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Abstract: Tyrosine kinase inhibitors (TKIs), such as imatinib (IM), increase the survival of chronic
myeloid leukemia (CML) patients but do not eradicate the disease as leukemia stem cells (LSCs) with
primitive and quiescent signatures persist after TKI monotherapy, driving disease relapse. Using
single-cell publicly available transcriptomic data, we investigated potentially tractable vulnerabilities
in this persistent CML LSC population. GAS2 is significantly upregulated when comparing LSCs
from CML patients in remission to normal hematopoietic stem cells (HSCs). A topoisomerase IIβ
inhibitor, XK469, was proposed to be repurposed as a candidate small-molecule inhibitor of GAS2,
and its effect was investigated in cell line models in combination with IM in vitro. Alone, XK469
could induce cell cycle arrest/differentiation in CML cells and reduce cell viability. In combination
with IM, XK469 significantly increased CML cell apoptosis and reduced CML cell clonogenic capacity.
These results suggest that GAS2 is a targetable vulnerability in CML LSCs and that using XK469 in
combination with TKI potentiates the sensitivity of CML cells to IM.
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1. Introduction

Chronic myeloid leukemia (CML) is a blood cancer characterized by an accumulation
of mature white blood cells in blood and bone marrow [1]. The hallmark of CML is the
presence of the BCR::ABL1 fusion oncogene, which transforms normal hematopoietic stem
cells (HSCs) into leukemia stem cells (LSCs). This fusion oncogene derives from a reciprocal
translocation between chromosomes 9 and 22, resulting in the derivative of chromosome 22
known as the Philadelphia (Ph) chromosome [2]. In cells that are Ph+, the tyrosine kinase
activity of the BCR::ABL1 protein is always active, driving uncontrolled cell proliferation
and suppression of apoptosis [3].

The current standard treatment for CML is imatinib mesylate (IM) [3], a tyrosine
kinase inhibitor (TKI) that blocks the ATP-binding site of BCR::ABL1 [2]. However, despite
TKIs successfully controlling the disease, 50–60% of patients attempting treatment-free
remission (TFR) will relapse upon TKI discontinuation [1]. A small population of residual
LSCs that remain after TKI treatment has been attributed as the major contributor to
relapse [4]. These persistent LSCs have been characterized as quiescent, primitive cells with
leukemia-initiating capacity [5–7]. The insensitivity of these cells to TKIs suggests that they
do not rely on BCR::ABL1 activity to survive [1] and that there are deregulated genes and
pathways that promote CML LSC survival and proliferation in a BCR::ABL1-independent
manner [2].
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It has been previously reported that the growth-arrest-specific 2 (GAS2) gene is up-
regulated in CML [8] and significantly differentially expressed in BCR::ABL1+ LSCs when
comparing them with the normal HSCs or BCR::ABL1− stem cells (SCs) of CML patients [6].
GAS2 protein is a caspase-3 substrate that modulates cellular functions such as apoptosis,
cell cycle and calpain2 activity [8]. It has been found that p53-dependent apoptosis is
regulated by GAS2 through the inhibition of calpain2 and that GAS2-mediated calpain
regulation controls the levels of β-catenin [9]. Moreover, GAS2 has been shown to con-
tribute to BCR::ABL1+ LSC growth [10]. These findings suggest that targeting GAS2 and/or
its related pathways represents a potential novel therapeutic strategy to improve CML
management.

The phenoxypropionic acid derivative 2-{4-[(7-chloro-2-quinoxalinyl)oxy]phenoxy}
propionic acid (XK469), a topoisomerase IIβ inhibitor, has been reported to influence GAS2
expression in colorectal cancer [11]. Moreover, XK469 has been tested in human clinical
trials for solid tumors [12,13] and refractory acute leukemia [14]; therefore, its previous safe
use in humans means it could be potentially repurposed to target GAS2 in CML.

