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Abstract

Imatinib mesylate, a tyrosine kinase inhibitor, is the first choice in chronic myeloid leukemia treatment. However, resistance
to imatinib may develop with time and in some cases, patients may not respond at all to imatinib. Progressive resistance to
imatinib therapy is often due to mutations in the BCR/ABL region. Within the scope of our study 124 patients were evaluated
via pyrosequencing between 2015 and 2020. In this regard, 32 patients who have a partial response and have no response
to imatinib therapy were included in the study. In addition, next-generation sequencing (NGS) analysis was performed on
15 patients who were resistant to imatinib treatment according to the molecular follow-up reports. With pyrosequencing, 5
cases out of a total of 124 were found to be positive. This means that approximately 4.03% of the proportion is positive. But
when we examined only 32 patients who have a partial response and have no response to imatinib therapy this rate is rising
15.6%. NGS analysis was performed with 15 patients who have no mutation with pyrosequencing of 32 patients and VUS
(Variant of Uncertain Significance) mutation was detected in one. In this study, our aim was to determine the mutations of
the BCR/ABL and to evaluate the mutations by NGS and pyrosequencing. Our study is important in terms of comparing the

pyrosequencing with NGS mutation rates, drawing attention to the clinical importance of log reduction.
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Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative
disease characterized by the t(9;22)(q34;q11) reciprocal
chromosomal translocation and results in the formation of
chimeric fusion gene BCR/ABL. The incidence of CML is
1-2/100.000 per year and it constitutes 15 percent of leuke-
mias in adults. The mean age of the patients is 45 to 55 and
the male/female ratio is 3/2 [1]. 95% of patients diagnosed
with CML have a Philadelphia (Ph) chromosome. The pres-
ence of the Ph chromosome in the blood or bone marrow
leads to the CML. The Ph chromosome occurs as a result of
reciprocal translocation of the 9 to 22 chromosomes (Fig. 1).
This chromosome leads to the emergence of a novel chimeric
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fusion gene called BCR/ABL. This gene product has tyrosine
kinase activity. Tyrosine kinase enzymes break phosphorus
from ATP and transfer it to tyrosine amino acid and play an
important role in cell proliferation, apoptosis, and intracel-
lular signal transduction (Fig. 2).

CML is characterized by three clinical stages and allows
the treatment method to be followed according to the stage
of the patient. These phases are called the chronic phase,
accelerated phase, and the blast crisis. While mutations
are rare in recently diagnosed chronic phase patients, the
prevalence of mutations rises meaningfully in patients who
developed resistance to TKI therapy and in advanced phase
CML patients. Patients with CML require minimal residual
follow-up according to the treatment response because of
the recurrence prospect. Minimal residual disease (MRD) is
defined as the presence of cells that have escaped treatment
and caused relapse even though there is no clinical sign of
leukemia. Because, while the patients with MRD negative
display a very low rate of relapse, this rate increases signifi-
cantly in MRD positivity [2].
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Fig. 1 Philadelphia chromo-
some, t(9;22)(q34;q11). The
BCR/ABL fusion protein

is formed as a result of the
reciprocal translocation of a
part from chromosome 9 and a
part from chromosome 22. This
novel small chromosome 22 is
called as Philadelphia chromo-
some. With the addition of the
broken piece from chromosome
22 to chromosome 9, a 9 deriva-
tive chromosome is formed.
Created with https://BioRender.
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Fig.2 Mechanism of action of Imatinib; Imatinib binds to the ATP
binding site of BCR/ABL and prevents protein tyrosine phospho-
rylation, thus inhibiting the protein's enzyme activity. Created with
https://BioRender.com

