some
of these important mechanisms (Fig. 2).

BCR-ABL-dependent mechanisms

Mutations inside the BCR-ABL kinase domain

The successfulness of therapy with TKI is extremely
dependent on suitable BCR-ABL1-drug interplay, and
one of the most investigated mechanisms is those related
to the reactivation of BCR-ABL1 kinase function [30,
111]. Mutations on the fusion gene and overexpression of
BCR-ABLI1 that interfere with the binding of TKI to tar-
geted kinase may cause resistance [106].

Point mutations within the ABL kinase domain, as
the leading cause of TKI resistance, and other domains
that control the conformation of this domain prevent
the binding of drugs via changing the BCR-ABL confir-
mation or by preventing the attaching altogether, lead-
ing to acquired resistance instead of primary resistance.
Mutations can happen at diverse structural subunits of
the kinase domain and, based on where mutations hap-
pen, are divided into four significant groups, includ-
ing (1) the P-loop (ATP-binding loop), among 244 and
255 residues; (2) the IMA direct binding site (DBS)
between 315 and 317 residues; (3) the C-loop (cata-
lytic domain) between 350 and 363 residues and (4)
the A-loop (activation loop) between 381 and 402 resi-
dues (Fig. 2). Some other examples of these mutations
are listed in Table 1 [94, 106, 112—115]. The mutations’
manifestation could result from the elective force of
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Fig. 1 Drug resistance mechanisms which are divided into two categories: BCR-ABL-dependent mechanisms and BCR-ABL-independent

mechanisms

preexisting mutant clones, genetic instability derived
via BCR-ABLI, and the drug itself, which gently out-
grows the drug-sensitive cells [116, 117]. T315I (isoleu-
cine replaces threonine in position 315 of BCR-ABL1),
as a gatekeeper mutation, was the first mutation shown
in recurred CML patients and reasons the highest level
of resistance to all kinds of TKIs and the only TKI
approved for clinical use in this situation is ponatinib
[118-121]. Other mutations such as H396P, E255K,

F317L, E255V, M351T, Y253F, H396P, and Y253H have
also been detected in the ABL kinase domain that con-
ferred different levels of resistance [122—124].

Besides T351I, a mutation in the P-loop was the
most common case detected within resistant patients
[125]. This mutation leads to persuade destabilization
of BCR-ABLI conformation, damaging IMA action also
nilotinib function, and association with a further risk of
disease progression [125]. Patients with resistance due
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deregulation

to mutation in BCR-ABL are identified with the help of
Sanger sequencing then therapy is changed [96].

An assessment of the activity of bosutinib, dasat-
inib and nilotinib against 18 IMA -resistant BCR/ABL
mutants was conducted. Based on its results, eight out
of 18 mutants showed resistance to bosutinib, ten out of
18 to dasatinib and 13 out of 18 to nilotinib and IMA. In
addition to T315I, highly resistant mutants were observed
for bosutinib, IMA and nilotinib, whereas dasatinib was
highly resistant only to T315I. Despite high resistance to
nilotinib in all P-loop mutants, bosutinib and dasatinib
showed improved activity patterns, especially in patients
who were IMA -resistant. Inactivities were confirmed
against the mutation V299L by bosutinib. It is interesting
to note that alterations at this position appear to be sen-
sitive to the effects of IMA and nilotinib treatment. The
treatment of H396P/R mutations in the activation loop or
F359V mutations in the active site is more effective with
bosutinib and dasatinib than with nilotinib. However,
nilotinib appears to be more effective against F317L than
bosutinib or dasatinib. Dasatinib and bosutinib have sim-
ilar profiles, but are not identical; bosutinib, for instance,
has greater activity against Q252H than dasatinib [126].

Mutations outside the BCR-ABL kinase domain

There is a minor and frequent incidence of point muta-
tions outside the kinase domain, but they could have an
impact on resistance to TKIs [29]. These domains are
included Src homology 2 (SH2), Src homology 3 (SH3),
and cysteine-rich secretory proteins, antigen 5, and

pathogenesis-related 1 proteins (Cap) domains (Fig. 2).
These domains are involved in the auto-inhibition of ABL
kinase [127]. Mutations on the SH domain could destroy
the BCR-ABLI structure and therefore disrupt the TKI
proficiency [128, 129]. Although mutations in these
domains are uncommon, mutations like T212R in the
SH2 domain lead to drug resistance [129, 130]. Also, sev-
eral investigations have announced resistance attainment
via malformed splicing of BCR-ABL1; that they are cor-
related with nucleotides insertion, specifically the main-
tenance of 35 intronic nucleotides on exon 8-9 of ABL1
[131, 132]. In addition, mutations within and around the
myristoylation pocket can cause resistance to asciminib
[133-135].