In this study, we used publicly available datasets detailing single-cell transcriptomic
data from CML patients at diagnosis and after TKI treatment to find disease-specific drug-
gable targets for insensitive CML-LSCs, finding GAS2 as a potentially tractable vulnerability.
From our literature search, we proposed to test a topoisomerase IIβ inhibitor as a candidate
small-molecule GAS2 inhibitor in combination with IM to treat CML cells in vitro.

2. Materials and Methods
2.1. Cell Lines and Culture Medium

Authenticated K562 and KCL-22 cell lines were obtained from the Paul O’Gorman
Leukemia Research Centre hematological cell research bank and maintained in RPMI
1640 medium (Thermo Fisher Scientific, Inchinnan, Renfrew, Scotland) supplemented with
1% (v/v) penicillin–streptomycin, 10% (v/v) fetal bovine serum and 2 mM L-glutamine.
K562 is a human erythroleukemia line established from a 53-year-old female with CML
in terminal blast crisis, according to the American Type Culture Collection (ATCC). KCL-
22 was established from a 32-year-old female with CML in blast crisis, according to the
German Collection of Microorganisms and Cell Cultures (DSMZ). Both cell lines harbor
TP53 mutations [15].

2.2. Single-Cell Transcriptomics Dataset

Publicly available single-cell RNA sequencing data of CML patients at diagnosis and
in remission after TKI treatment were used to evaluate the differentially expressed genes in
persistent LSCs. The dataset analyzed is available at the Gene Expression Omnibus (GEO),
with the accession code GSE76312 [6].

2.3. Differential Expression Analysis

Differential gene expression from RNAseq data was calculated using DESeq2 [16],
applying the false discovery rate (Benjamini–Hochberg adjustment) to adjust the p-value for
multiple comparisons. Differentially expressed genes were selected based on the absolute
log2 fold change of ≥1 and adjusted p-value of <0.05. Top 10 genes with their corresponding
p and p-adjusted values were obtained and plotted using the online tool Searchlight2 [17].

2.4. Cell Viability Quantification

Cell numbers were counted by hemocytometer using trypan blue dye exclusion [18]
(Sigma-Aldrich Co., Ltd., Gillingham, Dorset, UK), or resazurin assay [19] using 10 µL of
0.5 µM resazurin (Sigma-Aldrich) per 100 µL of sample according to manufacturer’s instruc-
tions (Sigma-Aldrich). For experiments involving treatment, 2 × 105 cells/mL K562 and
1 × 105 cells/mL KCL-22 cells were plated and cultured for 72 h with concentrations rang-
ing from 0.3 to 60 µM XK469 (racemic free acid, NSC 697887, Sigma-Aldrich) and/or 10 to
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3000 nM IM (Stratec Scientific Ltd., Cambridge, Ely, UK), both diluted stocks reconstituted
in DMSO. In combination experiments, both drugs were added simultaneously.

2.5. Apoptosis Assay by Flow Cytometry

Cells treated for 72 h with IM (10 to 3000 nM) and/or XK469 (0.3 to 60 µM) were
stained with 2 µL Annexin V-FITC (BD Biosciences, Wokingham, Berkshire, UK) and 10 µL
BD ViaProbe (BD Biosciences) plus 88 µL 1X Hank’s Balanced Salt Solution (HBSS) (BD
Biosciences) and incubated in the dark for 15 min at room temperature. Cells were studied
by flow cytometry on a BD FACSCanto II cell analyzer (BD Biosciences) and data were
analyzed using FlowJo software (version 10) [19].

2.6. Cell Morphology Visualization

Cell smears were prepared according to manufacturer’s instructions by centrifugation
in Shandon Cytospin 4 (Thermo Fisher Scientific) at 450 rpm for 5 min using 100 µL cell
suspension from untreated and XK469-treated K562 and KCL-22 cells. Slides were stained
with May–Grünwald (Sigma Aldrich) solution and Giemsa dye (Honeywell Analytics Ltd.,
Poole, Dorset, UK) diluted 1 in 20 in PBS and mounted with Mounting Medium Pertex®

HistoLab (Histolab Products AB, Västra Frölunda, Sweden).

