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Abstract: Chronic myeloid leukemia (CML) develops due to the presence of the BCR-ABL1 protein,
a target of tyrosine kinase inhibitors (TKIs), such as imatinib (IM), used in a CML therapy. CML
eradication is a challenge due to developing resistance to TKIs. BCR-ABL1 induces endogenous
oxidative stress leading to genomic instability and development of TKI resistance. Model CML cells
susceptible or resistant to IM, as well as wild-type, non-cancer cells without the BCR-ABL1 protein
were treated with IM, hydrogen peroxide (H2O2) as a model trigger of external oxidative stress, or
with IM+H2O2. Accumulation of reactive oxygen species (ROS), DNA damage, activity of selected
antioxidant enzymes and glutathione (GSH), and mitochondrial potential (MMP) were assessed.
We observed increase in ROS accumulation in BCR-ABL1 positive cells and distinct levels of ROS
accumulation in IM-susceptible cells when compared to IM-resistant ones, as well as increased DNA
damage caused by IM action in sensitive cells. Depletion of GSH levels and a decreased activity
of glutathione peroxidase (GPx) in the presence of IM was higher in the cells susceptible to IM.
IM-resistant cells showed an increase of catalase activity and a depletion of MMP. BCR-ABL1 kinase
alters ROS metabolism, and IM resistance is accompanied by the changes in activity of GPx, catalase,
and alterations in MMP.
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1. Introduction

Chronic myeloid leukemia (CML) is a result of an exchanged translocation between
chromosomes 9 and 22, t(9;22)(q34;q11), which leads to the formation of the Philadelphia
(Ph) chromosome harboring fusion oncogene BCR-ABL1 [1]. The BCR-ABL1 protein
expressed from this gene is a constitutively active tyrosine kinase that confers growth
advantages to Ph-positive cells through disturbances in multiple signaling pathways,
including those involved in controlling cellular growth or apoptosis [2,3]

There are several pharmacological agents targeting BCR-ABL1 kinase developed dur-
ing recent years. IM which acts as a TKI, was the first among them. During chemotherapy
cells exposed to IM undergo rapid apoptosis, that in most patients manifests itself in the
form of a complete, hematologic response (reviewed in [4]). However, some leukemic cells
from the hematopoietic stem cell population are resistant to IM therapy and their survival
does not seem to be dependent on BCR-ABL1 activity. They act as a reservoir from which
mutated clones of cells fully resistant to IM can appear at some point leading to a relapse of
the disease [5]. This phenomenon is known as acquired or secondary resistance, and point
mutations in BCR-ABL1 were established as a main cause of it [3]. Different mechanisms
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may be the basis of primary resistance that reveals itself in a small cohort of IM-naive
patients who are unresponsive to IM treatment even at the outset of therapy, including the
action of cellular influx and efflux transporters. [6].

Recent studies point to conclusions that multiple factors can influence and contribute
to the development of resistance to TKIs such as IM. These may include susceptibility of
BCR-ABL1-positive cells to diverse proapoptotic signals including ROS or other secondary
messengers involved in the mitochondrial metabolism.

Apoptosis usually starts through two main pathways: the death receptor- or mitochon
dria-mediated pathway, also known as the extrinsic and intrinsic pathway, respectively [7].
In both pathways, ROS are the crucial modulators that affect signaling cascades involved
in apoptosis regulation. While ROS act as redox messengers at physiological levels, their
elevated activity is usually associated with the programmed cell death induction [8].
Moreover, it is well established that cellular redox status is one of the most fundamental
factors regulating mitochondrial membrane permeabilization. As such, ROS may also
mediate in the release of cytochrome C from mitochondrial matrix and through a depletion
of mitochondrial membrane potential trigger apoptosis [9].

It has been shown that BCR-ABL1 cells have elevated levels of ROS indicating in-
creased oxidative stress and its role in leukemia’s progression [10–16]. Some other cellular
sources of ROS were also implicated in pathogenesis of CML, including those generated
through NADPH oxidase (NOX) activity [17–19]. Hyperactivation of the FLT3/ITD on-
cokinase triggers increase in the transcription for NOX gene [20]. Interestingly, about
30% of leukemia patients show internal tandem duplications in the FMS-like tyrosine
kinase-3 (FLT3) receptor, which controls the expression of the mentioned enzyme [21]. The
influence of the oxidative and nitrosative stress on CML progression is not clear. It was
confirmed that the overproduction of free radicals in the expansion of leukemia, as well as
the exogenous ROS and NOS (nitrogen species) generation can be related with the cellular
resistance to IM [22]. The broad extensive oxidative and nitrosative stress exert genotoxic
effects on cancer cells and mediate the induction of programmed cell death [23].

Therefore, the understanding of the interaction of ROS signaling and BCR-ABL1
activity is of utmost importance [24,25].

In this study we intended to determine whether 32D cells susceptible and resistant
to IM differ in physiological and induced levels of ROS generation, the amount of basal
and induced oxidative DNA damage, the total level, and the reduced and oxidized ratio
of glutathione (GSH), the activity of ROS-detoxifying enzymes and the relation between
mitochondrial potential and resistance to IM.

2. Materials and Methods
2.1. Chemicals

IM was provided by Novartis. IM was prepared as a stock of 10 mM concentration
in DMSO further diluted to target concentrations with a medium before the experiment.
The IMDM medium was purchased from Gibco BRL, the DCFH-DA probe was obtained
from Sigma Chemicals, the Glutathione Peroxidase Assay Kit was obtained from Cayman
Chemical, the OxiSelectTM Superoxide Dismutase Activity Assay and OxiSelectTM Catalase
Activity Assay Kit, Colorimetric were obtained from Cell Biolabs and the GSH/GSSG Ratio
Detection Assay Kit (Fluorometric–Green) was obtained from Abcam.

2.2. Cells

Murine 32D clone 3 cell lines: 32D BCR-ABL1 sensitive to IM (32D BA S), 32D BCR-
ABL1 Y253H primarily resistant to IM (32D BA R) and 32D cells without the BCR-ABL1
oncogene (32D P) were used in this study. The 32D Clone 3 (ATCC® CRL-11346™) cells
were obtained from American Type Culture Collection (ATCC) and transfected with BCR-
ABL1, wild type or with Y253H mutation as described previously [26]. Additionally, the
32D BCR-ABL1 with acquired resistance to IM (32D BA IM-AR) was created in-house
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by growing the 32D BA IM-S cells at increasing concentrations of IM (Novartis, Basel,
Switzerland), from 0.05 up to 1 µM.

The cells were cultured in the IMDM medium (Lonza, Basel, Switzerland) supple-
mented with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 10% fetal
bovine serum and kept in an incubator with 5% CO2 atmosphere at 100% humidity and 37
◦C. The 32D P line needed additional supplementation with interleukin 3 to proliferate,
which was delivered through the addition of filtered supernatant produced by WEHI-3B
cells (15% conditioned medium) as described previously [27]. WEHI-3B conditioned media
containing IL-3 was produced by culturing the WEHI 3B cells to a high density and then
harvesting the supernatants.

