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Simple Summary: Chemotherapy is a first line treatment in many cancer types, but the constant
exposition to chemotherapeutics often leads to therapy resistance. An example is chronic myeloid
leukemia that, due to the use of tyrosine kinase inhibitors such as imatinib, remains manageable,
however incurable. Overall, 20-25% of imatinib responders develop secondary resistance, and
among them, 20-40% is due to mechanisms such as expression of P-glycoprotein (MDR1) or leukemia
stem cells’ mechanisms of survival and cancer regrowth. This study provides the first evidence from
animal and cellular models that this resistance can be overcome with the novel dicarboximide BK124.1.
The compound causes no visible toxicity in mice, and has proper pharmacokinetics for therapeutic
applications. It was efficient against both multidrug resistant CML blasts and CD34*/CD38~
leukemia stem cells coming from CML patients. Future development of BK124.1 could offer curative
treatment of CML and of other cancers resistant or intolerant to current chemotherapy:.

Abstract: The search is ongoing for new anticancer therapeutics that would overcome resistance
to chemotherapy. This includes chronic myeloid leukemia, particularly suitable for the studies of
novel anticancer compounds due to its homogenous and well-known genetic background. Here we
show anticancer efficacy of novel dicarboximide denoted BK124.1 (C3;H37CIN,Oy) in a mouse CML
xenograft model and in vitro in two types of chemoresistant CML cells: MDR1 blasts and in CD34"
patients” stem cells (N = 8) using immunoblotting and flow cytometry. Intraperitoneal administration
of BK124.1 showed anti-CML efficacy in the xenograft mouse model (N = 6) comparable to the
commonly used imatinib and hydroxyurea. In K562 blasts, BK124.1 decreased the protein levels of
BCR-ABL1 kinase and its downstream effectors, resulting in G2/M cell cycle arrest and apoptosis
associated with FOXOBa/p21"2fl/¢iP1 ypregulation in the nucleus. Additionally, BK124.1 evoked
massive apoptosis in multidrug resistant K562-MDR1 cells (IC5p = 2.16 pM), in CD34* cells from
CML patients (IC5p = 1.5 pM), and in the CD34* /CD38~ subpopulation consisting of rare, drug-
resistant cancer initiating stem cells. Given the advantages of BK124.1 as a potential chemotherapeutic
and its unique ability to overcome BCR-ABL1 dependent and independent multidrug resistance
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mechanisms, future development of BK124.1 could offer a cure for CML and other cancers resistant to
present drugs.

Keywords: chemotherapy; multidrug resistance; MDR1; P-glycoprotein; leukemia stem cells; chronic
myeloid leukemia; apoptosis; cancer; drug resistance; novel therapy

1. Introduction

Chemotherapy remains a first line of treatment used in multiple cancer types. Unfor-
tunately, the rise of resistance to the given drug, often regardless of its specificity, remains
one of the main challenges faced in the field of oncology [1]. There is an ongoing search for
new therapeutics that would overcome the resistance or intolerance. An example is chronic
myeloid leukemia (CML) that in most cases cannot be completely cured without the con-
stant use of tyrosine kinase inhibitors [2-4]. This type of leukemia is relatively homogenous
genetically and phenotypically compared to other types of cancer [5]. This unique ability
creates a convenient model for the first mechanistic studies of novel anticancer compounds.
CML is characterized by the uncontrolled proliferation of myeloid precursor cells in the
bone marrow and their accumulation in the blood. The disease mainly affects elderly adults
and is diagnosed in 1-2 people per 100,000. CML represents 15% of all newly diagnosed
adult leukemia cases and 0.5% of all cancer cases in the USA [6].

CML progresses through three distinct clinical phases: an initial chronic phase, ac-
celerated, and finally blast phases, broadly defined by the proportion of blast cells found
in blood or bone marrow. In the past CML was treated with nonspecific agents, such as
busulfan or hydroxyurea [7]. The breakthrough in CML treatment was the introduction
of Tyrosine Kinase Inhibitors (TKIs), such as the first generation imatinib, targeting the
main CML oncogene—constitutively activated BCR-ABL1 kinase. The kinase results from
t(9;22) chromosome translocation in a hematopoietic stem cell [8] and promotes prolifera-
tion through downstream signaling pathways involving STAT, Akt, and mTOR kinases.
Imatinib enhanced the 10-year survival rate of CML patients from 20% to 80-90% [9].

The prolonged imatinib intake can cause point mutations in BCR-ABL1, such as T315I
mutation in ATP-binding site. This leads to insensitivity to first and second generation
TKIs [10-12], but a third generation TKI ponatinib reaches the T315] mutants [4]. Despite
the progress in TKI treatment, the disease cannot be considered as cured, since the therapy
cannot be stopped in over half of the patients [2,3,13]. Given this data, in 2020, the European
Leukemia Net (ELN) recommended that treatment-free remission (TFR) should be a new
goal for the CML research [14].

After the initial response to TKIs, 20-25% of CML patients develop secondary resis-
tance involving processes dependent and independent from BCR-ABL1 kinase [15,16]. BCR-
ABL-dependent mechanisms of resistance fail to explain 20-40% of resistant cases [17,18].
Therefore, novel clinical approaches in CML should consider BCR-ABL-independent mech-
anisms of drug resistance.

One of the BCR-ABL-independent mechanisms relies on the altered expression of genes
crucial for drug influx or efflux [19], such as P-glycoprotein (PgP, multidrug resistance 1,
MDR1), which reduces drug concentration levels and residence time within the cell [20,21].
MDR1 polymorphisms may affect the resistance to imatinib in CML patients [22]. Upregula-
tion of MDR1 causes cross-resistance to many anticancer agents and thus could impact other
available therapy options [23]. Therefore, researchers endeavor to develop novel pharmaco-
logical approaches to prevent or to overcome MDRI1 in CML [24,25].

Leukemia Stem Cells (LSCs), also named leukemia initiating cells, constitute another
BCR-ABL1-independent resistance to TKIs responsible for lack of TFR [26-29]. CML
LSCs are a population of rare cells with high BCR-ABL1-independent survival skills that
initiate leukemia and contribute to its progression and drug resistance. In result, CML
may not be curable with TKIs [30]. Therefore, targeting LSCs has become the main aim in
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therapeutic approaches to CML, and several strategies have been proposed and explored for
achieving TFR [31,32].

To address the still-unmet needs in CML therapy, we synthesized new derivatives of di-
carboximides, a group of compounds of long known anticancer activity. Novel compounds
exhibited high cytotoxic activity against leukemia cells and low toxicity against normal
cells [33]. In particular, one of the derivatives denoted BK124.1 (4-[2-hydroxy-3-(propan-2-
ylamino)propyl]-1,7-diethyl-8,9-diphenyl-4-azatricyclo [5.2.1.02,6]dec-8-ene-3,5,10-trione;
C31H37CIN,Oy; derivative 11a in [34]; derivative no 5 in [35]) was selectively toxic towards
human leukemia cells such as chronic myelogenous (CML) K562 cells from blast crisis while
non-toxic to normal HUVEC [34,35]. Here, we show BK124.1 efficacy against the human
CML cells in a xenotransplantation mouse model and in the two groups of particularly
resistant cells: K562 cells expressing MDR1 (K562-MDR1) and in CD34* /CD38- leukemia
stem cells from peripheral blood of CML chronic phase patients.

2. Materials and Methods
2.1. Reagents

BK124.1 compound was synthesized by us, as described earlier [34]. For all in vitro ex-
periments, 10 mM BK124.1 stock solution was prepared in DMSO and stored light-protected
at —20 °C. The final concentration of DMSO in the experiments was 0.1% (VpmSO / Vimedium)
unless otherwise stated. For in vivo experiments, BK124.1 was dissolved in 10% Solutol
HS 15/10% ethanol (Supplementary Methods). Vincristine was purchased from Trimen
Chemicals (L6dz, Poland), and all other chemicals from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise stated.

2.2. K562 and K562-MDR1 Cell Lines

CML cell line K562 CCL-243™ (BCR-ABL") was purchased from the ATCC®
(Manassas, VA, USA). Cells were grown in RPMI 1640 medium containing HEPES (Biowest,
Nuaillé, France) with 2 mM GlutaMAX (Gibco, Grand Island, NY, USA), supplemented
with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and 100 pg/mL peni-
cillin and 100 U/mL streptomycin (Gibco, Grand Island, NY, USA) and 0.1 uM Vincristine
(for K562-MDR1).