Somatic mutations and polymorphisms

In chronic myeloid leukemia, different mutations corre-
lated with response to TKI and/or development to acute
phase or blast phase have been described, proposing a
role for further mutations in addition to BCR-ABL1 in
the progression of CML disorder [136]. It is investi-
gated that within TKI treatment, CML patients gather
or lose mutations that impact the patient’s response to
TKI [137]. For instance, mutations appeared during the
first 6-12 months subsequent to beginning TKI in 37%
of CML patients, by good responders having a lower
frequency of obtained mutations. Particularly, muta-
tions into TP53 were related to TKI resistance [138].
Also, HLA-E*01:03, interferon regulatory factor 1 (IRF1),
alpha protein kinase 2 (ALPK2), and Cytochrome P450
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Table 1 Mutations inside the BCR-ABL kinase domain and resistance to medicines received in patients

IMA Nilotinib Dasatinib Bosutinib Ponatinib Mutation location
M244V M244V M244V M244V M244V P-Loop
Q252H 1248V Q252H Q252H E255K/NV
Q252H E255K/V Y253F
Y253H/F Y253H
E255K/V
L387F L387F H396P/R H396P H396P A-Loop
H396P/R H396P/R
M351T M351T F359C/V M351T M351T C-Loop
E355G/D/A F359V/C/I F359V
F359v/C/I
E123Q E123Q T212R SH2 (outside ABL KD)
T212R
E275K D276G V299L M343T Other
D276G V299L
F4865 F486S
F317LVI/C F317L/V/C F317LNVI/C T315I DBS
F317L
Y253H/E255V Q252H/T315I Compound mutation
Y253H/T315I F317L/E255V
T3151/M351T
T315I/F359V
T3151/H396R
F317L/E459K
248V . 248R L 248R . 248R P-Loop
248R G250E 1248V G250E
G250E G250E E255K
Y253H/F E255V
E255K/V
H396R A-Loop
C-Loop
T212R SH2 (outside ABL KD)
E279K V2991 Other
F311L
T3151 T315! T3151 T315I DBS
T315V T315V T315A T315V
T315V T315R
F317v
[ 248R/F359I . 248R/F359I L248R/F359I . 248R/F359I L248R/F359I Compound mutation
M351T/E255K Y253H/T3151
T3151/G250E
E255V/T315I
T3151/M351T
T3151/L.384M
T315I/E453K
F317L/F359V/C
T315I/E459K

F317L/L384M

1B1 (CYP1B1) polymorphisms are displayed in CML
patients who relapsed [139, 140] (Fig. 2).

Compound mutations

Compound mutations are a common matter within CML
treatment, which is the existence of two or more muta-
tions happening in the identical BCR-ABL1 clone [109].
As a result, the interaction among them could lead to
resistance [103, 141]. Compound mutations presumably

arise sequentially and are different from polyclonal muta-
tions that result from at least two point mutations within
the kinase domain of segregate BCR-ABL proteins [142].
Consecutive TKI treatment could be one of the major
agents for the continuous enhancement in the occur-
rence of compound mutations [143].

T3151/E255V or other BCR-ABL1 compound muta-
tions, particularly those including T315I cause resist-
ance to all approved TKIs, including ponatinib [141]
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(Fig. 2). Some of these compound mutations are shown
in Table 1.

Overexpression of BCR-ABL

Gene amplification or upregulation at the transcriptional
level is the reason for the BCR-ABL1 overexpression that
is only detected in a rare ratio of patients [144, 145]. The
expression levels of BCR-ABL1 (both at the mRNA and
protein levels) and activity can alter the normal cellular
and genetic features and then able to increase disease
progression [146, 147].

BCR-ABL1 overexpression causes resistance by esca-
lating the oncoprotein concentration, required to be
blocked by TKI [111] (Fig. 2). It is presumed that this
overexpression or amplification of BCR-ABLL1 leads up to
the appearance of point mutations in the kinase domain.
For example, CD34-positive CML stem cells that have
higher levels of expression of BCR-ABL might show
more resistance to IMA and might make more mutations
compared with cells expressing BCR-ABL at lower rates
[148].