2.7. RNA Extraction

RNA was extracted from 1 × 105 K562 cells after 24 h treatment with vehicle (DMSO),
XK469 (50 µM) or 10, 100 or 1000 nM IM, or the combination of IM + XK469. RNeasyTM
mini Kit (Qiagen, Manchester, UK) was used according to manufacturer’s instructions and
mRNA eluted with RNase free water (Qiagen). RNA quantification was performed by
NanoDrop™ Spectrophotometer (Thermo Fisher Scientific) using OD at 260/280 nm.

2.8. cDNA Preparation and qPCR

High-capacity cDNA reverse transcription kit (Thermo Fisher Scientific) was used in
combination with RNaseOUT™ ribonuclease inhibitor (Invitrogen Ltd., Paisley, Scotland,
UK) for cDNA preparation according to manufacturer’s specifications as previously de-
scribed [11]. qPCR was performed using PowerTrack™ SYBR™ Green Master Mix (Thermo
Fisher Scientific) and QuantStudio™ 7 Real-Time PCR system (Thermo Fisher Scientific)
according to manufacturer’s protocol. Gene-specific primers were used for the analy-
sis of GAS2 expression (Supplementary Table S1). Online software Primer-BLAST 2.13.0
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 8 July 2022) and Primer3-
web 2.6.1 (https://primer3.ut.ee/, accessed on 8 July 2022) were used for primer design.

2.9. Colony-Forming Cell (CFC) Assay

K562 cells were cultured with vehicle (DMSO), XK469 (50 µM) or 10, 100 or 1000 nM
IM, or the combination of IM + XK469 for 96 h and 1000 cells plated in 3 mL of MethoCult™
H4034 Optimum Methylcellulose medium (Stemcell Technologies, Cambridge, UK) with
the number of colonies determined after 10 days as previously described [20].

2.10. Synergy Calculation

Combination index (CI) was calculated using Bliss Independence approach [19] using
Equation (1).

EIM + EXK469 − (EIM × EXK469)

Ecombo
(1)

where
EIM = effect of IM alone;
EXK469 = effect of XK469 alone;
Ecombo = effect of drug combination.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://primer3.ut.ee/
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Data were normalized to vehicle (DMSO) control. In the case of flow cytometry results,
percentage of total apoptosis, or fold change in apoptosis relative to DMSO control, was
used to calculate CI.

2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9. Dixon’s Q-test was per-
formed on resazurin results to discard outliers. One-way ANOVA was used to quantify the
significance of the differences observed. Significant values were considered as p < 0.05. For
IC50 calculation, logarithmic regression of drug (inhibitor) concentration versus normalized
response (against DMSO control) was used.

3. Results
3.1. GAS2 Is Significantly Upregulated in Persistent BCR::ABL1+ LSCs after TKI Treatment

To study potential vulnerabilities in the persistent LSC population, we used the
publicly available dataset GSE76312 [6], which comprises single-cell RNA seq data from
27 CML patients at diagnosis and after being treated with TKIs for 3 months up to 5 years,
and 6 healthy control samples. A differential expression analysis was performed using
DESeq2, comparing the cell populations defined in Table 1. Sixty-two genes were found to
have a significant variation in expression between normal HSCs and BCR::ABL1+ LSCs at
diagnosis and forty-three genes changed significantly in the BCR::ABL1+ LSC population
after treatment compared to normal HSCs. Only nine genes were significantly differentially
expressed between BCR::ABL1+ LSCs before and after treatment (Table 1).

Table 1. Number of significantly differentially expressed genes from single-cell sequencing data of
CML patient cells 1.