2.3. MTT Assay for Cell Viability

Viability of the cells treated with imatinib was assessed with the MTT assay as de-
scribed previously [16]. Briefly: cells were cultured in a 96-well plate at 37 ◦C and exposed
to different concentrations of imatinib (0.01–1 µM) for 24 h or H2O2 (100 µM) for 0.5 h. As
negative controls we used cells treated solely with culture. Cells were then washed with
PBS and incubated with thiazolyl blue tetrazolium bromide (MTT) solution. MTT was then
discarded carefully, and dimethyl sulfoxide (DMSO) was added to resolve the formazan
crystals. Microplate Reader 550 (Bio-Rad Laboratories, Hercules, CA, USA) was used to
measure absorbance in each well at 595 nm with a reference wavelength of 655 nm. Ratio
of absorbances of treated to untreated living cells was used as measure of viability.

2.4. Detection of BCR-ABL1 Presence

The presence of Bcr-Abl1 was determined using PathScan Phospho-Bcr-Abl (Tyr177)
Sandwich ELISA (Cell Signaling, Beverly, MA, USA), according to the manufacturer’s in-
structions. Briefly, cells were lysed in 1 mL of cell lysis buffer (provided as a kit component).
A normalized amount of protein was loaded into each well, which was then sealed with a
tape and incubated for 2 h at 37 ◦C. After four washes in wash buffer (provided as a kit
component) detection antibody reagent were added to each well and incubated for 1 h at
37 ◦C. The washing procedure was repeated and reconstituted HRP-linked secondary anti-
body was added and incubated for 30 min at 37 ◦C. Later, TMB substrate was added and
incubated for 10 min at 37 ◦C. Finally, the reaction was terminated with a STOP solution
and plates were read by measuring absorbance at 450 nm.

The presence of Bcr-Abl was also confirmed through a quantitative real-time PCR
analysis (mRNA BCR-ABL1 level). Total RNA was extracted from 5 × 106 cells using
ISOLATE II RNA Mini Kit (Bioline Reagents Ltd., London, UK). Next, first-strand cDNA
was synthesized from total RNA using High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Then, 2 ng of total RNA was used as
a template in a total volume of 20 µL. BCR-ABL1 expression was analyzed by using
the TaqMan® primer and probe set Hs03024784_ft and TaqMan™ Universal Master Mix
(Thermo Fisher Scientific). The reactions were carried out in a thermal cycler CFX96 ™
Real-Time PCR Detection System (BIO-RAD Laboratories, Hercules, CA, USA). The thermal
cycling conditions were as follows: 10 min of polymerase activation at 95 ◦C, followed by
40 cycles of 30 s denaturation at 95 ◦C and 60 s annealing/extension at 60 ◦C. Each sample
was run in triplicate. The cycle threshold (Ct) values were calculated automatically by
CFX96 ™ Real-Time PCR Detection System (BIO-RAD) software and the expression level
was calculated using the 2−∆Ct model, with the Ct values normalized using 18S rRNA as
internal (endogenous) control.

2.5. Detection of BCR-ABL Y253H Mutation

Mutations of the BCR-ABL1 Y253H in 32D cells were analyzed by allele-specific real-
time PCR (AS RT-PCR) method. Total RNA was extracted from 1 × 106 cells by using
the ISOLATE II RNA Mini Kit (Bioline Reagents Ltd.; London, UK) following the manu-
facturer’s instructions. Once extracted, RNA concentration and purity were verified by
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UV measurement, using the Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments,
Winooski, VT, USA). Subsequently, single-stranded cDNA was synthesized from 2 µg of to-
tal RNAs using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™).
For Y253H mutation detection, the following primer sequences were used: forward 5′-
ACTCCAGACTGTCCACAGCAT-3′ and allele specific reverse 5′-CGTACACCTCCCCGTG-
3′. Thermal cycling conditions for allele-specific PCR amplifications were optimized on
the CFX96™ Real-Time PCR Detection System (BIO-RAD) and the results were analyzed
by using CFX Manager™ Software version 3.1 and gel electrophoresis. The AS RT-PCR
conditions were as follows: UDG pre-treatment at 50 ◦C for 2 min, an initial denatura-
tion step for 10 min at 95 ◦C, followed by up to 50 cycles at 95 ◦C for 15 s, 60 s at 60 ◦C
annealing/extension with plate reading at this step. Reaction mix consisted of 1 × Lumi-
naris HiGreen qPCR Master Mix (Thermo Fisher Scientific, West Palm Beach, FL, USA),
including SYBR Green I fluorescent dye, 0.3 µM each primer (Sigma-Aldrich, Hamburg,
Germany) and 1 µL of cDNA in a total volume of 10 µl per sample. The cycle threshold
(Ct) values were calculated automatically by CFX96™ Real-Time PCR Detection System
software (BIO-RAD). The basal expression level was calculated using the 2−∆Ct model with
ACTB as an internal control.

2.6. Assessment of ROS Level

The ROS level was evaluated with OxiSelect Intracellular ROS Assay Kit (Cell Biolabs,
San Diego, CA, USA). Briefly: cells were cultured in a 96-well plate at 37 ◦C and exposed to
different concentrations of imatinib (0.01–1 µM) for 24 h or H2O2 (100 µM) for 0.5 h, washed,
and then treated according to the kit manufacturer’s protocol. This cell-based assay is
applied for measuring hydroxyl, peroxyl, or other reactive oxygen species activity within a
cell, which employs the cell-permeable fluorogenic probe 2′,7′-dichlorodihydrofluorescein
diacetate. In short, DCFH-DA is diffused into cells and is deacetylated by cellular esterase
to non-fluorescent 2′,7′- dichlorodihydrofluorescein, which is rapidly oxidized by ROS
to highly fluorescent 2′,7′- dichlorodihydrofluorescein. The fluorescence intensity is pro-
portional to the ROS levels within the cell cytosol. The data obtained were presented as
mean ± S.E.M. from three experiments.

2.7. Assessment of DNA Damage and Repair

The comet assay was performed in the alkaline version (pH 13) as described previ-
ously [28]. The slides with processed cells were examined at 200× magnification in an
Eclipse fluorescence microscope (Nikon, Tokyo, Japan) attached to a COHU 4910 video
camera (Cohu, San Diego, CA, USA) equipped with a UV-1 filter block consisting of
an excitation filter (359 nm) and a barrier filter (461 nm) and connected to a personal
computer-based image analysis system—Lucia-Comet v. 5.41 (Laboratory Imaging, Praha,
Czech Republic).

Around fifty images were randomly selected from each sample and the percentage of
DNA in the tail of the comets (% tail DNA) was measured (the quantity varied in the case
of some samples). The mean value of the % tail DNA in a particular sample was taken as an
index of DNA damage in the specific sample. All experiments were performed in duplicate.
The data obtained in the experiments on DNA damage and repair were expressed as means
with SEM from three experiments.