DNA damage repair and genomic instability

Among the factors that have contributed to the evolution
of CML, causing TKI resistance and disease transfer from
CP-CML to more virulent stages through DNA damage,
and genomic instability (such as numerical and structural
chromosomal changes and copy number alterations) is
DNA damage response deregulation (DDR) [149-151].
The patient with CML witnesses genomic instability and
DNA damage response (DDR) signaling pathway due to
reactive oxygen species (ROS) overproduction, which
causes replication pressure and centrosomal dysfunc-
tion and eventually prevents apoptosis [147, 151, 152]
(Fig. 2). Nevertheless, as well as the DNA lesions, DNA
damage repair pathways are activated in Ph-positive cells
to reduce DNA damage. These error-prone pathways
include alternative non-homologous end joining (NHE]),
single-strand annealing (SSA), and unfaithful homolo-
gous recombination repair (HRR) [153-158]. In these
cells, the generally error-prone HRR promotes point
mutations; the NHE] induces large-scale nucleobase lack,
and the vast activity of single-strand annealing (SSA)
leads to massive deletions [159]. The mutagenic nucleo-
tide excision repair (NER) is boosted, while the other
DNA damage repair pathways are stopped, including
mismatch repair and base excision repair (MMR) [160—
165]. So, as a result, DNA damage repair disturbance in
CML directly or indirectly contributes to TKIs resistance
and CML progress. Indirect impact mediates genetic
instability and the consequent accumulation of point
mutations within the ABL1 kinase domain and chromo-
somal aberrations. In turn, these effects contribute to the
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prevention of the binding of TKIs, and activation of alter-
native cellular signaling pathways that also lead to TKI
resistance, such as SRC, JAK/STAT, PI3K/AKT and RAS/
MAPK pathways [166]. Therefore, upregulation of the
NHE]J factors (Poly (ADP-Ribose) Polymerase-1 (PARP1),
Werner Syndrome Helicase (WRN), and DNA ligase
IIIa), BER genes (methyl-CpG binding domain protein
4 (MBD4) and Nth Like DNA Glycosylase 1 (NTHL1)),
DNA damage repair genes (DNA repair protein RAD51
homolog 2 (RAD51L1), Excision repair cross-comple-
menting rodent repair deficiency, complementation
group 5 (ERCC5), and Fanconi Anemia complementation
group A (FANCA)), and downregulation of the princi-
pal NHE] proteins Artemis and DNA ligase IV can con-
tribute to resistance to treatment with IMA [167-173].
An example of additional chromosomal abnormalities
(ACAs) is 3q26.2 abnormalities that are related to TKI
resistance and poor prognosis [174].

BCR-ABL-independent mechanisms

Activation of alternative pro-survival signaling pathways
Survival of CML stem cells does not just rely on BCR-
ABL1 function so these cells are not destroyed by TKIs
probably because they can also activate some alternative
pro-survival signaling pathways, including PI3K/AKT,
JAK/STAT, Ras/MAPK, and Src signaling pathways [175,
176]. In these pathways, cells keep on proliferative in
spite of effective prevention of the initial oncogenic driver
kinase [177]. CML stem cells can also activate autocrine
mechanisms to produce mediators like interleukin-3 (IL-
3) and granulocyte colony-stimulating factor (G-CSF),
and these mediators can act as growth factors for them
[178]. The overexpression of Forkhead Box O1 (FOXO1),
which is downstream of the PI3K pathway, protein kinase
C eta protein (PRKCH), a Protein Kinase C (PKC) and
activator of c-RAF (RAF/MEK/ERK) signaling; and Src
family kinase (SFK)-LYN also contributes towards BCR-
ABL-independent resistance [179-181] (Fig. 3).

Drug influx-efflux activity

Transmembrane transporter proteins through the influx
and efflux of the drugs can affect the intracellular con-
centration of TKIs and the efficiency of BCR-ABLI inhi-
bition [182, 183]. The expression levels and activity of
these transporters are associated with TKIs resistance
[184]. Membrane influx pumps, such as human organic
cation transporter 1 (hOCT1), and membrane efflux
pumps, such as ATP-binding cassette (ABC) transport-
ers, including multidrug-resistant gene product ABC
transporter, subfamily B, member 1 (ABCB1) (its other
names included P-glycoprotein (P-gp); multidrug resist-
ance protein 1 (MDR1)), the ABC transporter, subfamily
G, member 2 (ABCG2) (also known as placenta-specific
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transporters, ATP-binding cassette transporters