Generation of K562-MDR1 Cell Line

The K562-MDR1 cell line was developed using increasing concentrations of the com-
monly used antimitotic drug vincristine on a polyclonal K562 population, as described
earlier [36]. In brief, K562 cells were grown at increasing concentrations of vincristine,
starting with 3 nM concentration corresponding to the IC50 value for K562 determined
by the MTT assay. The DMSO concentration in the culture was 0.1%. The vincristine dose
was doubled every 2-3 weeks (at least twice for each experiment) after the cells reached
confluence. Cell’s viability was above 90%, as confirmed by Muse Cell Analyzer (Merck
Millipore, Burlington, MA, USA). The final concentration of vincristine reached was 0.1 uM.
The increase in the K562-MDR1 population was confirmed by flow cytometry and PCR.

2.3. Peripheral Blood Collection and Isolation of CD34* Cells from CML Patients

Blood samples were taken (venipuncture, EDTA-K2 Vacutainer tubes, Becton Dickin-
son, Franklin Lakes, NJ, USA) from 8 chronic phase CML patients (CML1-CMLS; 4 men
and 4 women, aged 39-79) diagnosed at the Department of Hematology, University Clinical
Center, Medical University of Warsaw, following their written consent. The diagnosis
was carried out by qualified clinical staff based on an interview, blood parameters and
molecular tests detecting BCR-ABL1 (transcript b3a2). Peripheral blood mononuclear
cells were immediately isolated from the fresh blood sample using standard protocol
(Supplementary Methods). CD34" cells were isolated with EasySep™ Human CD34 Posi-
tive Selection Kit II (StemCell Technologies, Vancouver, BC, Canada) and cultured following
kit’s manufacturer protocol. For experiments, cells were always pre-cultured for 24 h.
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2.4. Measurement of Purity and Apoptosis in CD34*/CD38~ Cells

Pre-cultured cells were treated with BK124.1 or DMSO for 24 h. For purity analysis,
cells were stained with anti-human CD34-APC antibody, anti-human CD38-PE (Biolegend,
San Diego, CA, USA), and propidium iodide according to the manufacturers’ protocols.
For apoptosis analysis, cells were additionally stained with Annexin V-FITC kit (BD,
Franklin Lakes, NJ, USA) according to the manufacturer’s protocol. Appropriate isotype
controls were included. Stained cells were immediately analyzed on a BD LSRFortessa flow
cytometer with Flow]o software (BD, Franklin Lakes, NJ, USA), after exclusion of doublets.
Purity was analyzed on live cells only, and apoptosis separately for each population of cells
(CD34*/CD38"* or CD34"/CD387).

2.5. Cell Viability Test

Cells were seeded in 96-well plates; after 24 h, medium with the appropriate drug
concentration was added to each well. After 48 h, Tetrazolium Bromide (Sigma-Aldrich,
St. Louis, MO, USA) was added to each well for 2-3 h. After that, cells were lysed
and formazan crystals were dissolved. Absorbance was read using an iMark Microplate
absorbance reader (Bio-Rad, Hercules, CA, USA). Results were calculated relative to cells
treated with DMSO only.

2.6. Apoptosis Measurement

Cells were seeded in 6-well plates (K562 or K562-MDR1) or in 24-well plates (CD34*
cells). After 24 h, BK124.1 or DMSO was added. After a further 24 h, cells were stained
using the Annexin V-FITC kit for the detection of apoptosis (BD, Franklin Lakes, NJ, USA)
and immediately analyzed on a BD FACSCalibur using CellQuest software (BD, Franklin
Lakes, NJ, USA).

2.7. K562 Cell Cycle Analysis

BK124.1 or DMSO was added to cells and after 24 or 48 h incubation. Cells were fixed
and stained with 50 ug/mL propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) with
50 ng/mL DNAse-free RNase. The cell cycle was analyzed on a FACSCalibur cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) using ModFit LT 3.2 software (Verity Software
House, Topsham, ME, USA).

2.8. P-glycoprotein Analysis

BK124.1 or DMSO were added to cells and after 24 h incubation cells were har-
vested and stained with FITC Mouse Anti-Human P-glycoprotein (CD243) clone 17F9 (BD,
Franklin Lakes, NJ, USA) or an appropriate isotype control. Propidium iodide was added
to exclude alive from dead cells. Cells were analyzed on a BD FACSCalibur flow cytometer
using CellQuest software (BD, Franklin Lakes, NJ, USA).

2.9. Immunoblotting

K562 cells were plated at a concentration of 1-2 x 10° cells/mL in a 6-well plate. After
24 h of pre-incubation, BK124.1 or DMSO was added and cells were incubated for a specified
time, after which cells were lysed with RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) and
supplemented with cOmplete Protease Inhibitor (Roche, Basel, Switzerland) and PhosSTOP
(Roche, Basel, Switzerland). Protein concentration was measured using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and adjusted to contain equal
amount of protein (20 pug) in equal volume. Protein lysates were separated by SDS-PAGE
electrophoresis (TGX StainFree, Bio-Rad, Hercules, CA, USA) and transferred onto the PVDF
membranes (AppliChem GmbH ITW Reagents, Darmstadt, Germany). Membranes were
blocked with 5% non-fat powdered milk, then incubated with primary antibodies overnight at
4 °C followed by HRP-conjugated antibodies (Supplementary Methods). Blots were developed
using Clarity Western ECL Substrate and analyzed with ChemiDoc XRS+ (Bio-Rad, Hercules,
CA, USA). Protein levels normalized to controls were determined using Image]J software.
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2.10. Cytoplasmic and Nuclear Fraction Isolation

K562 cells were plated at a concentration of 1.5 x 10° cells/mL in a 6-well plate. After
24 h pre-incubation, BK124.1 in DMSO was added and incubated for the specified time.
Next, cytosolic and nuclear cell fractions were separated as described [37]. Samples for
immunoblotting contained the same amount of protein (at least 15 pg) in the same final
volume. The purity of the separated fractions was checked by the level of control proteins:
ACTB (beta-actin)—cytoplasmic fraction marker (Cell Signaling Technology, Danvers,
MA, USA), LMNB1 (laminin Bl)—nuclear fraction marker (Santa-Cruz Biotechnology,
Dallas, TX, USA). SDS-PAGE and immunoblotting were performed as described for whole
cell lysates.

2.11. Animals

Immunodeficient female mice Balb/cOlaHsd-Foxnlnu (Balb/c nude mice, unable to
produce T lymphocytes) and NOD.Cg-Prkdcscid I12rgtm1Wijl/Sz] (NSG mice, unable to
produce T and B lymphocytes) were purchased, respectively, from Janvier laboratories
(France) and Jackson Laboratory (Bar Harbor, ME, USA). The animals were kept in separate,
individually ventilated cages (IVC), with ad libitum access to food and water.

2.12. Pharmacokinetics and Toxicity Assays

Five Wistar rats were injected intravenously (IV) with BK124.1 at 5 mg/kg or 10 mg/kg
concentration, in 10% Solutol HS15/10% ethanol. The blood was taken from each animal
after 5, 15, and 30 min, 1, 2, 6, and 24 h post-injection. Blood BK124.1 concentration was
measured using mass spectrometry.

Eight-week-old female Balb/c nude mice were randomly divided into test groups and
injected with BK124.1 either intraperitoneally, at 20 mg/kg or 40 mg/kg concentrations,
or intravenously at 20 mg/kg concentration. The compound blood concentration was
measured 15 min, 6, 12, and 24 h post-injection. For each time point, 4 mice were sacrificed.
BK124.1 concentration in the bloodstream was analyzed using mass spectrometry. Toxicol-
ogy was assessed by examining physiological and morphological changes at the injection
site, the appearance of internal organs (liver, heart, kidneys, and spleen), blood tests, body
mass, and animal behavior.

2.13. Experiments in Xenogeneic Mouse Model

Eight-week-old female NOD.Cg-Prkdcscid I12rgtm1Wjl/Sz] NSG mice (Jackson Lab-
oratory, Bar Harbor, ME, USA) were injected subcutaneously into the dorsal fold with
1 x 10° K562 cells of the human chronic myeloid leukemia (CML) line in a final volume of
100 pL (0.5% of the mouse weight). On day 3 after cell administration, mice were randomly
assigned to each group, and on days 4-17 of the experiment, the selected tested compounds
and control solutions were administered intraperitoneally or orally. During the experiment,
subcutaneous tumors and body weight were measured daily. Tumor growth during the
experiment was measured with an electronic display caliper. The theoretical tumor volume
[mm], was calculated according to the formula (a? x b) * 0.5, where a is the shorter tumor
axis [mm] and b is the longer tumor axis [mm]. On day 26, the experiment was terminated:
blood was collected and analyzed for cellular morphology and standard biochemistry
metabolites. Tumors were weighed.