2.8. Cell Extracts

To assess the activity of selected enzymes active in ROS metabolism, as well as GSH
levels and GSH to GSSG ratios, cell lysate was first prepared. Eight million cells were
gathered after previously conducted counting in a Bürker chamber to get 1 mL of cell
lysate. Cells were centrifuged in 1500× g in 4 ◦C for 5 min. The pellet was washed with
PBS, cooled on ice, and then suspended in a lysis buffer consisting of 10 mM Tris, pH 7.5,
150 mM NaCl and 0.1 mM EDTA. The cells were lysed sonically (30% amplitude, 20 s single
impulse, 5 s breaks between impulses, repeated three times) on ice. After that, the lysate
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was centrifuged in 4 ◦C for 10 min in 10,000× g, the pellet was discarded, and the lysate
was frozen in −80 ◦C.

2.9. Assessment of GSH/GSSG Levels

To assess cellular GSH and GSSG levels and their ratio fluorometric GSH/GSSG Ratio
Detection Assay Kit (Abcam, Cambridge, UK) was used according to the manufacturer’s
protocol with lysate obtained as described above. Briefly, the sample cell lysate or GSH,
or GSSG standards were added to the thiol green indicator reaction mixture and were
incubated for 60 min in room temperature and protected from light. Then an increase in
fluorescence was monitored at Ex/Em = 490/520 nm with Bio-Tek Synergy HT Microplate
Reader (Bio-Tek Instruments, Winooski, VT, USA). GSH and GSSG standards were used to
create a graph of the standard curve. Fluorescence in blank wells (with the assay buffer
only) was used as control and was subtracted from the values for those wells with the
GSH reactions. Reduced GSH and total GSH were measured through calculation form
standard curves and the GSSG amount was calculated as a difference between total GSH
and reduced GSH.

2.10. Activity of Glutathione Peroxidase

We measured the activity of GPx with the Glutathione Peroxidase Cellular Activity
Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol
using lysate obtained as described in 2.8. This kit applies an indirect determination method.
It is based on the oxidation of GSH to GSSG catalyzed by GPx, which is then coupled to the
recycling of GSSG back to GSH utilizing glutathione reductase and NADPH. We measured
the decrease in NADPH absorbance at 340 nm with the Bio-Tek Synergy HT Microplate
Reader (Bio-Tek Instruments, Winooski, VT, USA), during the oxidation of NADPH to
NADP+ acting as indicative of GPx activity, since GPx was the rate limiting factor of the
coupled reactions.

2.11. Activity of Catalase

Evaluation of catalase activity was performed with the Catalase Assay Kit (Sigma-
Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol using lysate
obtained as described in 2.8. This assay involved measuring the H2O2 substrate remain-
ing after the action of catalase. Catalase converted H2O2 to water and oxygen, and the
reaction was then stopped with sodium azide. An aliquot of the reaction mix was as-
sayed for the amount of H2O2 remaining by a colorimetric method with the Bio-Tek
Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA), where the
substituted phenol (3,5-dichloro-2-hydroxybenzene- sulfonic acid) was coupled oxida-
tively to 4-aminoantipyrine in the presence of hydrogen peroxide and horseradish per-
oxidase (HRP) to give a red quinonimine dye (N-(4-antipyryl)-3-chloro-5-sulfonate-p-
benzoquinone-monoimine) that absorbs at 520 nm.

2.12. Mitochondrial Membrane Potential

MMP was assessed using the MitoProbe JC-1 Assay Kit (Life Technologies). The kit
includes the cationic dye JC-1 (5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocy
anine iodide) together with the mitochondrial membrane potential disrupter CCCP (car-
bonyl cyanide 3-chlorophenylhydrazone). Carbocyanine dye accumulates in the mito-
chondrial membrane in a potential-dependent manner. A high potential of the inner
mitochondrial membrane leads to the formation of dye aggregates with both excitation
and emission shifted towards red light (530 nm/590 nm), while respective values for JC-1
monomers are 485 nm/538 nm. Then, 5 × 104 cells in 100 µL culture medium, with or
without tested agents, were seeded into plate wells and cultured at 37 ◦C for 24 h in CO2-
containing environment. Then, the cells were incubated with 5 µM JC-1 in HBSS in CO2
atmosphere at 37 ◦C for 30 min, centrifuged (300× g for 10 min at 22 ◦C) and then washed
twice with HBSS. Bio-Tek Synergy HT Microplate Reader (Bio-Tek Instruments, Winooski,
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VT, USA) with filter pairs of 530 nm/590 nm and 485 nm/538 nm was used for fluorescence
measurements. The results were shown as a ratio of aggregates to monomer fluorescence.

2.13. Statistical Analyses

All statistical analyses of differences between lines in different treatments were per-
formed in Prism 6 software (GraphPadSoftware, Inc., San Diego, CA, USA) using ordinary
one-way ANOVA followed with Dunnett’s multiple comparison test. Results were ex-
pressed as means with SEM. The experiments were performed in triplicate, n ≥ 3.

3. Results
3.1. Detection of BCR-ABL1 Presence and Its Mutational Status

We started with a verification of the presence of BCR-ABL1 fusion gene product in
cells susceptible to IM (32D BA S), primary resistant to IM due to Y253H mutation (32D
BA R), and with acquired resistance, developed through culturing the cells in medium
with an increasing IM concentration (32D BA AR). As the control cells, we used wildtype
32D P cells without BCR-ABL1 gene resent. The examined cells differed in their size,
shape, and homogeneity (Figure 1a). Interestingly, the BCR-ABL1-positive cells were
characterized by a bigger diameter and less homogenous population suggesting that
oncogenic transformation influenced their phenotype. Figure 1-b shows that the product of
the BCR-ABL1 expression remained present in the examined cells even after IM treatment
and 1-c confirms this for normalized expression levels. This allowed us to confirm that
all the observed effects were due to alteration in downstream signaling, not the lack of
expression of the BCR-ABL1 protein in cells treated with IM. As is shown in Figure 1d, the
studied cell lines exhibited significantly different viability after IM-treatment.

We also investigated the status of Y253H mutation (Figure 1e) and we detected it
clearly in 32D BA R cell line, which is specifically transformed with variant of BCR-ABL1
gene harboring that mutation.

3.2. Reactive Oxygen Species Levels Are Increased in BCR-ABL1 Positive Cells Susceptible to IM
When Compared to BCR-ABL1 Negative Cells, and Are Lower in Cells with IM-Acquired
Resistance after Treatment with IM

Basal levels of ROS production seemed similar in all BCR-ABL1 positive cells, both
susceptible and resistant to IM action. The only statistically significant difference was noted
between those cells and non-leukemic 32D P cells, with the latter having lower levels of
detected ROS (Figure 2b).

This pattern repeats after 24-h treatment with H2O2, which we added to simulate
conditions of exogenous oxidative stress. After exposition to IM 32D BA AR and 32D P cell
lines exhibited a significantly lower level of ROS accumulation when compared to the 32D
BA S line, while the 32D BA R line still seemed to show the level of ROS production, as
high as in the case of the 32D BA S line.

Differences were most pronounced after co-incubation with IM and H2O2, when 32D
BA S line accumulated significantly more ROS than all other lines.