ABC transporter (ABCP), breast cancer resistance pro-
tein (BCRP); mitoxantrone resistance protein (MXR)),
and other members of the multiple resistant proteins
like ABC transporter, subfamily C (ABCC) (another
name contained multidrug resistance-associated protein
(MRP)) family, are associated with drug availability in tar-
get cells and can act as very potent contributors for resist-
ance to drugs [120, 185, 186]. A number of studies have
confirmed increased ABCB1-mediated drug secretion as
a feasible mechanism for IMA resistance [28, 187-190].
Some studies report that ABCBI can induce resistance to
dasatinib rather than nilotinib, while ABCG2 stimulated
resistance against both drugs [191]. Eadie et al. [192]
demonstrated that nilotinib resistance was only associ-
ated with ABCBI1 activity and not ABCG2. Despite the
fact that nilotinib resistance appears to be related to both
ABCBI1 and ABCG2 protein expression in diverse studies
[193]. Nevertheless, stable clinical links declared between
MDR-ABC protein activity and IMA resistance have aug-
mented reports to experiment with the function of fre-
quently inherited variants of ABCG2 and ABCB1 [182]

(Fig. 3).

Clonal evolution

BCR-ABL plays an important role in inducing the
genomic instability of an amplifying clone [194]. Resist-
ance to TKIs under the pressure of a targeted remedy can
be presumed as a dynamic procedure of clonal develop-
ment and selection of resistant clones [195]. This idea
is supported by clinical data, demonstrating that a stop

use of TKIs can lead to a significant decrease or even a
disappearance of the resistant clone, and the existence of
such resistant clones before the start of treatment with
TKI may have an impact on the dynamics of the onset
of resistance [196, 197]. Clonal evolution is the further
mechanism of IMA resistance and is well determined as
development after the CP and has been correlated with
the obtain of nonrandom chromosomal abnormalities,
like additional Ph chromosome, trisomy 8 and chromo-
some 17 abnormalities, trisomy 19, trisomy 9, point
mutations into the coding sequences of RAS, p53, MYC,
or rearrangements of retinoblastoma (RB) and pl6,
within the karyotype of Ph+cells [175, 198] (Fig. 3).

Epigenetic modifications

In hematologic disorders, epigenetic variations such
as histone modifications and somatic mutation within
regulator genes eventually lead to disease relapse and
the enhanced survival of quiescent leukemic stem cells
(LSCs) [199, 200]. Overall, it appears that the existence
of the BCR-ABL1 oncoprotein is not adequate by itself
for CML progression, and the presence of other major
modifications, principally epigenetic reprogramming
gives rise to malignant LSCs [201, 202]. Also, this factor
leads to developing drug resistance [203]. DNA meth-
ylation, as the main mechanism for epigenetic control of
gene expression, plays an essential role throughout the
differentiation of myeloid and lymphoid precursor cells
into hematological malignancies [204—-206]. Indeed, epi-
genetic patterns define the malignant cell phenotype by
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affecting the expression of oncogenes and tumor sup-
pressor genes [206, 207]. For example, Hyang-Min Byun
and Schoofs et al. show that DNA methylation in CML
can arise independently of the genetic background [208,
209]. Changing gene expression profiles caused by epi-
genetic modifications, such as histone modifications and
DNA methylation, can also contribute to the develop-
ment of drug resistance in CML [210] (Fig. 3).

Cytochrome P450 (CYP) isoenzymes polymorphisms

In the liver, TKIs like IMA are metabolized by
cytochrome P450 (CYP) isoenzymes including CYP2D6,
CYP3A5, CYP1A2, CYP2C19, CYP1B1, CYP1Al,
CYP2C9, and CYP3A4 [211, 212]. The significant IMA
metabolite in plasma, CGP74588, is mainly composed
of CYP3A4. Studies showed that raised CYP3A activity
and generation of the active metabolite CGP74588 is cor-
related with numerous IMA molecular responses [213]
(Fig. 3). Single nucleotide polymorphisms (SNPs) of CYP
isoenzymes can result in drug resistance, but no remark-
able contribution of CYP3A4/5 variants to TKI efficacy/
toxicity has been announced [214].