2.14. Statistics

Statistical analysis was performed using GraphPad Prism version 9.1.0. All in vitro
experiments were performed in at least triplicate biological replicates and statistical results
are expressed as mean =+ standard deviation (SD). Statistical data of animal experiments
are expressed as mean =+ standard error of the mean (SEM). For experiments involving
patients, the normality of the distribution was checked using the Shapiro-Wilk test and
the statistical analysis was performed using one-way ANOVA with Dunnett’s post-test
*p <0.05, ** 0.05 > p > 0.001, ** 0.001 > p > 0.0001, *** p < 0.0001. Tumor Growth
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Inhibition (TGI) was assessed as the percent inhibition of tumor growth for the individual
experimental variants, according to the formula: TGI = 100 — (mean tumor volume in
treatment group/mean tumor volume under control x 100 TGI (%)). The value calculated
in this way shows by what percentage the tumors obtained in a given variant are smaller
than the tumors observed for the control group. For Figure 5A,B, dashed line indicates the
mean log;9(BK124.1 concentration) and the grayed area shows the 95% confidence interval
calculated by bootstrap resampling of the individual rat measurements at each timepoint.

3. Results

Based on our previous results showing high cytotoxicity of BK124.1 towards CML
K562 cells [34], we began tests of BK124.1 anti-CML potential in vivo employing the Wistar
rat and NSG mouse K562 xenograft models. The first step in the in vivo studies of new
compounds is to solubilize the compound in aqueous solvents enabling administration
in vivo. Acceptable solubility of BK124.1 at the synthesis stage was found only for 100%
DMSO [34]. Among a number of solvents tested (Supplementary Table S1), we found that
BK124.1 can be stable dissolved in a non-toxic mixture of 10% Solutol HS 15/10% ethanol
in water or 0.9% NaCl (see Supplementary Methods). Once the BK124.1 formulation was
established, we determined the best route of BK124.1 administration, pharmacokinetics (PK),
and non-toxic range of concentration for further in vivo tests of anti-CML activity (Figure 1).

The PK profile of BK124.1 (Figure 1A and Supplementary Table S2) demonstrates
that BK124.1 remains detectable in the peripheral blood for 24 h, with steadily dropping
concentration (half-life of 4 h 23 min). Follow up experiments with Balb/c nude mice
showed that intravenous administration is associated with some signs of local toxicity in the
tail. A half-life of BK124.1 administered intraperitoneally (IP) was 3 h 32 min and 5 h 11 min,
respectively, for 20 mg/kg and 40 mg/kg (Figure 1B). Since we saw some minor toxic
effects in weight, and internal organs” appearance in mice injected intraperitoneally with
40 mg/kg of BK124.1, but not in mice injected with lower BK124 doses such as 30 mg/kg
and 20 mg/kg, we decided to continue testing in vivo with the lower BK124.1 doses.

Next, we investigated the effect of BK124.1 on tumors formed by K562 xenograft in NSG
mice. As a control we chose imatinib, as it is the most common first line drug for CML patients,
and hydroxyurea as the drug frequently used before the confirmation of the diagnosis to
reduce and stabilize blood cell number. The animal experimental groups and the scheme of
administration of all tested compounds are presented in Supplementary Table S3. As displayed
in Figure 1C,D, prolonged treatment with BK124.1 resulted in a significant reduction in tumor
volume, comparable with reduction upon hydroxyurea or imatinib treatments. Figure 1C
shows that in the untreated (tumor growth control) mice tumors exhibited exponential growth,
starting after 11 days and reaching maximum within the next 14 days, i.e., by 25th day from the
inoculation. No statistically significant differences were found between the tumor growth in
the intact control animals compared to the vehicle control—animals that were intraperitoneally
administered with the BK124.1 solvent (Supplementary Table S4). In contrast to both control
groups, tumor growth was effectively inhibited in mice treated with BK124.1 or imatinib, or
hydroxyurea (Figure 1C). This pattern is, to some extent, mirrored in the total body weight,
and consistent with the increasing tumor volume. In the control animals, the total animal
weight showed a large increase in mass in the last 5 days, reaching maximum on day 25
(Figure 1D). The increase in weight in untreated control mice seems to be attributable to the
prodigious tumor growth towards the end of the experiment (Figure 1C,D). No such increase
occurred in animals treated with BK124.1 or imatinib. Interestingly, the mice dosed with
hydroxyurea began to lose large quantities of weight at around day 19, more so than would
be expected given the reduction in tumor size, indicating some toxicity of hydroxyurea at this
dose (Figure 1D). Moreover, compared to untreated controls, animals treated with BK124.1 or
any of the control drugs showed no changes in the morphology or weight of the internal
organs including liver, spleen, kidneys, lungs, and heart, and presented blood morphology
parameters within the norm (Supplementary Tables S5 and S6).
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Figure 1. BK124.1 shows pharmacokinetics adequate for chemotherapy and inhibits growth of
CML K562 cells in vivo. (A,B) Pharmacokinetics of BK124.1 in rats and mice. The concentration of
BK124.1 in the blood was measured by mass spectroscopy from samples taken within 15 min, 6 h,
12 h, and 24 h from a single administration of the compound. (A) Pharmacokinetics in Wistar rats for
intravenous (IV) administration of 10 mg/kg—markers show the values for each rat, dashed line
indicates the mean concentration values (logjg scale), and grey area shows the 95% confidence interval.
Data for each timepoint come from 5 animals. (B) Pharmacokinetics of BK124.1 in Balb/c nude mice
using varied concentrations (20 and 40 mg/kg) and routes of administration (IP = intraperitoneal;
IV = intravenous). Data for each timepoint come from 4 animals. (C) Estimated tumor volume
in K562 xenotransplant mice model (NSG mice injected with K562 treated with specified drugs
at various concentrations compared to untreated control). Data for each timepoint come from at
least 6 animals. (D) Animal weight before and during treatment with drugs and concentrations
specified in (D).

After confirming anti-CML potential of BK124.1 in the K562 xenotransplant mice
model, we investigated the molecular mechanism of BK124.1 activity in K562 cells. We
focused on the best known pathways in CML involving the activation of BCR-ABL1 ki-
nase and downstream signaling such as JAK/STAT5, PI3K/AKT, and mTOR/NF-«B [38].
Figure 2 shows the effect of BK124.1 on the levels of the proteins involved in the CML
signaling. The first changes following treatment with BK124.1 were observed after 4 and
8 h (Figure 2). A decrease in the level of pro-survival and proliferation stimulating pro-
teins such as BCR-ABL1, STAT5, and AKT (Figure 2A-D) as well as mTOR and NF-«B
(Figure 2E-G), with a simultaneous increase in the level of proteins related to apoptosis
FOXOBA and p21"Vafl/<iPl were detected (Figure 2 H-]). In fact, p21 in cancer cells can
act as an oncogene or tumor suppressor; located in the nucleus it can induce apoptosis,
whereas located in the cytoplasm it can exert an anti-apoptotic function [39]. FOXO3A is a
transcription factor that can play a role in the initiation of p21 transcription. An increase
in the level of FOXO3A was observed after 4 h of incubation with BK124.1, rising to a
maximum after 8 h (Figure 2H,I). This increase in the level of FOXO3A was mirrored by
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an increase in the level of the p21 (Figure 2H,]). The increase in the levels of FOXO3A and
p21 proteins takes place mainly in the nuclear fraction of K562 cells after 8 h treatment with
5 uM BK124.1 (Figure 2K-M). Thus, during incubation with the BK124.1, the cytoplasmic
synthesis of the p21 protein increases in cells, which then, passing from the cytoplasm to
the nucleus, stimulates the process of apoptosis. The results suggest that the mechanism

of BK124.1 activity is double-edged, promoting apoptosis and at the same time inhibiting
proliferation signaling.
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Figure 2. BK124.1 causes a decrease in pro-survival pathways and an increase in proapoptotic proteins.
K562 cells were treated for 4, 8, 16, 24, and 48 h with either 0.1% DMSO or BK124.1 compound
at a concentration of 2 x ICsp (5 pM) in DMSO at 0.1% (VDMSO/Vimedium)- Protein lysates were
collected at 0, 4, 8, and 16 h after treatment and further analyzed by immunoblotting. Representative
immunoblots are shown together with densitometry results calculated as a mean fold change in
relation to control £ SEM from at least three biological replicates. Statistical analysis was done using
a two sided f test * p < 0.05, ** 0.001 < p < 0.05, *** 0.0001 < p < 0.001, **** p < 0.0001. (A-D) Cellular
levels of BCR-ABL1, Akt, and STAT5. (E-G) Cellular levels of mTOR and NF-«B. (H-J) Cellular
levels of p21 and FOXO3a. (K-M) Subcellular localization of p21 and FOXO3a in K562 cells after 8 h
of incubation with 5 uM BK124.1. An increase of FOXO3a in nuclear fraction in relation to DMSO

treated control (L) and an increase of p21 in nuclear protein fraction in relation to cytoplasmic fraction
(M) are detected.