3.3. Exposure to IM and/or H2O2 Increases DNA Damage in IM-Susceptible Cells

We examined DNA damage levels in BCR-ABL1 positive and negative cells using a
comet assay (Figure 2c).

We noticed that there was no significant difference in the basal levels of DNA damage
between the 32D BA S line and the remaining investigated cells. Treatment with H2O2
changed the situation. The 32D P and BCR-ABL1-positive IM-resistant cells showed the
lowest level of accumulated DNA damage, albeit the difference between the 32D BA S line
and the 32D BA R cells was not statistically significant. Treatment with IM or IM+ H2O2
exacerbated those differences and the 32D BA S line accumulated significantly more DNA
damage than other lines.



Biomolecules 2021, 11, 610 7 of 15

3.4. GSH Level Decreases in IM-Susceptible Cells after Exposure to IM When Compared to
IM-Resistant Cells

Glutathione is an antioxidant that exists in either reduced (GSH) or oxidized (GSSG)
form and prevents oxidative damage to various cellular structures. The ratio of GSH to
GSSG can be used as a measure of oxidative stress in cells [29].

GSH level (Figure 2d) under control conditions was lower in the cells resistant to IM
and P-line cells, compared to the S-line cells; however, the difference was not significant
between the 32D BA S and the 32D P line. We detected no significant differences after
treatment with H2O2. Following the incubation with IM alone or IM in combination with
H2O2, the GSH level was significantly lower in 32D BA S cells in comparison to other lines.
Interestingly, we did not detect any significant differences of the GSH to GSSG + GSH ratio
between the investigated cell lines (data not shown).
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We cultured cells with IM for 24 h and with H2O2 for 30 min; in case of co-incubation, we added H2O2 at the end of IM
incubation. IM was used in 1 µM concentration for 24 h and H2O2 in 100 µM for 30 min. * p < 0.05, the asterisk indicates
a significant difference after treatment between a given cell line and the 32D BA S cells, n ≥ 3, we presented results as
mean ± SEM.

3.5. Enzymes Involved in ROS Metabolism Are More Active in IM-resistant Cells after Exposure
to IM

We analyzed the activity of selected enzymes involved in oxidative balance regulation
to get a better picture of the antioxidant defenses in IM-susceptible and resistant cells.

3.5.1. Glutathione Peroxidase

GPx is a family of peroxidases catalyzing the reaction of H2O2 reduction to water by
GSH. As such, they play an essential role in the regulation of ROS-signaling. Recently, their
role in carcinogenesis has also been extensively discussed [30].

We observed that the 32D BA S line always exhibited a lower level of GPx activity
than the 32D P line. However, after IM treatment and incubation in parallel with IM and
H2O2, 32D BA S cells had also a significantly lower GPx activity than the IM-resistant ones
(Figure 2e).

3.5.2. Catalase

Catalase catalyzes the reduction of hydrogen peroxide to water and oxygen and is
an essential element of the cellular antioxidant system and one of the most ubiquitous
enzymes present in cells [31].

Catalase activity displayed a pattern similar to that of GPx activity (Figure 2f). The
primary difference was noted between the 32D BA S and the 32D P line, while the 32D
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P line showed higher level of catalase activity. The 32D BA S cells had also depressed
activity of catalase after exposition to IM when compared to other lines. Interestingly, the
comparison of 32D P cells with resistant lines demonstrated a tremendous difference in a
basal activity of catalase, which might suggest that the presence of BCR-ABL1 itself may
depress activity of this enzyme.

3.6. Mitochondrial Membrane Potential Is Lower in IM-Resistant Cells When Compared to
IM-Susceptible Cells

In recent years it has been possible to observe an increased focus on the role of mito-
chondria in carcinogenesis, including what is the role of the alterations in the mitochondrial
membrane potential [32].

A comparison of aggregate/monomer ratios of cationic dye JC-1 under control condi-
tions showed that it was significantly lower in the 32D BA AR line and the 32D P line than
in the 32D BA S line. When we exposed cells to IM and H2O2, we could not see significant
differences between 32D BA S and IM-resistant lines (Figure 3b).
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mitochondrial membrane leads to the formation of dye aggregates with both excitation and emission shifted towards
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measured ratio in aggregate/monomer ratios of cationic dye JC-1. In BCR-ABL1 positive and parental 32D cells under
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asterisk indicates a significant difference after treatment between a given line and the 32D BA S line, n = 4, results shown as
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4. Discussion

The BCR-ABL1 gene leads to genomic instability, which in turn is a major source of
resistance of CML cells to TKIs such as IM. However, as recent research shows, how exactly
resistant cells avoid cell death in the face of TKIs action is yet to be fully elucidated [16,32].
In this work, we focused on murine 32D cells transformed with the BCR-ABL1 oncogene to
create a model of the chronic phase of CML [32]. Some of those cells were transformed with
the BCR-ABL1 variant harboring Y253H point mutation, which is a source of resistance to
IM, thus making those cells a model of primary resistance to IM. Other cells were cultured
in an increasing concentration of IM until they exhibited resistance, thus acting as a model
of acquired resistance to IM. As shown previously, such cells form a heterogenous 32D
BA AR line, and part of the cell population may derive resistance from point mutations in
BCR-ABL1 gene [32]. However, it is important to note that BCR-ABL1-independent mecha-
nisms were also discovered to play role in acquiring resistance to TKI-based therapy [33].
Using 32D cells as a model for CML has an advantage because it allows us to use three
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different lines to monitor the metabolic disturbances caused by different variants of the
BCR-ABL1 gene.

Involvement of ROS in the development of chronic myeloid leukemia has been the
focus of research for some time [34]. Earlier research showed elevated levels of ROS pro-
duction in BCR-ABL1 positive cells when compared to wild-type counterparts [35–37].
Additionally, some results indicated that cells with acquired resistance exhibited intrinsi-
cally elevated levels of ROS when compared to susceptible cells [38]. It was also observed
that measured antioxidant response increases over time in patients undergoing TKI-based
chemotherapy and may precede the development of resistance to used chemotherapeu-
tics [39]. On the other hand, it has been recently demonstrated that CML cells resistant to
IM through T315I mutation exhibit a lower level of ROS production when compared to
CML cells susceptible to IM action. However, those results were gathered using a different
cell lines than the ones used by us, which might serve as an explanation for the observed
differences [40].

On the other hand, the condition of the continuous oxidative stress in leukemic cells
may be interesting therapeutic target, and the possibility of developing redox chemothera-
peutics has received much more attention in recent years [41]. Recently it was shown that a
pro-oxidant cancer therapy, which selectively killed cancer cells by the ROS production,
could augment the conventional chemotherapy [42]. Consequently, the broad extensive
oxidative and nitrosative stress triggered by anticancer drugs may intensify genotoxic
effects on cancer cells and thus mediate the induction of programmed cell death.

We confirmed that BCR-ABL1-positive cell lines in general have elevated levels of
ROS when compared to BCR-ABL1-negative cells, both in control conditions and after
exposure to IM and H2O2. Interestingly, after exposition to IM alone only cells with
acquired resistance had significantly lower level of accumulated ROS when compared to
32D BA S cells. This confirms that the mechanism of IM resistance may differ between
primary and acquired resistance in the context of the oxidative stress, which was also
indicated by our other results.