In the treatment of CML, specific BCR/ABL protein
tyrosine kinase inhibitor (TKI) imatinib mesylate is used.
Imatinib, which is clinically effective for the treatment of
CML disease firstly, closes the catalytic domain of ABL
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and acts at the molecular level by preventing ATP binding
and therefore prevents cell activation and proliferation by
preventing phosphorylation [3]. In treatment with TKI, the
goal is to achieve a complete hematological response after
3 months, complete cytogenetic response after 6 months,
and at least 3 log reductions in molecular disease after a
year [4, 5]. Although imatinib is used effectively in the
treatment of CML, the developing resistance to treatment
in advanced phase patients is the most common handicap
and was first identified in the phase 2 studies of imatinib.
Several mechanisms are underlying this development of
resistance; the best-known mechanism is the expansion of
the BCR/ABL kinase region with mutations, hence impair-
ing imatinib binding [3]. In addition, genomic amplifica-
tion of BCR/ABL is among other mechanisms [6]. Besides
ABL kinase region mutations, resistance to imatinib may
develop independently of ABL mutations. The most impor-
tant way of dealing with drug resistance and strengthening
treatment may be to eliminate TKI resistance, thus reducing
the leukemic disease burden. Developing recent strategies
for determining drug resistance hence, expanding existing
treatment areas is a critical need for the survival of CML
patients. The mechanism of resistance contains clinical dif-
ficulties due to its multi-factor and heterogeneous nature. At
this point, early diagnosis with high sensitivity tests such
as next-generation sequencing (NGS) and timely treatment
with next-generation therapeutics is significant to cope with
resistance development [7].
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In addition to the primary response seen in patients who
may not respond to TKIs and developed independently of the
BCR/ABL mutation, one may experience recurrence after the
first response. This is called secondary resistance. The devel-
opment of resistance triggers the BCR/ABL kinase activity,
worsening the prognosis by progressing from the chronic
phase to the blastic phase, and the changes of treatment
decrease after the transition to the blastic phase. Therefore, it
has become significant to prevent resistance before it devel-
ops [8]. If first-line drug resistance develops in the treatment
of imatinib mesylate, second-generation drug treatment is
initiated and nilotinib and dasatinib are second-generation
tyrosine kinase inhibitors used in the treatment of imatinib-
resistant CML [9].

In this study, we examined the relationship between BCR/
ABL mutations and response to imatinib treatment in terms
of its clinical significance. We focused on the importance of
the mutation detection sensitivity of the molecular methods
in terms of the planning therapy. We aimed to detect differ-
ent variants in the ABL gene using NGS that may be asso-
ciated with resistance in imatinib-resistant patients whose
mutations could not be detected by pyrosequencing.

Materials and methods
Establishing the patient groups

The study group consists of patients diagnosed with CML in
the Hematology Department at Erciyes University and they
are thought to have developed resistance after imatinib treat-
ment was initiated. Between 2015 and 2020, 124 patients
who applied to Erciyes University Medical Genetics Depart-
ment for BCR/ABL mutation screening were evaluated in this
retrospective and prospective study. Pyrosequence analysis
results were evaluated from files on 32 patients who have a
partial response and have no response to imatinib therapy
(<3 logs) retrospectively, while NGS analysis was con-
ducted prospectively on 15 patients whose pyrosequencing
results did not reveal a mutation, but who were deemed to
be resistant based on molecular follow-up reports. After all,
32 patients were included in this study. Individuals under
18 years of age were excluded from this study. The present
study was approved by Erciyes University Clinical Research
Ethics Committee. All participants gave written informed
consent in accordance with the Declaration of Helsinki.

Methods

The 14 hotspot mutation points were examined with pyrose-
quencing in CML patients for determining the imatinib
resistance status. Besides, NGS analysis was performed with
15 patients who have no mutation with pyrosequencing to

specify the ABL gene status. The pathogenicity classification
of the variants was performed based on the ACMG (Ameri-
can College of Medical Genetics and Genomics) 2015 guide
[10]. Method details of this article are included in the sup-
plementary file.

Statistical analysis

The results were analyzed statistically and p <0.05 was
accepted significantly. Statistical analysis details of this
article are included in the supplementary file.

Results

In all patients, treatment was launched with imatinib. In 20
patients with resistance to imatinib, treatment was continued
with nilotinib and in 12 patients with dasatinib. The param-
eters of age and gender that may be effective on relapse were
examined. These independent variables had no significant
effect on relapse-independent survival. However, the major-
ity of positive patients were male and detected in the chronic
phase. Demographic and clinical characteristics of patients
are demonstrated in Table 1.

All samples were evaluated according to the limit of
detection (LOD) value for each mutation (Table 2). No
mutation, if mutation frequency < LOD, there is mutation,
if mutation frequency > LOD + 3%, and potential low-level
mutation if mutation frequency > LOD and <LOD + 3%.