Consistent with the downregulation of pro-survival and proliferation signaling path-
ways, we observed a profound G2/M arrest in the cell cycle in K562 cells after 24 h which
is emulated after 48 h exposure, but to a lesser extent (Figure 3).
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Figure 3. BK124.1 treatment in K562 cells results in G2/M cell cycle phase arrest. Representative flow
cytometry histograms show numbers of K562 cells in a particular phase of cell cycle after treatment
for 24 h (A) or 48 h (B) with either 0.1% DMSO (VpMmSO / Vimedium) O BK124.1 at 5 pM concentration
in 0.1% DMSO (VpMSO/ Vinedium)- (C,D) show mean + SEM percentage of cells in GO/G1 (C) and
G2/M (D) phase of the cell cycle from at least 3 independent replicates. Statistical analysis was done
using 1-way ANOVA test with Tukey’s posttest p < 0.05, ** 0.001 < p < 0.05, *** 0.0001 < p < 0.001,
% p < 0.0001.

As G2/M arrest can lead to cell death by activation of apoptosis or other cell death
pathways, we investigated the nature of the cell death induced by BK124.1 in K562
(Figure 4). In addition, we checked if BK124.1 can evoke apoptotic cell death in CML
cells with BCR-ABL-independent multidrug resistance MDR1. To investigate if active and
robust expression of MDR1 would have an effect on K562 sensitivity to BK124.1 compound,
we generated a K562 MDRI cell line originating from K562 cells (see Supplementary Meth-
ods). Following exposure to varied concentrations of BK124.1, we measured the viability
of the generated K562-MDR1 cells with an MTT assay (Figure 4A). We found a negligible
difference between ICsy values for the K562 wild-type and MDR1 variants (Figure 4A)
despite clear expression of P-glycoprotein in the K562-MDR1 population but not in control
K562 cells (Figure 4B). This result indicates that the MDR1 expression acquired in K562 cells
was not sufficient for the cells to escape the cytotoxic effects of BK124.1.
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Figure 4. BK124.1 treatment induces apoptosis in K562 and K562-MDR1 cells. (A) MTT viability
test results for K562 and K562-MDR1 cell lines incubated for 48 h in BK124.1 concentrations rang-
ing from 0.1-10 uM. Results show mean (£ SD) ratio of absorbance in wells with the compound
in relation to absorbance of control wells treated with DMSO from at least 3 biological replicates.
(B) Flow cytometry histogram showing P-glycoprotein levels detected with FITC mouse anti-human
P-glycoprotein antibody (CD243) in K562 (blue, dashed line, filled) and K562-MDR1 (red, solid line)
cells. (C,D). Proportion of K562-MDRI cells (C) and living cells (D) following treatment with 0.1%
DMSO, 5 uM BK124.1, 1 uM Paclitaxel or 1 uM Vincristine. Data shown as mean percentage + SEM
from at least 3 biological replicates, each in technical duplicate. Statistical analysis done using 1-way
ANOVA with Dunnett’s posttest * p < 0.05, ** 0.001 < p < 0.05, *** 0.0001 < p < 0.001, **** p < 0.0001.
(E-G), Representative flow cytometry plot showing percentage of K562-MDR1 cells in particular
phase of apoptosis as a result of Annexin V-FITC/ Propidium Iodide staining. (H-I), graphs pre-
senting mean percentage + SEM of alive cells, cells in early apoptosis or dead cells in K562-MDR1
(H) or K562 (I) cell lines respectively treated for 24 h with either 0.1% DMSO or BK124.1 in 2.5 ptM or
5 uM concentration (in 0.1% DMSO) from at least 3 biological replicates, each in technical duplicate.
Statistical analysis was done using 1-way ANOVA with Dunnett’s posttest * p < 0.05, ** 0.001 < p < 0.05,
***0.0001 < p < 0.00, *** p < 0.0001.
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Moreover, Figure 4A-D demonstrates that activity of BK124.1 is clearly different
from the activity of the two known antimitotic drugs and MDR1 substrates, paclitaxel,
or vincristine, since only BK124.1 overcomes MDR1 in K562 cells. Figure 4D shows that
vincristine and paclitaxel reduced cell viability only slightly confirming the resistant pheno-
type of those cells (mean values 79.7% and 77.2%, respectively, compared to 89.2% in DMSO
control), whereas there was a significant drop in viability of K562-MDR1 cells treated with
BK124.1 (mean value 53.8%). Figure 4C shows that whilst BK124.1 treatment resulted in
almost twice the proportion of K562-MDR1 cells compared with DMSO-treated control
(mean value 68.3% compared to 33.6%), neither paclitaxel nor vincristine increased the
proportion of K562-MDRI cells (mean values 33.7% and 37.0% respectively. Importantly, un-
like paclitaxel or vincristine, BK124.1 was not able to induce MDRI1 in standard K562 cells
(Supplementary Figure S1). In this light, an increased proportion of MDRI1 cells upon
BK124.1 in Figure 4C may not come from MDRI1 induction but from other mechanisms,
such as differences in cell death kinetics. Furthermore, cross-resistance of K562-MDR1 cells
for doxorubicin and paclitaxel was confirmed with an MTT assay (Supplementary Table S7).
Altogether, these data indicate that BK124.1 is not a MDR1 substrate and causes massive
cell death in the presence of MDR1. The specific effect of BK124.1 on viability of K562-
MDRI1 cells was determined using a combination of anti-CD243 antibody and propidium
iodide. Examination of the cytotoxicity of these compounds against K562-MDR1 cells
showed the overall potency only of BK124.1 for breaking the multidrug resistance.

As demonstrated in Figure 4E-I, both 2.5 and 5 uM concentrations of BK124.1 sig-
nificantly increased apoptosis in K562 cells (72.1% and 61.2% respectively) and in K562-
MDR1 cells (60.5% and 30.1% respectively). These data suggest that both cell lines die
by apoptosis and thus that the mechanism enabling the MDR1 is not contributing to any
apoptosis-escape function. Given the increase in K562 cells in G2/M phase of the cell cycle
observed from 24—48 h exposure to BK124.1 (Figure 3), the BK124.1 cytotoxicity is most
probably due to apoptosis of replication-arrested cells. Increased MDR1 expression does
not affect K562 cells” sensitivity to BK124.1.

Next, we investigated if BK124.1 induces apoptosis in another type of CML cell popu-
lation particularly resistant to chemotherapy, i.e., in the CML CD34" stem and progenitor
cells from patients (Figure 5). The BK124.1 proved highly cytotoxic to CD34" cells; the
ICs value was even slightly lower than observed with K562 cells (Figure 5A). Consistently
with the determined ICsy, CD34* cells treated with either 2.5 or 5 uM BK124.1 showed
pronounced apoptotic cell death with viability measured at 10% and 5%, respectively, and
in a dose-dependent manner. Interestingly, the early apoptotic response was elevated for
the lower concentration of BK124.1 (Figure 5B).

We deepened the analysis of the apoptotic death triggered by BK124.1 into the sub-
populations of CML CD34" cells distinguished by double labeling with anti-CD34 and
anti-CD38 antibodies, particularly focusing on the CML CD34* /38~ cells corresponding to
leukemia stem cells (Figure 6). The analysis involved CD34*/CD38 cells from 3 newly
diagnosed CML patients after checking the percentages of cells in each CD34/CD38 sub-
population (purity) before and following treatment with BK124.1. Already within 24 h,
BK124.1 induced apoptosis in CD34* /CD38~ leukemia stem cells from all the patients. The
apoptotic death of CD34*/CD38~ LSC in response to BK124.1 was dose dependent and
higher at 5 uM BK124.1 concentration. As expected, CD34"/CD38* cells with lower stem
cell potential and resistance responded with even higher apoptosis to BK124.1. The indi-
vidual differences among patients probably reflect the variability of molecular mechanisms
of LSC chemoresistance in various patients.
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Figure 5. BK124.1 is highly cytotoxic and triggers apoptosis in human CML CD34+ stem and
progenitor cells. CD34+ cells were isolated by immunomagnetic separation from peripheral blood
mononuclear cells (PBMC) derived from 5 newly diagnosed CML patients at chronic phase. After
isolation, CD34+ cells were cultured for 24 or 48 h in the presence of increasing concentrations of
BK124.1 and then their viability and apoptotic response were analyzed by MTT and annexin V
flow cytometry assays. (A) Results of MTT viability assay for CML CD34+. The graph shows the
mean =+ SD cell viability after 48 h at each BK124.1 concentration for five patients except at 5 uM
where n = 3. (B) Results of the Annexin V apoptosis assay for CML CD34+ cells after 24 h incubation
with 2.5 uM or 5 pM BK124.1 compared to 0.1% DMSO control. The experiment was performed in at
least 3 biological replications, each with a technical duplicate. Normal distribution was checked using
the Shapiro-Wilk test, statistical analysis was performed using one-way ANOVA with Dunnett’s
post-test * p < 0.05, **** p < 0.0001.
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Figure 6. BK124.1 causes apoptotic death in CD34* /CD38~ leukemic stem cells from CML patients.
Results of apoptosis assessment with Annexin V-FITC/Propidium iodide flow cytometry assay in
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CD34*/CD38" and CD34*/CD38™ cell subpopulations from CML patients after treatment for 24 h
with 0.1% DMSO or BK124.1 at the concentration of 2.5 uM or 5 uM. (A) Representative flow cytometry
images. (B) Percentages of cells in subpopulations identified based on CD34/CD38 antigens and
Annexin V-FITC/PI staining (alive, early apoptotic, apoptotic death). Data from individual patients
are presented.