Earlier studies did not investigate exact changes in ROS metabolism in cells affected
by BCR-ABL1 oncogene, neither with reference to enzymes involved in ROS detoxification,
nor with relation to IM resistance in CML cells. We focused here on some such systems and
hallmarks of ROS activity in resistance to TKIs. There are some signaling molecules e.g.,
platelet derived growth factor (PDGF) that induces H2O2-dependent tyrosine phospho-
rylation in human leukemia cells [37]. Therefore, we decided to use H2O2 as the external
source of free radical production, which can mimic in vivo conditions.

It is worth underlining that in cancer cells, ROS can also play the role of secondary
messenger to activate multiple intracellular proteins and enzymes, including the epidermal
growth factor receptor, c-Src, p38 mitogen-activated protein kinase, Ras and Akt/protein
kinase B [43,44]. Thus, a low level of ROS is also important for keeping the differentiation
potential of hematopoietic stem cells [45]. It seems that H2O2 plays a role as a signal-
ing molecule. The H2O2 can form from OH-• that removes electrons from surrounding
biomolecules and from O2− that spontaneously transform into H2O2 [46]. However, if the
rate of formation of O2−, OH-• and H2O2is too high they can interact with cell membranes,
proteins, and DNA, even damaging it [47].

The results of DNA damage assessment showed that after exposure to IM IM-susceptible
cells exhibit higher levels of DNA damage than BCR-ABL1 negative cells. Resistant cell
lines seemed to also have more basal DNA damage accumulated. Such an observation
is in accordance with an earlier report of BCR-ABL1 self-mutagenesis as a mechanism
for developing IM resistance or with recent reports of increased levels of DNA damage
in mitochondria in cells resistant to IM action [35,38]. As with ROS accumulation, we
demonstrated that exposition to H2O2 leads to significantly more DNA damage in cells
with acquired resistance to IM when compared to 32D BA S, but not in cells with primary
resistance, further underlying important differences between those resistances. Exposure to
IM leads to an even higher amount of DNA damage in susceptible cells when compared to
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resistant lines or BCR-ABL1 negative cells. This is compatible with the view that considers
DNA damage as one of hallmarks of apoptosis [8]. When undergoing this process, IM
susceptible cells accumulate additional DNA damage which, in turn, is one of the factors
contributing to rapid cell death [35]. To better understand this situation, we assessed the
activity of selected cellular systems involved in maintaining redox homeostasis, i.e., GSH
and chosen enzymes in charge of redox balance regulation.

An increase in the GSH level is a known mechanism in the resistance of certain cancer
cells to chemotherapeutic agents [48–50]. Moreover, a depletion of GSH in cancer cells may
make them more susceptible to cell death induction and it can be a molecular target for
the novel anti-leukemic agents [51,52]. The results we gathered confirm that GSH levels
are higher in resistant and BCR-ABL1 negative cells in comparison to IM-susceptible cells
in the face of exposure to IM action. At the same time, they are similar or lower than
in susceptible cells under control conditions or after incubation with H2O2 alone. This
suggests that the oncogenic transformation due to the presence of BCR-ABL1 may reduce
the physiological levels of GSH and this change is then reversed because of IM resistance
development. It is also possible that GSH activation is directly stimulated by IM. This is
suggested by the GSH level increase observed in 32D BA R and 32D BA AR cells after IM
treatment. This suggests that further investigation into the role of GSH in developing IM
resistance is merited.

Selected recent research indicates that cells resistant to IM demonstrate lower levels of
expression of ROS scavengers such as GPx and catalase [40]. Interestingly, we observed
that after exposure to IM the GPx and catalase activity increased in IM-resistant CML cells
in comparison to IM-susceptible cells.

It was previously shown that the induction of apoptosis in leukemic cells led, in some
situations, to a decrease in the levels of GSH, which would correspond to our observations
of low intracellular GSH concentrations in IM-susceptible cells after exposure to IM [52]. It
was also observed that altered GPx expression was present in CML, where the promoter
of GPX3 was hypermethylated, which in turn correlated with the lowered expression of
GPX3 [53]. Indeed, we observed that the basal activity of GPx under control conditions
was higher in 32D P cells in comparison to BCR-ABL1 positive cells, both IM-susceptible
and resistant.

We also investigated the activity of catalase and observed it is less active in BCR-ABL1-
positive cells when compared to wild-type counterparts. With the reference to the existing
literature data, a complicated picture appears here. According to some of the oldest research
studies, in both acute and chronic myeloid leukemia there is a substantial increase in
catalase activity when compared to normal cells [54,55]. On the other hand, in other forms
of cancer such as hepatoma, a lower level of anti-oxidative enzymes, including catalase,
can be found [56]. This was used to explain the features of leukemic cells harboring BCR-
ABL1 oncogene, which exhibit vulnerability to ascorbate/menadione-induced oxidative
stress [57]. On the other hand, authors of selected newer studies pointed out the high
expression of catalase in BCR-ABL1 harboring K562 cells [58]. Meanwhile, others indicate
that different cell lines might exhibit different patterns of expression and/or activity of
catalase [59]. We theorize that depleted catalase levels in 32D BA S cells may be one of the
causes of increased oxidative stress, thus contributing to DNA damage and development
of acquired resistance. However once resistance is acquired, increase in catalase activity
may play a protective role against further excessive, potentially damaging, oxidative stress.

Earlier research showed that a loss of mitochondrial potential is related to the apoptotic
death of leukemic cells [60,61]. A research study on the same model used by us revealed
lower MMP in resistant cells in comparison to IM-susceptible cells [16]. We confirmed
this observing that the 32D BA S line had higher MMP after exposure to IM alone when
compared to resistant lines or the 32D P line. This difference was also significant in control
conditions in the case of 32D BA AR.

It was theorized that one mode of acquiring resistance to IM takes place through
changes in the function of drug transporters that seem to play pivotal role in uptake



Biomolecules 2021, 11, 610 12 of 15

of several TKIs such as imatinib and dasatinib. Previous research showed an increased
expression of human organic cation transporter 1 (hOCT1) correlated with better response
to TKI’s treatment in many human leukemia cells [33,62,63]. Moreover, the disturbances
in mitochondria homeostasis triggered by IM may be an explanation for our studies that
revealed a correlation between IM exposition and changes in MMP.