Telomere length and telomerase activity

Multiple studies have found a correlation between tel-
omere length and response to treatment and progres-
sion of the disease in CML patients [215, 216]. In Ph*
peripheral blood leukocytes, telomere length is almost
1 kb shorter than in age-matched controls. Decreased
telomere length in CP-CML cells represents that at
a specific point in time, BCR-ABL-positive leukemic
hematopoietic stem cells underwent more than ten cell
divisions compared to their natural polyclonal counter-
parts (HSC) [217, 218]. Thus, the rate of the telomere
shortening during the progression of the disease is 10 to
20 times the rate observed in usual granulocytes [219].
It is also interesting to note that up to a 50-fold increase
in telomerase function was detected within more than
50% of patients in the BC phase and was closely related
to the attainment of extra cytogenetic aberrations [220]
(Fig. 3). Thus, it may be hypothesized that the mecha-
nisms underlying genetic instability in CML, such as
aneuploidy, heterozygosity loss and gene amplification,
may be immediately due to dysfunctional telomeres and
increased telomerase activity [221, 222].

Iwama et al. investigated that within patients treated
with interferon-alpha, individuals with lengthy telom-
eres to therapy beginning experimented with blast crisis
remarkably more diminutive than those with shortened
telomeres. Also, a considerably higher prevalence of
cytogenetic responses and the desired anticipation was
reported. It was assumed that expanded telomere length
was a demonstrator of an ‘earlier’ phase of CP-CML

Page 13 of 21

disease, which returns to preferable response levels [223].
Favored treatment by IMA was discovered to be con-
nected with an expansion in average telomere length
[224, 225].

Factors to overcome resistance to treatment

To overcome mutated BCR-ABL1 as a resistance mech-
anism, second and third generation, TKIs were devel-
oped. Nevertheless, even with these new-generation
TKIs, some mutations, like T315], remain resistant to
many TKIs [88]. The second generation of TKIs can be
connected with decreasing the emergence of BCR-ABL1
mutations [226]. Eide et al. [134] suggested that com-
pound therapy of IMA, especially with asciminib and
ponatinib, could be a strategy to manage this type of
resistance.

As described in the previous sections, if the patient is
resistant to the first generation of TKIs, the second and
third generations of this class of medicines will be used
[69]. But today, other groups of drugs are used to over-
come the resistance of CML; for example, pseudolaric
acid B (PAB), as a typical Chinese medicine, through
anti-CML activity, is another agent that can control
resistance resulting from the mutations BCR-ABL kinase
domain [227]. PAB, as a new factor, can obstruct the cell
cycle at the G2/M phase and afterward activate the cas-
pase pathway, split the BCR-ABL protein, and impede the
BCR-ABL downstream pathways, finally resulting in cell
proliferation inhibition, apoptosis, and cytotoxicity [228].

Neferine, as a benzylisoquinoline base alkaloid used
in traditional Chinese medicine, is used in compound
therapy with IMA for CML patients. This combination
therapy can significantly reduce the expression of BCR-
ABL protein by inhibiting heat shock protein molecule
90 (Hsp90) expression. As Hsp90 is required for natu-
ral BCR-ABL folds, by using Hsp90 inhibitors, such as
Neferine, the BCR-ABL and Hsp90 binding is blocked,
then BCR-ABL is destroyed by the proteasome pathway,
resulting in overcoming the resistance of CML cells with
mutations BCR-ABL kinase domain [229-232]. Asci-
minib (ABLOO01), as an allosteric inhibitor, can bind to the
myristoylation position and, by conversion the compo-
sition of the kinase domain, lead to keeping an inactive
form. Asciminib is used to treat TKI resistance due to
BCR-ABL mutations and was influential in co-treatment
with nilotinib in patients with T315I mutation [109].

ONO012380, as a BCR-ABL substrate-binding domain
inhibitor, can block ATP-independent cell growth, is the
influence in treating T315I mutant cells, and also pre-
vents growth [109].

The fact that epigenetic changes can be pharmaco-
logically manipulated has caused their prosperous use in
clinical utilization in many malignancies. Decitabine, as
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the DNA hypomethylating factor, was tested as the first
and second line of thirty percent of CML patients, which
elicited a significant number of blood responses but was
at the cost of prolonged myeloid suppression. In between
IMA-resistant CML patients, Decitabine was exam-
ined in composition with further doses of IMA, and 30
to 50% of patients achieved an adequate blood response
[233, 234]. Histone deacetylase (HDAC) inhibitors can
be used for therapeutic purposes, including benzamides
(antinostat), hydroxamate (verostamate), aliphatic acids
(phenylbutyrate), electrophilic ketones, and cyclic pep-
tides (romidepsine) [235]. Vorinostat, as a HDAC inhibi-
tor, acts synergistically with TKI to stimulate p21 and p27
expression and restrict BCR-ABL1 levels [236-238].