4. Discussion

After the success of TKIs in extending the lives of CML patients, now the main
challenge is elimination of CML cells resistant to TKIs, particularly leukemic stem cells,
and reaching treatment-free remission [29,40]. Several therapeutic strategies have been
suggested [41-43], but these investigations are at an early stage. The search is ongoing for
non-toxic therapeutics that overcome the mechanisms of drug resistance and the two main
dysregulated processes in CML cells: uncontrolled proliferation and blocked apoptosis.

Dicarboximides, as a large class of compounds, have been tested and used as drugs for
many pathologies, including cancer. The best known phthalimide derivative, thalidomide,
is now used in the treatment of multiple myeloma and myelodysplastic syndrome. Unfor-
tunately, in most tumors, dicarboximides showed high toxicity and were not approved for
clinical use [44,45]. Therefore, there have been multiple attempts by others and us to obtain
dicarboximide derivatives with lower toxicity [34,35,46,47]. Among 39 newly synthesized,
we identified BK124.1 as one of the most potent antileukemic compounds in vitro, showing
low toxicity towards normal human endothelial cells [34,35].

Here, we demonstrate that BK124.1 shows anti-CML efficacy in vivo in non-toxic range
of concentrations. The advantages of BK124.1 as a potential chemotherapeutic are also
its low molecular weight, pharmacokinetics parameters, and the low toxicity of combined
therapy of BK124.1 with imatinib. A unique feature of BK124.1 is its high cytotoxicity to
CML cells resistant to chemotherapy due to BCR-ABL1-independent mechanisms, such as
K562-MDR1 cells with elevated PgP efflux pump or CD34* progenitor and CD34*/CD38~
stem cells from CML patients. Unlike many commonly used chemotherapeutics such as
vincristine, BK124.1 was unable to induce MDR1 expression in K562 cells incubated with low
compound concentration for 6 months. These findings indicate that BK124.1 shows potential
to overcome at least some BCR-ABL1-independent mechanisms of chemotherapy resistance.

This study demonstrates that BK124.1 also affects BCR-ABL1-dependent signaling
cascades. While BK124.1 is not a direct inhibitor of BCR-ABL1 kinase, it influences levels
of BCR-ABL1 kinase and its key downstream kinases such as JAK/STAT and PI3K/Akt,
known activators of survival and proliferation pathways in CML cells. Lowered levels of
the key pro-leukemic kinases in CML K562 blast cells were detected within 4-8 h upon
incubation with BK124.1, associated with nuclear translocation and increased levels of
proapoptotic proteins FOXO3A and p21. These changes were consistent with their arrest
at the G2/M phase of the cell cycle and death due to apoptosis. Thus, this mechanism
accounts for the BK124.1 ability to block proliferation and induce apoptosis in CML blasts.
As cancer cells escape control of proliferation and apoptosis, the BK124.1 mechanism of
activity corresponds well to the assumptions of presently designed anti-CML and more
general anti-cancer chemotherapies. The ability of compounds to induce cancer cell death
by apoptosis, without a release of cell debris and inflammatory reactions, is particularly
advantageous from a therapeutic standpoint.

Lowering the levels of PI3K and Akt can arrest the cell cycle progression and pro-
mote induction of apoptosis. In particular, Akt phosphorylates FOXO transcription
factors—including FOXO3A—Dblocking it in the cytoplasm, which prevents its proapop-
totic activity [48]. Akt also phosphorylates p21, sequestering it in cytoplasm where p21 is
engaged in anti-apoptotic activity [39]. Thus, BK124.1-triggered lowering of Akt levels
results in the increase in FOXO3A and p21 level in the nuclear fraction. Nuclear p21 is
recognized for its function as an inhibitor of cell cycle kinases (CDK), enabling exquisite
control of the cell cycle progression and cell cycle arrest at G1 or G2 phase, and also as
a proapoptotic protein. The increased levels of p21 protein in the nucleus of CML cells
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treated with BK124.1 can explain the observed G2/M arrest and apoptosis of these cells.
Thus, our results have revealed an interesting proapoptotic mechanism of BK124.1 in CML
cells involving enhanced nuclear translocation of FOXO3a and its target p21.

High levels of nuclear FOXO3a might also explain the observed induction of PgP
expression on the cell surface. FOXO3a can bind to the proximal promoter region of the
ABCBI1 gene and thus regulates MDR1 expression [49]. However, BK124.1 causes apoptosis
in CML cells regardless of MDR1 expression and showed similar ICs, values against both
K562 and K562-MDR1 cells, implying that BK124.1 itself is either a poor substrate for PgP,
or is not one at all. This is in direct contrast to the finding that second generation drugs such
as dasatinib and nilotinib are seen in vitro to be substrates for the PgP pump [50]. Since it
seems that MDR1 does not affect BK124.1 intracellular concentration, it might be worth
investigating its effect not only in CML but also in other cancer types exhibiting MDRI.
MDR1 expression is often observed in cancer cells exposed to common chemotherapeutics
that are substrates for PgP, which results in drug efflux and therapy failure. The attempts
to decrease the efflux activity of PgP during chemotherapy remain largely unsuccessful.
Proposed explanations are poor efficacy and high toxicity of small molecule inhibitors
targeted to MDR1 [51].

We confirmed the anti-leukemic effect of BK124.1 on CD34" cells isolated from CML
patients. Moreover, BK124.1 induced apoptosis in the rare CD34*/CD38~ leukemia initiat-
ing stem cells. CML LSCs serve as reservoirs to drive relapse, recurrence, or progression to
more aggressive leukemia forms. In order to achieve treatment-free remission, which has
become a key evaluation criterion for CML therapies, the search continues for drugs that
efficiently eliminate LSCs, cells which are refractory to standard therapies mainly due to dif-
fering BCR-ABL1-independent mechanisms [27]. Moreover, the mechanisms of resistance
to chemotherapy of LSCs can be patient-specific, which may explain observed differences
in sensitivity to BK124.1 of CD34*/CD38" cells from individual patients. Given these
findings, BK124.1 is promising for development of future novel individualized therapies
towards TFR in CML.

The future development of BK124.1 as a chemotherapeutic for treatment of CML
should evaluate BK124.1 effects in the hematopoietic stem cells in relation to factors of their
natural microenvironment in the bone marrow. These are challenging studies, because the
deeper phenotypic characteristics of CML stem cells are complex and methods allowing
clear identification of these cells are currently under development. In addition, subsequent
experiments should consider the local microenvironment in bone marrow, as it affects
stem cells responses to chemotherapeutics and to the achievement of TER [52]. As such,
it is probable that deleterious impacts on LSCs are necessary but not sufficient to limit
relapse of CML [53]. Accurate delivery to the appropriate location, as well as understand-
ing the local context of the targeted cells, would be critical for further development of
therapeutic strategies directed at leukemia initiating stem cells using BK124.1. Finally,
while BK124.1 lowers levels of BCR-ABL1, the toxicity caused by BK124.1 does not seem to
be due to BCR-ABL1 kinase inhibition, and so the mutations in BCR-ABL1 itself should
not affect CML sensitivity to the compound. However, it would certainly require further
experimental evaluation.