As a result, 5 cases out of a total of 124 were found to
be positive by pyrosequencing. This means that approxi-
mately 4.03% of the proportion is positive. When just 32
patients with a partial response and no response to imatinib
therapy were analyzed, the mutation detection rate increased

Table 1 Demographic and clinical characteristics of patients

Parameter Group 1 (n=124) Group 2 (n=32)
Age 45.1+17.73 (18-81) 46.35+15 (19-71)
Gender 70 (56.45%) 18 (56.25%)

Male 54 (43.55%) 14 (43.75%)
Female

Disease phase 104 (83.87%) 28 (87.5%)
Chronic phase 3(2.42%) 0

Advances phase 12 (9.67%) 2 (6.25%)

Blastic crisis 5 (4.04%) 2 (6.25%)

Missing

TKI (tyrosine kinase ~ Imatinib 1 X400 mg  Imatinib 1 X400 mg

inhibitor) and dose  Nilotinib 2X400 mg  Nilotinib 2x400 mg
Dasatinib 1 X 100 mg Dasatinib 1x 100 mg
General follow-up 5.34+2.02 5.03+2.3 (1-8 years)
period (1-8 years)

Group 1; all imatinib sensitive and resistant patients. Group 2;
patients with partial response and no response to imatinib
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Table 2 LOB and LOD values for mutations

Mutation LOB (% units) LOD (% units)
T3151 ACT>ATT 0.62 2.88
E255K GAG>AAG 8.96 12.41
F359Vv TTC>GTC 1.31 4.24
F359C TTC>TGC 1.19 5.68

to 15.6%. 2 of them were positive for T3151 (ACT > ATT)
mutation (Fig. 3), 2 of them for E255K mutation, and
one of them was found to be positive for both F359V and
F359C mutations. We detected a missense, heterozygous
c.1370G > A (R457H) (NM_005157) variant of unknown
clinical significance in exon 8 of the ABL gene in only 1 of
15 patients studied via NGS. The patient with VUS (Variant
of Uncertain Significance) detected is in chronic phase, in
the early 20 s, and male.

A total of 8 patients in the group were in the treatment-
unresponsive zone (<1 log, 10%). Only 3 of them were
detected as positive by pyrosequencing. Only 2 of 24 patients
with the partial cytogenetic response (> 1 log) were found to
be positive with pyrosequencing (Table 3).

Assay: Assay315
Sample ID: AA
Note

Analysis version: 206

Sequence 1o alyze
ACCTTCACDCOTCAATOACCT

The cut-off point of the log reduction was set to be 3 and
the log reduction < 3 or log reduction > 3 was compared with
mutation or no mutation with Fisher’s exact test. In all of
our patients with mutations, the log reduction was deter-
mined less than 3, and this relationship is statistically signifi-
cant (p=0.007, p <0.05). Also, when we compared the log
reduction values with the presence or absence of mutations
in itself with the non-parametric Mann—Whitney U test,
a lower log decrease was observed in the mutation group
(p=0.001, p<0.05). This value is statistically significant.

Discussion

As a consequence of reciprocal translocation between chro-
mosomes 9 and 22, the BCR/ABL fusion gene is formed,
called the Philadelphia chromosome which leads to CML
[11]. The product of this gene has increased tyrosine kinase
activity and proliferates in the cell and stimulates the dif-
ferentiation, cellular signaling pathways, and growth fac-
tors [12]. Imatinib is a TKI, used for the first-line therapy
of CML, but today, resistance to TKI treatment still makes
both the patients and the physicians anxious. In 2006, Wei
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Fig.3 Pyrosequencing sequence output chart. The T315I chart on the left is normal (C:100, T:0) and the T315I chart on the right is mutant

(C:62, T:38), (C; wild type, T; mutant)