Comparison
Significant Genes

p Adjusted
Upregulated Downregulated Total

1. BCR::ABL1+ at diagnosis versus normal HSCs 44 18 62 <0.05
2. BCR::ABL1+ after TKI versus normal HSCs 13 30 43 <0.05
3. BCR::ABL1+ at diagnosis versus BCR::ABL1+

after TKI
1 8 9 <0.05

1 Raw data source [6].

For the analysis of potential druggable targets, the top five up- and downregulated
genes from each comparison were selected based on the lowest p adj. value and the highest
fold change (FC), except for the comparison between BCR::ABL1+ at diagnosis versus
BCR::ABL1+ after TKI treatment, where only one upregulated gene was found. GAS2 was
significantly upregulated (log2FC = 8.65, p adj. = 4.8144 × 10−24) in BCR::ABL1+ LSCs at
diagnosis compared to normal HSCs (Figure 1a). Similarly, when comparing persistent
BCR::ABL1+ LSCs after TKI treatment to normal HSCs, GAS2 expression was significantly
increased (log2FC = 8.34, p adj. = 2.6137 × 10−10) (Figure 1b). No significant change was
found in GAS2 expression in BCR::ABL1+ LSCs after treatment compared to diagnosis
(log2FC = −0.47, p adj. = 0.9998) (Figure 1c). None of the other genes showed consistency
in their differential expression before and after treatment. Therefore, GAS2 protein was
explored as the candidate druggable target in the present study.
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Figure 1. GAS2 is consistently upregulated in BCR::ABL1+ LSCs compared to normal HSCs. Hierar-
chically clustered heatmap of the top significant (p adj. < 0.05, absolute log2 FC > 1.0) genes from
the differential expression comparison of single-cell RNA seq data between (a) normal hematopoi-
etic stem cells (HSCs) vs. BCR::ABL1+ LSCs of CML patients at diagnosis, (b) normal HSCs vs.
BCR::ABL1+ LSCs of CML patients in therapy-free remission after 3, 6, 12, 18 months or 5 years
of tyrosine kinase (TKI) treatment, (c) BCR::ABL1+ LSCs of CML patients at diagnosis vs. after
TKI treatment.

3.2. XK469 Potentially Targets GAS2 and Increases Cell Size

The phenoxypropionic acid derivative 2-{4-[(7-chloro-2-quinoxalinyl)oxy] phenoxy}
propionic acid (XK469), a topoisomerase IIβ inhibitor, has been reported to influence GAS2
expression in colorectal cancer [11]. Moreover, it was approved for Phase I clinical trials
for solid tumors [12,13] and refractory acute leukemia [14]. Therefore, this compound was
selected as a potential repurposed drug to target GAS2.

In order to perform our studies, we selected K562 and KCL-22 as models of human
CML, which is a standard approach in preclinical CML research. It is acknowledged that
they do not represent the chronic phase of the disease but rather blast crisis and do not have
the same potency as an early progenitor cell but as BCR::ABL1 is wild type, the cell lines
are responsive to TKI. Cell lines were treated for 72 h with concentrations ranging from
0.3 to 60 µM for XK469 and 10 to 3000 nM IM. A logarithmic regression of the drug versus
normalized response (with respect to DMSO control) was used to establish the IC50 of each
individual agent per cell line (Figure 2). In the case of IM, a 50% reduction in viability was
found at 240.1 nM and 309.1 nM for K562 and KCL-22 cells, respectively. For XK469, the
maximum cell inhibition was 20.1% in K562 cells and 46.7% in KCL-22 cells; therefore, a
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non-linear regression was used to extrapolate the response, resulting in an IC50 estimate of
246.9 µM for K562 and 62.4 µM for KCL-22.
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Figure 2. XK469 in monotherapy is less potent with respect to cell viability than IM alone. IC50 of
IM and XK469 after 72 h treatment measured by resazurin assay (n = 4 for each cell line) in (a) K562
and (b) KCL-22. For K562 cells treated with XK469, 50% inhibition of cell viability was not reached;
therefore, the green dashed line in the graph indicates the extrapolation from the regression used to
find the IC50. In the case of KCL-22, the highest XK469 concentration (60 µM) caused almost 50%
inhibition of cell viability. Viability % normalized to DMSO control.