Overall detected differences in MMP point to the interesting direction of possible
mechanisms of IM-resistance. The cellular redox homeostasis status is one of the fundamen-
tal factors regulating mitochondrial membrane permeabilization [64]. In our experiments,
we used H2O2, which by the generation of ROS may cause cell death [65]. It was established
that oxidative stress, in form of H2O2 and or other ROS, can activate K+ATP channels
and hyperpolarize the plasma membrane potential. This phenomenon can stimulate the
mitochondrial ROS production, which may induce the opening of the mitochondrial per-
meability transition thus decreasing the mitochondrial membrane potential and leading to
ATP depletion [66]. Interestingly, mitochondrial DNA (mtDNA) is not packed the same
way as chromatin and lacks introns. As a result, mtDNA is more sensitive to oxidative
damage than nuclear DNA and there is a higher probability of mutations occurring within
coding regions [45]. The increase of mitochondrial ROS production can also reduce the sta-
bility of mtDNA and promote DNA damage and mutation that would eventually promote
leukemogenesis [67]. These molecular events may happen during our experiments. For
instance, in the case of 32D BA S cells, we observed a decrease of MMP after joint exposi-
tion to IM and H2O2. At the same time, it was generally lower in cells resistant to IM or
those lacking BCR-ABL1 altogether, when compared to cells sensitive to IM. Thus, further
elucidation of role of MMP changes in response to IM, as well as of intrinsic difference in
MMP between IM-susceptible and resistant cell lines is needed to carry out.

In this study we investigated some aspects of the connection between the free radicals’
production and the resistance of model CML cells to IM. We showed that the consequence
of the free radicals’ production, induced by the incubation of CML murine model cells with
H2O2, is not always augmented by the IM activity. We showed that IM resistant cells exhibit
less DNA damage after exposition to IM, which may partially explain their resistance to
IM-induced apoptosis. Analysis of the GSH level showed increases in resistant cells, which
could further contribute to their resistance, and a similar pattern was observed in the
activity of GPx and catalase. Catalase was, in fact, less active in IM-susceptible cells then in
wild-type cells, and thus we theorized that increased oxidative stress in IM-susceptible cells
could contribute to DNA damage and the development of acquired resistance, but once it
was acquired, increase in catalase activity could act against further damaging oxidative
stress. Moreover, the measurements of MMP activity suggested a different form of the
spontaneous IM-resistance, developed during constant IM treatment like this endured by
CML-positive patients.

Our study showed that there are meaningful differences in some aspects of ROS
metabolism between susceptible and IM-resistant leukemic cells. However, it also exhibits
several limitations that point to future directions in the research. We did not investigate
those aspects of ROS metabolism in other leukemic cell lines, nor in cells gathered from
patients. We also did not quantify the levels of BCR-ABL1 expression; we only qualitatively
correlated its presence with reactions to IM. We believe further analysis of IM expression
levels, phosphorylation, or mutational status, including sequencing the cell lines, and
activity of ROS scavengers and overall ROS metabolism in leukemic cells is needed to
establish more detailed relations between aforementioned factors. Additionally, observed
differences between cells with pre-existing and acquired resistance to IM suggest investiga-
tion into the role of some other mechanisms of IM-resistance such us alterations in drug
transporters activity, as well as verification of the methylation status of genes involved in
ROS metabolism. Further research should also focus on the possibility of targeted altering
of ROS metabolism in CML cells to facilitate their selective deaths as a therapeutic measure.
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5. Conclusions

We showed that BCR-ABL1 kinase alters ROS metabolism, and that IM resistance is
accompanied by elevated levels of GSH and increased activity of GPx and catalase after
treatment with IM. In addition, these differences are associated with alterations in MMP,
which are different in cells with primary and acquired resistance. This indicates a direction
for future investigation of a possible mechanism for acquiring resistance to TKI.
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authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science Centre [DEC-2012/05/N/NZ3/01014] to
S.G. and by National Institutes of Health [R01CA186238] to T.S.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Druker, B.J. Translation of the Philadelphia chromosome into therapy for CML. Blood 2008, 112, 4808–4817. [CrossRef]
2. Shtivelman, E.; Lifshitz, B.; Gale, R.P.; Canaani, E. Fused transcript of abl and bcr genes in chronic myelogenous leukaemia.

Nature 1985, 315, 550–554. [CrossRef]
3. Rosenzweig, S.A. Acquired Resistance to Drugs Targeting Tyrosine Kinases. Adv. Cancer Res. 2018, 138, 71–98.
4. Trela, E.; Glowacki, S.; Błasiak, J. Therapy of Chronic Myeloid Leukemia: Twilight of the Imatinib Era? ISRN Oncol. 2014, 2014,

1–9. [CrossRef]
5. Massimino, M.; Stella, S.; Tirrò, E.; Romano, C.; Pennisi, M.S.; Puma, A.; Manzella, L.; Zanghì, A.; Stagno, F.; Di Raimondo, F.; et al.

Non ABL-directed inhibitors as alternative treatment strategies for chronic myeloid leukemia. Mol. Cancer 2018, 17, 56. [CrossRef]
6. Talati, C.; Pinilla-Ibarz, J. Resistance in chronic myeloid leukemia: Definitions and novel therapeutic agents. Curr. Opin. Hematol.

2018, 25, 154–161. [CrossRef]
7. Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled demolition at the cellular level. Nat. Rev. Mol. Cell Biol. 2008, 9,

231–241. [CrossRef]
8. Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med. 2010, 48, 749–762.

[CrossRef]
9. Orrenius, S.; Gogvadze, V.; Zhivotovsky, B. Mitochondrial oxidative stress: Implications for cell death. Annu. Rev. Pharmacol.

Toxicol. 2007, 47, 143–183. [CrossRef]
10. Koptyra, M.; Cramer, K.; Slupianek, A.; Richardson, C.; Skorski, T. BCR/ABL promotes accumulation of chromosomal aberrations

induced by oxidative and genotoxic stress. Leukemia 2008, 22, 1969–1972. [CrossRef]
11. Edlich, F. BCL-2 proteins and apoptosis: Recent insights and unknowns. Biochem. Biophys. Res. Commun. 2018, 500, 26–34.

[CrossRef]
12. Pritchard, R.; Rodríguez-Enríquez, S.; Pacheco-Velázquez, S.C.; Bortnik, V.; Moreno-Sánchez, R.; Ralph, S. Celecoxib inhibits

mitochondrial O2 consumption, promoting ROS dependent death of murine and human metastatic cancer cells via the apoptotic
signalling pathway. Biochem. Pharmacol. 2018, 154, 318–334. [CrossRef]

13. Song, X.; Gao, T.; Lei, Q.; Zhang, L.; Yao, Y.; Xiong, J. Piperlongumine Induces Apoptosis in Human Melanoma Cells Via Reactive
Oxygen Species Mediated Mitochondria Disruption. Nutr. Cancer 2018, 70, 502–511. [CrossRef]

14. Zou, Z.; Chang, H.; Li, H.; Wang, S. Induction of reactive oxygen species: An emerging approach for cancer therapy. Apoptosis
2017, 22, 1321–1335. [CrossRef] [PubMed]

15. Acharya, S.; Sahoo, S.K. Exploitation of redox discrepancy in leukemia cells by a reactive oxygen species nanoscavenger for
inducing cytotoxicity in imatinib resistant cells. J. Colloid Interface Sci. 2016, 467, 180–191. [CrossRef]

16. Synowiec, E.; Hoser, G.; Bialkowska-Warzecha, J.; Pawlowska, E.; Skorski, T.; Blasiak, J. Doxorubicin Differentially Induces
Apoptosis, Expression of Mitochondrial Apoptosis-Related Genes, and Mitochondrial Potential in BCR-ABL1-Expressing Cells
Sensitive and Resistant to Imatinib. Biomed. Res. Int. 2015, 2015, 673512–673519. [CrossRef]