In Chronic myeloid leukemia patients, the upregulation
of Programmed death-ligand 1 (PD-L1) is assumed as an
immunological runaway process for CML cells. These
data recommend that targeting the Programmed cell
death protein 1/ programmed cell death ligand 1 (PD-1/
PD-L1) pathway may be a successful strategy for eradi-
cating CML cells [84]. Monoclonal antibodies, including
pembrolizumab, may interfere with the capacity of can-
cer cells to grow and extend, and their administration in
combination with TKIs may be more effective in treating
patients with CML [239].

As well as, co-treatment of arsenic trioxide and inter-
feron (ATO/IFN), as an anti-leukemic, is a factor in over-
coming therapeutic resistance via inhibited proliferation
of IMA-resistant CML cells and induced apoptosis [240].
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Other drugs that have the ability to overcome resist-
ance to treatment with TKIs or alone are mentioned in
Table 2.

Importance of personalize medicine in CML

Regardless of improved efficacy and excellent clini-
cal responses got with IMA as a targeted drug, several
CML patients taking IMA show an insignificant initial
response, progress drug resistance, or undergo recur-
rence after primary success. These days, resistance to
IMA is a challenging issue in clinical practice. There
are heterogeneous complex agents for resistance to
IMA, including BCR-ABL-independent and BCR-ABL-
dependent pathways. Patients remedied with identical
therapeutic regimens reveal notable differences in drug
response and survival consequences [182, 241]. Hence,
conventional treatment option-making strategies that are
based only on the clinical and histopathological agents
of disease or environmental factors such as sex and age
are not entirely impressive for each patient [242, 243]. For
this reason, an individual’s genetic structure can influ-
ence response to drugs, so creating increased concern in
closely exploring genetic profiles within cancer patient
meditation. This subject leads to expand investigations
focusing on the function of pharmacogenetics in treat-
ing cancers [244, 245]. Therefore, by examining SNPs,
haplotypes or other heritable mutations, copy number
variations (CNVs), and chromosomal alterations through
human genome sequencing methods, they have been able

Table 2 Medicines which have the ability to overcome resistance to treatment in CML

Medicine name Mechanism Combination with TKls or References
chemotherapies

Ruxolitinib Inhibition of STAT-5 activity Nilotinib [246]
bardoxolone methyl (CDDO-Me) Inhibition of STAT-3 activity [247]
BP-5-087 Inhibition of STAT-3 activity IMA [248]
Everolimus (RAD0OT1) mTOR inhibitor (1771
NVP-BEZ235 mTOR inhibitor [249]
Pictilisib (GDC-0941) PI3K inhibitor Dastatinib [179]
LY294002 PI3K inhibitor IMA (250, 251]
trametinib (GSK1120212) MEK inhibitor IMA [181]
Uo126 MEK inhibitor Dastatinib/IMA [252]
PD184352 MEK inhibitor [253, 254]
Wortmannin PI3K inhibitor IMA [255]
INNO-406 inhibit Pgp export pump Cyclosporin A [256]
MK-0457 (VX-680) Aurora A, B and C kinase inhibitor [257]
Tipifarnib (R115777) Ras farnelysation inhibitor IMA [258-260]
Lonafarnib (SCH66336) Ras farnelysation inhibitor [261]
BMS-214662 Ras farnelysation inhibitor [253]
17-allylamino-17-demethoxygeldanamycin Pgp pump inhibitor and Hsp90 inhibitor IMA (262, 263]

STAT, signal transducer and activator of transcription; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 3-kinase; MEK, mitogen-activated protein kinase

kinase; Pgp, P-glycoprotein; Ras, rat sarcoma virus; Hsp90, heat shock protein 90
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to identify genetic factors affecting drug susceptibility
and use them to supply prognostic data, predict therapy
outcomes, and ameliorate drug impact and safety for spe-
cific patients [182, 244, 245].

The earlier sections discussed how pharmacogenetics
can predict how well a treatment will work and how well
a patient will tolerate it in cases of chronic myeloid leu-
kemia (CML). Different concentrations or types of tyros-
ine kinase inhibitors (TKIs) can have a big impact on
how well the treatment works and how well the patient
can tolerate it. The way that TKIs work in the body, as
well as genetic variations between individuals, can affect
how well the treatment works and if there are any nega-
tive side effects. However, the research in this area is lim-
ited and conflicting, which makes it difficult to rely on
pharmacogenetics. Despite these limitations, the use of
TKIs that target BCR-ABL1 has led to better outcomes
for CML patients. More research is needed to create
personalized treatment plans for CML patients from the
moment of diagnosis to the selection of medication.
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