Although XK469 as a single agent was not as potent at decreasing cell viability as IM
alone, interesting morphological effects of the compound were observed on both cell lines.
For example, the average cell size was increased by 25% for K562 (Figure 3a; p = 0.0029)
and by 22% for KCL-22 (Figure 3d; p = 0.0127) when treated with XK469. This change was
also observed when cells were stained with May–Grünwald and Giemsa dyes (Figure 3b,e).
Moreover, it was found by flow cytometry that after 72 h of drug exposure, 41.7% total
apoptosis in K562 (Figure 3c) and 64.1% in KCL-22 (Figure 3e) was achieved, both at
60 µM XK469.
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Figure 3. XK469 increases cell size and apoptosis in vitro. Representative flow cytometry dot plots of
(a) K562 and (d) KCL-22 showing cell size variation between untreated control (blue), DMSO control
(green) and XK469-treated cells (red), and the corresponding average cell diameter (by CellDrop) of
untreated, DMSO control and XK469-treated cells with p-values (n = 5). Representative images of
(b) K562 and (e) KCL-22 cell cytospin stained with May–Grünwald and Giemsa dyes. Viable cells
(annexin V− PI−) and cells in early (annexin V+ PI−) and late (annexin V+; PI+) apoptotic stages
induced by XK469 treatment at different concentrations in (c) K562 (n = 5) and (f) KCL-22 (n = 3).

3.3. XK469 Sensitises CML Cells to IM In Vitro

To further assess the potential use of XK469 in CML, we tested it in combination
with IM. As shown in Figure 2, a 50% decrease in the cell viability of KCL-22 cells was
achieved with 62.4 µM XK469, whereas K562 cells were less sensitive to this drug. Synergy
experiments are aimed at proving that lower concentrations of single agents in combination
achieve an equal or greater response than the individual drugs at higher concentrations.
We opted to use 50 µM XK469, the concentration on its IC50 curve that corresponded to
approximately a 40% decrease in cell viability for the most sensitive cell line (KCL-22), to
evaluate whether an effect of the drug in combination was observed, even with K562. Hence,
combination experiments were set up using XK469 in a fixed concentration of 50 µM and
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range of concentrations of IM (10, 30, 100, 300, 1000 and 3000 nM), exposing the cells to the
drugs for 72 h and analyzing the effect of the treatment through cell viability and apoptosis
assays. The CI was calculated by Bliss Independence to evaluate the synergistic effect
between the two drugs. This measurement allows the determination of drug interactions in
a statistically relevant manner, whereby a CI value < 1 indicates synergism, CI = 1 suggests
an additive effect and CI > 1 denotes antagonism.

In the case of K562, cell viability was significantly reduced with the combination
compared to IM alone (Figure 4a; p = 0.0153). Although the magnitude of differences
between monotherapy and combination treatment in K562 were significant, most CI values
from the viability assays did not suggest a synergy effect (Figure 4a). Contrastingly, when
the apoptotic effect was analyzed through flow cytometry, higher levels of early and late
apoptosis were observed in K562 cells with the combination than with IM or XK469 alone
(Figure 4b). To verify the observed effect, the total apoptosis values were determined
(Figure 4c) and a statistical analysis was performed. The percentage of total apoptosis in
cells treated with IM alone at concentrations up to 300 nM was not significantly different
from those of the DMSO control. However, XK469 alone (50 µM) and IM in monotherapy
at 1000 and 3000 nM induced a significant increase in total apoptosis compared to DMSO
(42.7%, p = 0.0441; 69.4%, p < 0.0001; and 69.7%, p < 0.0001, respectively). Moreover, XK469
(50 µM) in monotherapy showed comparable apoptotic effects to the combinations with
10, 30 and 100 nM IM. Noticeably, a significant difference was found between XK469
monotherapy and its combination with IM at 1000 nM (p = 0.0092) and 3000 nM (p = 0.0052)
(Figure 4e).