5. Conclusions

This study provides the first evidence from animal and cellular models that BK124.1 has
several unique advantages as a novel potential anti-CML chemotherapeutic, including the
ability to evoke massive apoptosis in multidrug resistant CML blasts (MDR1) and in the
CD34*/CD38~ cells from CML patients containing deleterious tumor-initiating leukemia
stem cells. As BK124.1 both downregulates BCR-ABL1-dependent signaling and overcomes
BCR-ABLI1-independent drug resistance mechanisms, future development of BK124.1 could
offer curative treatment of CML and of other cancers resistant or intolerant to presently
used drugs.
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6. Patents

Patent application—(date, number): 17.02.2021, P437038; 17.02.2022 PCT/1B2022/051411.
Title: “Dicarboximide derivative for use in the treatment of cancer”. Inventors: Grazyna Hoser,
Iga Stukan, Marek Gryzik, Mikotaj Zdioruk, Marcin Cieslak, Mariola Napiorkowska, Karolina
Krolewska-Goliriska, Barbara Nawrot, Urszula Wojda.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14153641/s1, Supplementary figures: Table S1: Solubility of
BK124.1 in selected solvents. In bold are marked solvents in which BK124.1 is soluble and stable,
adequate for the administration in vivo; Table S2: Key pharmacokinetic parameters of BK124.1 in BALBc
mice following IV or IP administration at the indicated doses; Table S3: Experimental groups in the
testing of BK124.1 efficacy against CML cells in vivo; Table S4: Differences in tumor weights in the testing
of BK124.1 efficacy against CML cells in vivo; Table S5: Weight of mouse organs (mean =+ SD) after 14-day
continuous dosing of compounds (BK124.1, imatinib—IM, hydroxyurea); Table S6: Blood morphology
parameters (mean + SD) in mice after 14-day continuous dosing of compounds (BK124.1, imatinib (IM),
hydroxyurea); Table S7: MTT viability test results and calculated ICs; for K562 and K562-MDR1 cell
lines incubated for 48 h in Vincristine (A), Paclitaxel (B) or Doxorubicine (C); Figure S1: Incubation of
K562 cells in low concentration of BK124.1 for 6 months does not result in inducing MDR1 and acquiring
resistance. Raw Western Blots: Figure S2: Whole blots for Western blots in Figure 2A, Figure S3: Whole
blots for Western blots in Figure 2E (p65); Figure S4: Whole blots for Western blots in Figure 2E mTOR;
Figure S5: Whole blots for Western blots in Figure 2H; Figure S6: Whole blots for Western blots in
Figure 2K. Densitometry for Figure 2B-D,EG,1L],L, M. Supplementary Methods (detailed methodology).

Author Contributions: Conceptualization, funding acquisition and project administration: U.W.;
investigations: 1.S.,, M.G., G.H., W.G.-P, M.Z.,, M.N., M.C., KK.-G.; resources (provision of study
materials and analysis tools): U.W., B.N., M.N., G.B,; data curation: UW., LS., M.G., A.W,; formal
analysis: 1.S., AW.,, M.G; validation: 1.S., W.G.-P,, M.G., G.H., UW.; data presentation: A.W., LS.,
M.G., W.G.-P;; supervision: U.W,, B.N., M.N,, G.B.; writing—original draft: 1.S.,, UW., M.G., AW.;
writing—review & editing: UW.,, LS., AW, M.G., W.G.-P, M.C,, B.N. All authors have read and
agreed to the published version of the manuscript. Please turn to the CRediT taxonomy for the
term explanation.

Funding: This study was supported by the grant from the National Science Center of Poland (OPUSS,
number 2014/15/B/NZ7/00966).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee for Research on Human Persons at the
Central Clinical Hospital of the Ministry of Interior and Administration in Warsaw (reference number
KB/107/2018) and comply with national and European Union regulations and the Code of Ethical
Medical Research developed with the participation of members of the World Medical Association.
All animal experimental protocols were approved by the Local Ethics Committee for Animal Ex-
perimentation in Warsaw (reference numbers 784/2015; 25/2015; 227 /2016; 641/2018; 726/2018)
and comply with national and European Union regulations for the design and performance of
animal experiments.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated and analyzed in this study are available from the
corresponding author upon justified request.

Acknowledgments: The authors would like to thank Ewa Wasiewicz for her crucial assistance in
collecting clinical samples from CML patients and Katarzyna Brzozowska for assistance with in vitro
experiments. The work was carried out with the use of CePT infrastructure financed by the European
Union—The European Regional Development Fund within the Operational Programme “Innovative
economy”. Flow cytometry experiments were performed at the Laboratory of Cytometry, Nencki
Institute of Experimental Biology, Polish Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/cancers14153641/s1
https://www.mdpi.com/article/10.3390/cancers14153641/s1

Cancers 2022, 14, 3641 16 of 18

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jaffee, EIM.; Dang, C.V.; Agus, D.B.; Alexander, B.M.; Anderson, K.C.; Ashworth, A.; Barker, A.D.; Bastani, R.; Bhatia, S.; Bluestone,
J.A.; et al. Future Cancer Research Priorities in the USA: A Lancet Oncology Commission. Lancet Oncol. 2017, 18, e653—€706.
[CrossRef]

Saussele, S.; Richter, J.; Guilhot, J.; Gruber, EX.; Hjorth-Hansen, H.; Almeida, A.; Janssen, ]J.J].W.M.; Mayer, J.; Koskenvesa, P.;
Panayiotidis, P; et al. Discontinuation of Tyrosine Kinase Inhibitor Therapy in Chronic Myeloid Leukaemia (EURO-SKI): A
Prespecified Interim Analysis of a Prospective, Multicentre, Non-Randomised, Trial. Lancet Oncol. 2018, 19, 747-757. [CrossRef]
Ross, D.M.; Branford, S.; Seymour, J.F,; Schwarer, A.P,; Arthur, C.; Yeung, D.T.; Dang, P.; Goyne, ].M.; Slader, C.; Filshie, R.J.; et al.
Safety and Efficacy of Imatinib Cessation for CML Patients with Stable Undetectable Minimal Residual Disease: Results from the
TWISTER Study. Blood 2013, 122, 515-522. [CrossRef]

Saikia, T. The Cure of Chronic Myeloid Leukemia: Are We There Yet? Curr. Oncol. Rep. 2018, 20, 12. [CrossRef]

Gale, R.P; Apperley, J. What Does Chronic Myeloid Leukaemia Tell Us About Other Leukaemias? Curr. Hematol. Malig. Rep. 2019,
14,477-479. [CrossRef] [PubMed]

Hoéglund, M.; Sandin, F; Simonsson, B. Epidemiology of Chronic Myeloid Leukaemia: An Update. Ann. Hematol. 2015, 94 (Suppl. S2),
5241-5247. [CrossRef] [PubMed]

Silver, R.T.; Woolf, S.H.; Hehlmann, R.; Appelbaum, ER.; Anderson, J.; Bennett, C.; Goldman, ].M.; Guilhot, F; Kantarjian, H.M.;
Lichtin, A.E.; et al. An Evidence-Based Analysis of the Effect of Busulfan, Hydroxyurea, Interferon, and Allogeneic Bone Marrow
Transplantation in Treating the Chronic Phase of Chronic Myeloid Leukemia: Developed for the American Society of Hematology.
Blood 1999, 94, 1517-1536.

Yu, S.; Cui, M.; He, X; Jing, R.; Wang, H. A Review of the Challenge in Measuring and Standardizing BCR-ABL1. Clin. Chem. Lab.
Med. 2017, 55, 1465-1473. [CrossRef]

Umeh, C.A.; Garcia-Gonzalez, P.; Tremblay, D.; Laing, R. The Survival of Patients Enrolled in a Global Direct-to-Patient Cancer
Medicine Donation Program: The Glivec International Patient Assistance Program (GIPAP). EClinicalMedicine 2020, 19, 100257.
[CrossRef]

Khorashad, ].S.; Kelley, T.W.; Szankasi, P.; Mason, C.C.; Soverini, S.; Adrian, L.T.; Eide, C.A.; Zabriskie, M.S.; Lange, T.; Estrada,
J.C.; et al. BCR-ABL1 Compound Mutations in Tyrosine Kinase Inhibitor-Resistant CML: Frequency and Clonal Relationships.
Blood 2013, 121, 489-498. [CrossRef]

Ko, BW,; Han, J.; Heo, ].Y; Jang, Y.; Kim, S.J.; Kim, J.; Lee, M.].; Ryu, M.].; 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] [PubMed]

Nagar, B.; Hantschel, O.; Young, M.A.; Scheffzek, K.; Veach, D.; Bornmann, W.; Clarkson, B.; Superti-Furga, G.; Kuriyan, J.
Structural Basis for the Autoinhibition of C-Abl Tyrosine Kinase. Cell 2003, 112, 859-871. [CrossRef]

Etienne, G.; Guilhot, J.; Rea, D.; Rigal-Huguet, F.; Nicolini, E; Charbonnier, A.; Guerci-Bresler, A.; Legros, L.; Varet, B.; Gardembas,
M.; et al. Long-Term Follow-Up of the French Stop Imatinib (STIM1) Study in Patients with Chronic Myeloid Leukemia. J. Clin.
Oncol. 2017, 35,298-305. [CrossRef] [PubMed]

Kwasnik, P.; Giannopoulos, K. Treatment-Free Remission—A New Aim in the Treatment of Chronic Myeloid Leukemia. J. Pers.
Med. 2021, 11, 697. [CrossRef] [PubMed]

Kaehler, M.; Cascorbi, I. Pharmacogenomics of Impaired Tyrosine Kinase Inhibitor Response: Lessons Learned from Chronic
Myelogenous Leukemia. Front. Pharmacol. 2021, 12, 696960. [CrossRef]