Table 3 Outcomes of the patients

DMR (deep molecu-
lar response) > 4,5
log

MMR (major molec-
ular response) >3
log

PCR or CCR (partial or complete
cytogenetic response) > 1 or 2 logs

No response < 1 log Missing data Total

9 56 24

2

Patients
Positive detected

Mutation type

E255K, F359V, F359C

8
3
T3151, E255K

27 124

The molecular response range of the patients and the types of mutations detected
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et al. studied 30 early chronic phases (CP) CML patients to
examine the relationship between BCR/ABL mutations and
imatinib resistance type using the conventional sequencing
technique. In that study, it was reported that pre-treatment
screening was not financially effective as no mutations were
detected before imatinib treatment and not all imatinib resist-
ance was caused by the BCR/ABL mutation, but patients with
signs of increased disease burden should be investigated for
BCR/ABL mutations. Because it has been demonstrated that
increased BCR/ABL mRNA levels detected by RT-qPCR
(real-time quantitative polymerase chain reaction) were
associated with the occurrence of a mutant clone [13]. Chien
et al. studied the relationship between log reduction and
mutation status and reported that low log reduction of BCR/
ABL was related to ABL mutations [14]. Similarly, in our
study, low log reduction was found to be highly correlated
with the development of mutation. During TKI treatment,
the persistence of minimal residual disease occurs in the
majority of patients and may require lifelong treatment. In
the study conducted in 2019, it is thought that a cause of per-
sistence may be due to the BCR/ABLI gene, and it is empha-
sized that more research should be designed and performed
to evaluate the transcription rate of the gene and especially
the cellular quantity [15]. According to current evidence, the
deep molecular response is varied, and patients with unde-
tectable disease may have varying levels of residual disease
burden [16]. RT-qPCR, which measures log reduction of
BCR-ABLI in blood or bone marrow, is considered the gold
standard to assess response to TKI therapy [17].

Depending on the medical condition of the patient, con-
sidering the conditions it is in and the other concomitant
diseases, the choice of the appropriate tyrosine kinase inhibi-
tor is critical and will increase the benefit of TKI by reduc-
ing the negative effects. Further, another critical issue is the
mutation detection method. Generally, NGS and Sanger have
been compared in the literature, and it was determined that
NGS is a more sensitive technique and BCR/ABL kinase
domain mutations can be detected at very low levels and at
early stages with high rates via NGS. By resolving clonal
complexity and recognizing compound mutations, NGS can
detect the mutation character more accurately. In this sense,
novel researchers aim to the routine use of NGS instead of
Sanger Sequencing. But some problems can arise, such as
proper analysis, sound bioinformatics, and financial distress
[18-23].

Molecular detection of mutations is critical for overcom-
ing resistance, increasing survival rates, improving patient
prognoses, and achieving remission. In this context, molecu-
lar analysis and monitoring of the patients are becoming
more important because depending on the type of mutation,
the treatment options may also change [24]. Since BCR/
ABL point mutations are prognostic determinants of CML,
their importance cannot be ignored and most studies have

focused on point mutations in the kinase domain. It was indi-
cated that resistance mechanisms generally developed as a
result of point mutations and changed the biochemical prop-
erties of imatinib binding points [6]. The T315I-mutation is
substantial because it is the most frequent mutation and it
is considered resistant to the second-line drugs too, which
are produced for imatinib-resistant patients. T315I mutation
is associated with increased oncogenic activity and disease
progression. As well as T3151 mutations, P-loop mutations
are thought to be associated with high imatinib resistance
and poor prognosis [9, 24]. In some patients, TKI resist-
ance is found without known resistance mutations, but this
is almost rare as the majority of patients with chronic phase
CML are followed long term [25].

Many mechanisms such as quiescent CML stem cells,
drug bioavailability, mechanism of drug efflux, and intracel-
lular signal transmission independent of BCR/ABL mutations
can also lead to imatinib resistance [26, 27]. Other mecha-
nisms hypothesized to play a role in resistance development
include gene amplification, gene rearrangements, epigenetic
alterations, and miRNAs. MicroRNAs and epigenetic modi-
fications are two examples of distinct ways that a cell can use
to attain the same goal [28]. Cell-autonomous BCR-ABLI
kinase-independent genetic and epigenetic alterations and
signals provided by the bone marrow (BM) microenviron-
ment play a role in leukemic stem cell (LSC) persistence,
innate or acquired resistance to TKIs, and also mortal blast
crisis [29]. Knowing the patient’s mutational status, which
might change over time, and the related therapeutic alterna-
tives can help with therapeutic considerations. Individual-
izing the pharmacodynamics of mutations, as well as the
unique side-effect profiles of second-generation TKIs, may
support physicians make better treatment judgments [30].