17. Jayavelu, A.K.; Moloney, J.N.; Böhmer, F.-D.; Cotter, T.G. NOX-driven ROS formation in cell transformation of FLT3-ITD-positive
AML. Exp. Hematol. 2016, 44, 1113–1122. [CrossRef]

18. Reddy, M.M.; Fernandes, M.S.; Salgia, R.; Levine, R.L.; Griffin, J.D.; Sattler, M. NADPH oxidases regulate cell growth and
migration in myeloid cells transformed by oncogenic tyrosine kinases. Leukemia 2011, 25, 281–289. [CrossRef]

http://doi.org/10.1182/blood-2008-07-077958
http://doi.org/10.1038/315550a0
http://doi.org/10.1155/2014/596483
http://doi.org/10.1186/s12943-018-0805-1
http://doi.org/10.1097/MOH.0000000000000403
http://doi.org/10.1038/nrm2312
http://doi.org/10.1016/j.freeradbiomed.2009.12.022
http://doi.org/10.1146/annurev.pharmtox.47.120505.105122
http://doi.org/10.1038/leu.2008.78
http://doi.org/10.1016/j.bbrc.2017.06.190
http://doi.org/10.1016/j.bcp.2018.05.013
http://doi.org/10.1080/01635581.2018.1445769
http://doi.org/10.1007/s10495-017-1424-9
http://www.ncbi.nlm.nih.gov/pubmed/28936716
http://doi.org/10.1016/j.jcis.2016.01.012
http://doi.org/10.1155/2015/673512
http://doi.org/10.1016/j.exphem.2016.08.008
http://doi.org/10.1038/leu.2010.263


Biomolecules 2021, 11, 610 14 of 15

19. Singh, M.M.; Irwin, M.E.; Gao, Y.; Ban, K.; Shi, P.; Arlinghaus, R.B.; Amin, H.M.; Chandra, J. Inhibition of the NADPH oxidase
regulates heme oxygenase 1 expression in chronic myeloid leukemia. Cancer 2012, 118, 3433–3445. [CrossRef]

20. Sallmyr, A.; Fan, J.; Datta, K.; Kim, K.-T.; Grosu, D.; Shapiro, P.; Small, D.; Rassool, F. Internal tandem duplication of FLT3
(FLT3/ITD) induces increased ROS production, DNA damage, and misrepair: Implications for poor prognosis in AML. Blood
2008, 111, 3173–3182. [CrossRef]

21. Stanicka, J.; Russell, E.G.; Woolley, J.F.; Cotter, T.G. NADPH oxidase-generated hydrogen peroxide induces DNA damage in
mutant FLT3-expressing leukemia cells. J. Biol. Chem. 2015, 290, 9348–9361. [CrossRef]

22. Kruk, J.; Aboul-Enein, H.Y. Reactive Oxygen and Nitrogen Species in Carcinogenesis: Implications of Oxidative Stress on the
Progression and Development of Several Cancer Types. Mini Rev. Med. Chem. 2017, 17, 904–919. [CrossRef]

23. Azad, N.; Iyer, A.; Vallyathan, V.; Wang, L.; Castranova, V.; Stehlik, C.; Rojanasakul, Y. Role of oxidative/nitrosative stress-
mediated Bcl-2 regulation in apoptosis and malignant transformation. Ann. N. Y. Acad. Sci. 2010, 1203, 1–6. [CrossRef]

24. Eiring, A.M.; Page, B.D.G.; Kraft, I.L.; Mason, C.C.; Vellore, N.A.; Resetca, D.; Zabriskie, M.S.; Zhang, T.Y.; Khorashad, J.S.; Engar,
A.J.; et al. Combined STAT3 and BCR-ABL1 inhibition induces synthetic lethality in therapy-resistant chronic myeloid leukemia.
Leukemia 2015, 29, 586–597. [CrossRef]

25. Antoszewska-Smith, J.; Pawlowska, E.; Blasiak, J. Reactive oxygen species in BCR-ABL1-expressing cells-relevance to chronic
myeloid leukemia. Acta Biochim. Pol. 2017, 64, 1–10. [CrossRef]

26. Nieborowska-Skorska, M.; Wasik, M.A.; Slupianek, A.; Salomoni, P.; Kitamura, T.; Calabretta, B.; Skorski, T. Signal transducer
and activator of transcription (STAT)5 activation by BCR/ABL is dependent on intact Src homology (SH)3 and SH2 domains of
BCR/ABL and is required for leukemogenesis. J. Exp. Med. 1999, 189, 1229–1242. [CrossRef]

27. Slupianek, A.; Hoser, G.; Majsterek, I.; Bronisz, A.; Malecki, M.; Blasiak, J.; Fishel, R.; Skorski, T. Fusion tyrosine kinases induce
drug resistance by stimulation of homology-dependent recombination repair, prolongation of G(2)/M phase, and protection from
apoptosis. Mol. Cell. Biol. 2002, 22, 4189–4201. [CrossRef]

28. Singh, N.P.; McCoy, M.T.; Tice, R.R.; Schneider, E.L. A simple technique for quantitation of low levels of DNA damage in
individual cells. Exp. Cell Res. 1988, 175, 184–191. [CrossRef]

29. Halprin, K.M.; Ohkawara, A. The measurement of glutathione in human epidermis using glutathione reductase. J. Investig.
Dermatol. 1967, 48, 149–152. [CrossRef] [PubMed]

30. Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289–3303. [CrossRef] [PubMed]
31. Ighodaro, O.M.; Akinloye, O.A. First line defence antioxidants-superoxide dismutase (SOD), catalase (CAT) and glutathione

peroxidase (GPX): Their fundamental role in the entire antioxidant defence grid. Alex. J. Med. 2018, 54, 287–293. [CrossRef]
32. Synowiec, E.; Hoser, G.; Wojcik, K.; Pawlowska, E.; Skorski, T.; Błasiak, J. UV Differentially Induces Oxidative Stress, DNA

Damage and Apoptosis in BCR-ABL1-Positive Cells Sensitive and Resistant to Imatinib. Int. J. Mol. Sci. 2015, 16, 18111–18128.
[CrossRef]

33. Wang, L.; Giannoudis, A.; Lane, S.; Williamson, P.; Pirmohamed, M.; Clark, R.E. Expression of the uptake drug transporter hOCT1
is an important clinical determinant of the response to imatinib in chronic myeloid leukemia. Clin. Pharmacol. Ther. 2008, 83,
258–264. [CrossRef]

34. Pascu, E.G.; Gaman, M.A.; Moisa, C.; Assani, A.D.; Gaman, A.M. The involvement of oxidative stress in Chronic Myeloid
Leukemia. Rom. Biotechnol. Lett. 2020, 25, 1267–1274. [CrossRef]