Alves, R.; Gongalves, A.C.; Rutella, S.; Almeida, A.M.; De Las Rivas, J.; Trougakos, I.P.; Sarmento Ribeiro, A.B. Resistance to
Tyrosine Kinase Inhibitors in Chronic Myeloid Leukemia—From Molecular Mechanisms to Clinical Relevance. Cancers 2021,
13, 4820. [CrossRef]

Ismail, M.A.; Nasrallah, G.K,; Monne, M.; AlSayab, A.; Yassin, M.A.; Varadharaj, G.; Younes, S.; Sorio, C.; Cook, R.; Modjtahedi,
H.; et al. Description of PTPRG Genetic Variants Identified in a Cohort of Chronic Myeloid Leukemia Patients and Their Ability
to Influence Response to Tyrosine Kinase Inhibitors. Gene 2022, 813, 146101. [CrossRef]

Wagle, M,; Eiring, A.M.; Wongchenko, M.; Lu, S.; Guan, Y.; Wang, Y.; Lackner, M.; Amler, L.; Hampton, G.; Deininger, M.W.; et al.
A Role for FOXO1 in BCR-ABL1-Independent Tyrosine Kinase Inhibitor Resistance in Chronic Myeloid Leukemia. Leukemia 2016,
30, 1493-1501. [CrossRef]

Loscocco, F.; Visani, G.; Galimberti, S.; Curti, A.; Isidori, A. BCR-ABL Independent Mechanisms of Resistance in Chronic Myeloid
Leukemia. Front. Oncol. 2019, 9, 939. [CrossRef]

Rinaldetti, S.; Pfirrmann, M.; Manz, K.; Guilhot, J.; Dietz, C.; Panagiotidis, P.; Spiess, B.; Seifarth, W.; Fabarius, A.; Miiller, M.; et al.
Effect of ABCG2, OCT1, and ABCB1 (MDR1) Gene Expression on Treatment-Free Remission in a EURO-SKI Subtrial. Clin.
Lymphoma Myeloma Leuk. 2018, 18, 266-271. [CrossRef]

Eadie, L.N.; Hughes, T.P.; White, D.L. Patients with Low OCT-1 Activity and High ABCB1 Fold Rise Have Poor Long-Term
Outcomes in Response to Tyrosine Kinase Inhibitor Therapy. Leukemia 2018, 32, 2288-2291. [CrossRef] [PubMed]

Louati, N.; Turki, F; Mnif, H.; Frikha, R. MDR1 Gene Polymorphisms and Imatinib Response in Chronic Myeloid Leukemia: A
Meta-Analysis. J. Oncol. Pharm. Pract. 2022, 28, 39-48. [CrossRef] [PubMed]

Yang, X.; Li, X.; Duan, Z.; Wang, X. An Update on Circumventing Multidrug Resistance in Cancer by Targeting P-Glycoprotein.
Curr. Cancer Drug Targets 2018, 18, 677-696. [CrossRef]


http://doi.org/10.1016/S1470-2045(17)30698-8
http://doi.org/10.1016/S1470-2045(18)30192-X
http://doi.org/10.1182/blood-2013-02-483750
http://doi.org/10.1007/s11912-018-0665-2
http://doi.org/10.1007/s11899-019-00555-3
http://www.ncbi.nlm.nih.gov/pubmed/31858440
http://doi.org/10.1007/s00277-015-2314-2
http://www.ncbi.nlm.nih.gov/pubmed/25814090
http://doi.org/10.1515/cclm-2016-0927
http://doi.org/10.1016/j.eclinm.2020.100257
http://doi.org/10.1182/blood-2012-05-431379
http://doi.org/10.3109/10428194.2016.1142086
http://www.ncbi.nlm.nih.gov/pubmed/26854822
http://doi.org/10.1016/S0092-8674(03)00194-6
http://doi.org/10.1200/JCO.2016.68.2914
http://www.ncbi.nlm.nih.gov/pubmed/28095277
http://doi.org/10.3390/jpm11080697
http://www.ncbi.nlm.nih.gov/pubmed/34442340
http://doi.org/10.3389/fphar.2021.696960
http://doi.org/10.3390/cancers13194820
http://doi.org/10.1016/j.gene.2021.146101
http://doi.org/10.1038/leu.2016.51
http://doi.org/10.3389/fonc.2019.00939
http://doi.org/10.1016/j.clml.2018.02.004
http://doi.org/10.1038/s41375-018-0101-5
http://www.ncbi.nlm.nih.gov/pubmed/29654270
http://doi.org/10.1177/1078155220981150
http://www.ncbi.nlm.nih.gov/pubmed/33565361
http://doi.org/10.2174/1568009617666170623114524

Cancers 2022, 14, 3641 17 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ozkan, T.; Hekmatshoar, Y.; Karabay, A.Z.; Koc, A.; Altinok Gunes, B.; Karadag Gurel, A.; Sunguroglu, A. Assessment of
Azithromycin as an Anticancer Agent for Treatment of Imatinib Sensitive and Resistant CML Cells. Leuk. Res. 2021, 102, 106523.
[CrossRef] [PubMed]

Pinto, C.A.; DE Sousa Portilho, A.].; Barbosa, M.C.; DE Moraes, M.E.A.; DE Lemos, J.A.R.; Burbano, R.M.R.; Moreira-Nunes,
C.A. Combined Therapy of ATRA and Imatinib Mesylate Decreases BCR-ABL and ABCB1/MDRI1 Expression Through Cellular
Differentiation in a Chronic Myeloid Leukemia Model. In Vivo 2021, 35, 2661-2667. [CrossRef] [PubMed]

Houshmand, M.; Simonetti, G.; Circosta, P.; Gaidano, V.; Cignetti, A.; Martinelli, G.; Saglio, G.; Gale, R.P. Chronic Myeloid
Leukemia Stem Cells. Leukemia 2019, 33, 1543-1556. [CrossRef]

Vetrie, D.; Helgason, G.V.; Copland, M. The Leukaemia Stem Cell: Similarities, Differences and Clinical Prospects in CML and
AML. Nat. Rev. Cancer 2020, 20, 158-173. [CrossRef]

Mojtahedi, H.; Yazdanpanah, N.; Rezaei, N. Chronic Myeloid Leukemia Stem Cells: Targeting Therapeutic Implications. Stem Cell
Res. Ther. 2021, 12, 603. [CrossRef]

Ito, K.; Ito, K. Leukemia Stem Cells as a Potential Target to Achieve Therapy-Free Remission in Chronic Myeloid Leukemia.
Cancers 2021, 13, 5822. [CrossRef]

Baccarani, M.; Gale, R.P. Why Chronic Myeloid Leukaemia Cannot Be Cured by Tyrosine Kinase-Inhibitors. Leukemia 2021, 35,
2199-2204. [CrossRef]

Polivkova, V.; Rohon, P,; Klamova, H.; Cerna, O.; Divoka, M.; Curik, N.; Zach, J.; Novak, M.; Marinov, I.; Soverini, S.; et al.
Interferon-« Revisited: Individualized Treatment Management Eased the Selective Pressure of Tyrosine Kinase Inhibitors on
BCR-ABL1 Mutations Resulting in a Molecular Response in High-Risk CML Patients. PLoS ONE 2016, 11, e0155959. [CrossRef]
[PubMed]

Burchert, A.; Saussele, S.; Eigendorff, E.; Miiller, M.C.; Sohlbach, K.; Inselmann, S.; Schiitz, C.; Metzelder, S.K.; Ziermann, J.;
Kostrewa, P; et al. Interferon Alpha 2 Maintenance Therapy May Enable High Rates of Treatment Discontinuation in Chronic
Myeloid Leukemia. Leukemia 2015, 29, 1331-1335. [CrossRef] [PubMed]

Kuran, B.; Krawiecka, M.; Kossakowski, J.; Cieslak, M.; Kazmierczak-Baranska, J.; Krélewska, K.; Nawrot, B. Dicar-boximides
Derivatives for Use in the Treatment of Cancer. European Patent Application EP13176421, 13 July 2013.

Kuran, B.; Napiérkowska, M.; Kossakowski, J.; Cieslak, M.; Kazmierczak-Baranska, J.; Krolewska, K.; Nawrot, B. New, Substituted
Derivatives of Dicarboximides and Their Cytotoxic Properties. Anticancer Agents Med. Chem. 2016, 16, 852-864. [CrossRef]
[PubMed]

Cieslak, M.; Kazmierczak-Baranska, J.; Krélewska-Goliriska, K.; Napiorkowska, M.; Stukan, I.; Wojda, U.; Nawrot, B. New
Thalidomide-Resembling Dicarboximides Target ABC50 Protein and Show Antileukemic and Immunomodulatory Activities.
Biomolecules 2019, 9, 446. [CrossRef] [PubMed]

Tsuruo, T; lida, H.; Nojiri, M.; Tsukagoshi, S.; Sakurai, Y. Circumvention of Vincristine and Adriamycin Resistance in Vitro and in
Vivo by Calcium Influx Blockers. Cancer Res. 1983, 43, 2905-2910.