As aforementioned, imatinib resistance is not always
caused by BCR/ABL mutations. For this reason, our low
positivity rates for imatinib resistance may be due to other
reasons. Furthermore, to understand the molecular basis of
resistance to drugs, mutations in the BCR/ABL fusion gene
should be investigated in more detail with larger populations.

The exact cause of drug resistance is still unclear. Con-
cerning this, in the study conducted by Gorre et al. in 2019,
it has been emphasized that CML demonstrates population
diversity, and the demographic features underlying CML are
still not understood and clinical heterogeneity may be related
to drug response [31]. Due to the heterogeneous nature of
drug resistance, different studies are still needed in different
populations. In this sense, we suggest revealing a perspec-
tive by examining the clinical characteristics and mutation
profile of a group of population in this study we conducted.

In the present study, the mutation detection rate of
pyrosequencing in imatinib-resistant patients was 15.6%,
while this rate was 6.6% in the NGS method. Accord-
ing to the literature, the mutation detection rate has been
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reported as approximately 35% in NGS studies performed
in imatinib-resistant patients [23]. Our mutation detec-
tion rate by NGS does not seem to be compatible with
the literature. This can be attributed to the small scale of
our patient group. Besides, the myeloid panel kit contain-
ing the non-translocated ABLI gene used may be another
reason. Because, the myeloid panel contains exons of the
ABLI gene encoding the kinase domain, but it may com-
prise an untranslated ABLI substrate; hence, the muta-
tion rate may decrease to an undetectable level even via
NGS [21]. In the case of working with the appropriate kit,
it may be possible to find treatment-resistant mutations
that cannot be obtained with pyrosequence via NGS. The
detection of novel resistance mutations which will contrib-
ute to the treatment is more possible with NGS.

In the literature, it is emphasized that many points are still
not fully understood and many different studies are needed.
Distinct studies are ongoing to overcome imatinib resistance,
and this study will shed light on the next researches with the
profiling of a different group of population. The literature
was examined and the differences are observed between the
findings obtained from the studies. These differences may
arise from the characteristics of the patients, the inequality
number of the patients in the study groups, and the different
methods used to detect mutations.

The limitations of this study are the insufficient number
of patients screened and the inability to access different
demographic characteristics of the patients. Moreover, we
could not detect 5 out of 8 patients who did not respond
to treatment (< 1 log reduction) with both pyrosequencing
and NGS. These patients are considered to be at high risk
for disease progression and death. That’s why the mutation
detection rate of the tests is extremely important.

In conclusion, less than a three-log reduction is highly
associated with the development of drug resistance. In the
case of less than one-log reduction of BCR/ABL, there is
no response to the TKI therapy. While the drug treatment
is planning by physicians, it is of great importance to take
these situations into account. Because the drug can be
changed according to the log reduction status which was
calculated by RT-qPCR analysis. Also, mutation profile is
another important point for the decision of the physicians.
Identification of mutations that may occur outside of hot
spots with appropriate methods in the early stages may
improve individual treatment and alter clinical progression.
Some patients acquire treatment resistance, but this can-
not be identified at the molecular level, and the molecular
response ranges of some patients are extremely varied. In
this context, it is possible to say that individualized treat-
ment can save a person’s life. This might be accomplished
by studying the mutation profile, as well as other genetic and
demographic data in larger populations and in more depth
through further researches.

@ Springer

Only hot spot mutations can be examined with the
pyrosequencing method. However, NGS method can
explain the clinical symptoms and development of resist-
ance to pharmacological response in patients by providing
the possibility of detecting variants outside of these areas.
Thus, we predict that a specific treatment can be developed
for the patient by combining the data obtained by the NGS
method with the patient's clinical findings and family his-
tory. The c.1370G > A variant, which we detected in our
study, converted from arginine to histidine at codon 457
of the ABL gene and its clinical significance is uncertain
in bioinformatics databases. It is also predicted to cause
damaging effects according to many in silico programs.
Therefore, this variant may enter the literature as patho-
genicity that causes resistance in the future. In addition,
other mechanisms that may cause drug resistance should
be examined in detail. This will increase the remission for
each patient.

Many more studies are needed with a large cohort that
examines the response range, mutation profile, and the dif-
ferent demographic properties of the patients, and in this
way, it is a promising idea that personal treatment planning
can also be possible.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12032-021-01571-1.
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