35. Koptyra, M.; Falinski, R.; Nowicki, M.O.; Stoklosa, T.; Majsterek, I.; Nieborowska-Skorska, M.; Blasiak, J.; Skorski, T. BCR/ABL
kinase induces self-mutagenesis via reactive oxygen species to encode imatinib resistance. Blood 2006, 108, 319–327. [CrossRef]

36. Kwee, J.K.; Luque, D.G.; Ferreira, A.C.D.S.; Vasconcelos, F.D.C.; Silva, K.L.; Klumb, C.E.; Maia, R.C. Modulation of reactive
oxygen species by antioxidants in chronic myeloid leukemia cells enhances imatinib sensitivity through survivin downregulation.
Anticancer Drugs 2008, 19, 975–981. [CrossRef]

37. Kim, J.H.; Chu, S.C.; Gramlich, J.L.; Pride, Y.B.; Babendreier, E.; Chauhan, D.; Salgia, R.; Podar, K.; Griffin, J.D.; Sattler, M.
Activation of the PI3K/mTOR pathway by BCR-ABL contributes to increased production of reactive oxygen species. Blood 2005,
105, 1717–1723. [CrossRef]

38. Blasiak, J.; Hoser, G.; Bialkowska-Warzecha, J.; Pawlowska, E.; Skorski, T. Reactive Oxygen Species and Mitochondrial DNA
Damage and Repair in BCR-ABL1 Cells Resistant to Imatinib. BioRes. Open Access 2015, 4, 334–342. [CrossRef]

39. Pascu, E.G.; Gaman, M.A.; Moisa, C.; Gaman, A.M. Oxidative stress and BCR-ABL1 transcript levels in chronic myeloid leukemia:
An intricate relationship. Rev. Chim. 2019, 70, 3193–3196. [CrossRef]

40. Ko, B.W.; Han, J.; Heo, J.Y.; Jang, Y.; Kim, S.J.; Kim, J.; Lee, M.J.; Ryu, M.J.; Song, I.C.; Jo, Y.S.; et al. Metabolic characterization of
imatinib-resistant BCR-ABL T315I chronic myeloid leukemia cells indicates down-regulation of glycolytic pathway and low ROS
production. Leuk. Lymphoma 2016, 57, 2180–2188. [CrossRef]

41. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?
Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef]

42. Yang, H.; Villani, R.M.; Wang, H.; Simpson, M.J.; Roberts, M.S.; Tang, M.; Liang, X. The role of cellular reactive oxygen species in
cancer chemotherapy. J. Exp. Clin. Cancer Res. 2018, 37, 266. [CrossRef] [PubMed]

43. Maulik, N.; Das, D.K. Redox signaling in vascular angiogenesis. Free Radic. Biol. Med. 2002, 33, 1047–1060. [CrossRef]
44. Aslan, M.; Ozben, T. Oxidants in receptor tyrosine kinase signal transduction pathways. Antioxid. Redox Signal. 2003, 5, 781–788.

[CrossRef]

http://doi.org/10.1002/cncr.26621
http://doi.org/10.1182/blood-2007-05-092510
http://doi.org/10.1074/jbc.M113.510495
http://doi.org/10.2174/1389557517666170228115324
http://doi.org/10.1111/j.1749-6632.2010.05608.x
http://doi.org/10.1038/leu.2014.245
http://doi.org/10.18388/abp.2016_1396
http://doi.org/10.1084/jem.189.8.1229
http://doi.org/10.1128/MCB.22.12.4189-4201.2002
http://doi.org/10.1016/0014-4827(88)90265-0
http://doi.org/10.1038/jid.1967.24
http://www.ncbi.nlm.nih.gov/pubmed/6020678
http://doi.org/10.1016/j.bbagen.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23201771
http://doi.org/10.1016/j.ajme.2017.09.001
http://doi.org/10.3390/ijms160818111
http://doi.org/10.1038/sj.clpt.6100268
http://doi.org/10.25083/rbl/25.1/1267.1274
http://doi.org/10.1182/blood-2005-07-2815
http://doi.org/10.1097/CAD.0b013e3283140c6f
http://doi.org/10.1182/blood-2004-03-0849
http://doi.org/10.1089/biores.2015.0022
http://doi.org/10.37358/RC.19.9.7514
http://doi.org/10.3109/10428194.2016.1142086
http://doi.org/10.1038/nrd2803
http://doi.org/10.1186/s13046-018-0909-x
http://www.ncbi.nlm.nih.gov/pubmed/30382874
http://doi.org/10.1016/S0891-5849(02)01005-5
http://doi.org/10.1089/152308603770380089


Biomolecules 2021, 11, 610 15 of 15

45. Prieto-Bermejo, R.; Romo-González, M.; Pérez-Fernández, A.; Ijurko, C.; Hernández-Hernández, Á. Reactive oxygen species in
haematopoiesis: Leukaemic cells take a walk on the wild side. J. Exp. Clin. Cancer Res. 2018, 37, 125. [CrossRef]

46. Forman, H.J.; Ursini, F.; Maiorino, M. An overview of mechanisms of redox signaling. J. Mol. Cell. Cardiol. 2014, 73, 2–9.
[CrossRef]

47. Choi, E.H.; Chang, H.-J.; Cho, J.Y.; Chun, H.S. Cytoprotective effect of anthocyanins against doxorubicin-induced toxicity in H9c2
cardiomyocytes in relation to their antioxidant activities. Food Chem. Toxicol. 2007, 45, 1873–1881. [CrossRef]

48. Singh, S.; Khan, A.R.; Gupta, A.K. Role of glutathione in cancer pathophysiology and therapeutic interventions. J. Exp. Ther.
Oncol. 2012, 9, 303–316.

49. Yang, P.; Ebbert, J.O.; Sun, Z.; Weinshilboum, R.M. Role of the glutathione metabolic pathway in lung cancer treatment and
prognosis: A review. J. Clin. Oncol. 2006, 24, 1761–1769. [CrossRef]

50. Balendiran, G.K.; Dabur, R.; Fraser, D. The role of glutathione in cancer. Cell Biochem. Funct. 2004, 22, 343–352. [CrossRef]
51. Habermann, K.J.; Grünewald, L.; van Wijk, S.; Fulda, S. Targeting redox homeostasis in rhabdomyosarcoma cells: GSH-depleting

agents enhance auranofin-induced cell death. Cell Death Dis. 2017, 8, e3067. [CrossRef]
52. Gupta, P.; Zhang, G.-N.; Barbuti, A.M.; Zhang, X.; Karadkhelkar, N.; Zhou, J.; Ding, K.; Pan, J.; Yoganathan, S.; Yang, D.-H.; et al.

Preclinical development of a novel BCR-ABL T315I inhibitor against chronic myeloid leukemia. Cancer Lett. 2020, 472, 132–141.
[CrossRef]

53. Yao, D.-M.; Zhou, J.-D.; Zhang, Y.-Y.; Yang, L.; Wen, X.-M.; Yang, J.; Guo, H.; Chen, Q.; Lin, J.; Qian, J. GPX3 promoter is
methylated in chronic myeloid leukemia. Int. J. Clin. Exp. Pathol. 2015, 8, 6450–6457. [PubMed]
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