Zdioruk, M.; Want, A.; Mietelska-Porowska, A.; Laskowska-Kaszub, K.; Wojsiat, J.; Klejman, A.; Uzarowska, E.; Koza, P;
Olejniczak, S.; Pikul, S.; et al. A New Inhibitor of Tubulin Polymerization Kills Multiple Cancer Cell Types and Reveals
P21-Mediated Mechanism Determining Cell Death after Mitotic Catastrophe. Cancers 2020, 12, 2161. [CrossRef]
Amarante-Mendes, G.P,; Rana, A.; Datoguia, T.S.; Hamerschlak, N.; Brumatti, G. BCR-ABL1 Tyrosine Kinase Complex Signaling
Transduction: Challenges to Overcome Resistance in Chronic Myeloid Leukemia. Pharmaceutics 2022, 14, 215. [CrossRef]

Al Bitar; Gali-Muhtasib The Role of the Cyclin Dependent Kinase Inhibitor P21cip1/Wafl in Targeting Cancer: Molecular
Mechanisms and Novel Therapeutics. Cancers 2019, 11, 1475. [CrossRef]

Cohen, P; Cross, D.; Janne, P.A. Kinase Drug Discovery 20 Years after Imatinib: Progress and Future Directions. Nat. Rev. Drug
Discov. 2021, 20, 551-569. [CrossRef]

Tanaka, Y.; Takeda, R.; Fukushima, T.; Mikami, K.; Tsuchiya, S.; Tamura, M.; Adachi, K.; Umemoto, T.; Asada, S.; Watanabe,
N.; et al. Eliminating Chronic Myeloid Leukemia Stem Cells by IRAK1/4 Inhibitors. Nat. Commun. 2022, 13, 271. [CrossRef]
Houshmand, M.; Kazemi, A.; Anjam Najmedini, A.; Ali, M.S.; Gaidano, V.; Cignetti, A.; Fava, C.; Cilloni, D.; Saglio, G.; Circosta, P.
Shedding Light on Targeting Chronic Myeloid Leukemia Stem Cells. J. Clin. Med. 2021, 10, 5805. [CrossRef] [PubMed]
Matsushita, M. Novel Treatment Strategies Utilizing Immune Reactions against Chronic Myelogenous Leukemia Stem Cells.
Cancers 2021, 13, 5435. [CrossRef] [PubMed]

Llombart, M.; Poveda, A.; Forner, E.; Fernandez-Martos, C.; Gaspar, C.; Munoz, M.; Olmos, T.; Ruiz, A.; Soriano, V.; Benavides,
A.; et al. Phase I Study of Mitonafide in Solid Tumors. Investig. New Drugs 1992, 10, 177-181. [CrossRef] [PubMed]

Stone, R.M.; Mazzola, E.; Neuberg, D.; Allen, S.L.; Pigneux, A.; Stuart, R.K.; Wetzler, M.; Rizzieri, D.; Erba, H.P.; Damon, L.; et al.
Phase III Open-Label Randomized Study of Cytarabine in Combination with Amonafide L-Malate or Daunorubicin As Induction
Therapy for Patients With Secondary Acute Myeloid Leukemia. JCO 2015, 33, 1252-1257. [CrossRef]

Ye, Q.; Xu, G; Lv, D.; Cheng, Z.; Li, ].; Hu, Y. Synthesis and Biological Evaluation of Novel 4-Azaindolyl-Indolyl-Maleimides as
Glycogen Synthase Kinase-33 (GSK-3f3) Inhibitors. Bioorg. Med. Chem. 2009, 17, 4302-4312. [CrossRef]

Chen, Z; Liang, X.; Zhang, H.; Xie, H.; Liu, J.; Xu, Y.; Zhu, W.; Wang, Y.; Wang, X,; Tan, S.; et al. A New Class of Naphthalimide-
Based Antitumor Agents That Inhibit Topoisomerase II and Induce Lysosomal Membrane Permeabilization and Apoptosis. J.
Med. Chem. 2010, 53, 2589-2600. [CrossRef]

Nho, R.S. FoxO3a and Disease Progression. WJBC 2014, 5, 346. [CrossRef]


http://doi.org/10.1016/j.leukres.2021.106523
http://www.ncbi.nlm.nih.gov/pubmed/33607534
http://doi.org/10.21873/invivo.12549
http://www.ncbi.nlm.nih.gov/pubmed/34410954
http://doi.org/10.1038/s41375-019-0490-0
http://doi.org/10.1038/s41568-019-0230-9
http://doi.org/10.1186/s13287-021-02659-1
http://doi.org/10.3390/cancers13225822
http://doi.org/10.1038/s41375-021-01272-8
http://doi.org/10.1371/journal.pone.0155959
http://www.ncbi.nlm.nih.gov/pubmed/27214026
http://doi.org/10.1038/leu.2015.45
http://www.ncbi.nlm.nih.gov/pubmed/25712735
http://doi.org/10.2174/1871520616666160223114318
http://www.ncbi.nlm.nih.gov/pubmed/26902600
http://doi.org/10.3390/biom9090446
http://www.ncbi.nlm.nih.gov/pubmed/31487824
http://doi.org/10.3390/cancers12082161
http://doi.org/10.3390/pharmaceutics14010215
http://doi.org/10.3390/cancers11101475
http://doi.org/10.1038/s41573-021-00195-4
http://doi.org/10.1038/s41467-021-27928-8
http://doi.org/10.3390/jcm10245805
http://www.ncbi.nlm.nih.gov/pubmed/34945101
http://doi.org/10.3390/cancers13215435
http://www.ncbi.nlm.nih.gov/pubmed/34771599
http://doi.org/10.1007/BF00877243
http://www.ncbi.nlm.nih.gov/pubmed/1428727
http://doi.org/10.1200/JCO.2014.57.0952
http://doi.org/10.1016/j.bmc.2009.05.031
http://doi.org/10.1021/jm100025u
http://doi.org/10.4331/wjbc.v5.i3.346

Cancers 2022, 14, 3641 18 of 18

49.

50.

51.

52.

53.

Hui, R.C.-Y;; Francis, R.E.; Guest, S.K.; Costa, ].R.; Gomes, A.R.; Myatt, S.S.; Brosens, ].J.; Lam, E.W.-F. Doxorubicin Activates
FOXO3a to Induce the Expression of Multidrug Resistance Gene ABCB1 (MDR1) in K562 Leukemic Cells. Mol. Cancer Ther. 2008,
7,670-678. [CrossRef]

D’Cunha, R.; Bae, S.; Murry, D.J.; An, G. TKI Combination Therapy: Strategy to Enhance Dasatinib Uptake by Inhibiting Pgp- and
BCRP-Mediated Efflux. Biopharm. Drug Dispos. 2016, 37, 397-408. [CrossRef]

Chung, ES.; Santiago, ].S.; Jesus, M.EM.D.; Trinidad, C.V.; See, M.EE. Disrupting P-Glycoprotein Function in Clinical Settings:
What Can We Learn from the Fundamental Aspects of This Transporter? Am. |. Cancer Res. 2016, 6, 1583-1598.

Morrison, S.J.; Scadden, D.T. The Bone Marrow Niche for Haematopoietic Stem Cells. Nature 2014, 505, 327-334. [CrossRef]
[PubMed]

Houshmand, M.; Blanco, T.M.; Circosta, P.; Yazdi, N.; Kazemi, A.; Saglio, G.; Zarif, M.N. Bone Marrow Microenvironment: The
Guardian of Leukemia Stem Cells. World |. Stem Cells 2019, 11, 476—490. [CrossRef] [PubMed]


http://doi.org/10.1158/1535-7163.MCT-07-0397
http://doi.org/10.1002/bdd.2022
http://doi.org/10.1038/nature12984
http://www.ncbi.nlm.nih.gov/pubmed/24429631
http://doi.org/10.4252/wjsc.v11.i8.476
http://www.ncbi.nlm.nih.gov/pubmed/31523368

	Introduction 
	Materials and Methods 
	Reagents 
	K562 and K562-MDR1 Cell Lines 
	Peripheral Blood Collection and Isolation of CD34+ Cells from CML Patients 
	Measurement of Purity and Apoptosis in CD34+/CD38- Cells 
	Cell Viability Test 
	Apoptosis Measurement 
	K562 Cell Cycle Analysis 
	P-glycoprotein Analysis 
	Immunoblotting 
	Cytoplasmic and Nuclear Fraction Isolation 
	Animals 
	Pharmacokinetics and Toxicity Assays 
	Experiments in Xenogeneic Mouse Model 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	Patents 
	References