Calculation of the CI based on the fold change in apoptosis normalized to the DMSO
control revealed a moderate synergistic effect of the combination of XK469 with IM at
300 and 3000 nM (CI = 0.95 and CI = 0.92, respectively) (Figure 4d). For 1000 nM IM,
the combination was closer to additivity (CI = 0.97). The CI values of the three lower IM
concentrations suggested antagonism (Figure 4d). Notably, when calculating the CI for
each of the apoptosis experiments individually, two out of three of them showed a greater
synergistic effect for IM at 300, 1000 and 3000 nM (CI ≤ 0.91).

To assess the functional clonogenic potential of remaining CML cells after treatment
with XK469, K562 cells were exposed to 10, 100 and 1000 nM IM or their combination
with XK469 (50 µM) for 96 h and then cultured in methylcellulose for 10 days. The colony-
forming cell (CFC) rate was drastically reduced by the combination of XK469 with 10 and
1000 nM IM compared to IM alone (Figure 4f). The combination with 100 nM IM showed a
spurious high rate likely due to a technical error and was therefore omitted. Despite that, a
clear decreasing trend in CFC was observed in a dose-dependent manner.

Like the results observed with K562, the cell viability of KCL-22 cells was significantly
decreased (p = 0.0026) with the combination treatment compared to IM alone, but no
clear synergy was detected (Figure 5a). Nevertheless, the CI was close to additivity for
the combinations with 10, 30, 100 and 300 nM IM, with values between 0.97 and 1.02
(Figure 5a). Regarding the flow cytometric analysis of KCL-22 cells, IM in monotherapy at
concentrations lower than 3000 nM resulted in similar and not significantly different levels
of apoptosis to DMSO-treated cells. However, XK469 alone (50 µM) induced a significant
increase in apoptosis compared to DMSO (55.6%, p < 0.0001) and to IM in monotherapy.
Moreover, KCL-22 cells consistently showed a significantly enhanced apoptotic effect
(p ≤ 0.0005 for all comparisons) when treated with both drugs compared to IM alone
(Figure 5b,e). The total apoptosis values were obtained (Figure 5c) and a statistical analysis
was performed. No synergistic effect was observed when calculating the CI based on the
fold change in apoptosis normalized to DMSO; for IM concentrations of 1000 and 3000 nM,
the values suggested antagonism (Figure 5d).
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Figure 4. XK469 plus IM further decreases cell viability with respect to IM alone and potentiates
apoptotic effects in K562 cells. (a) Live cell counts by CellDrop after 72 h treatment of K562 with XK469
(50 µM) and IM 10, 30, 100, 300, 1000 or 3000 nM (n = 3). p-value from comparison of combination vs.
IM alone (p = 0.0153). Arrow indicates initial cell seeding density. (b) Representative flow cytometry
contour plots of K562 cells treated for 72 h with XK469, IM or their combination. (Q2 quadrant is
late apoptosis, Q3 quadrant is early apoptosis.) (c) Values of early (Q3), late (Q2) and total apoptosis
(Q2 + Q3) per condition. (d) Fold change in apoptotic effect normalized to DMSO, representing Q2
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and Q3 values per condition, with SEM (n = 3). Calculated CI value shown below the graph. (e) Stack
bar plot of total apoptosis (Q2 + Q3) after 72 h treatment with XK469, IM alone and combo (indicated
with ‘+’) for each IM concentration. (f) Colony-forming cell (CFC) rates of K562 cells treated with
IM, XK469 alone and combination for 96 h and cultured in methylcellulose for 10 days (n = 1). CI:
Combination index. CI color scale: synergy in blue (CI < 1), additivity in yellow (CI = 1), antagonism
in red (CI > 1).
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XK469 (50 µM) and IM 10, 30, 100, 300, 1000 or 3000 nM. p-value from comparison of combination vs.
IM alone (p = 0.0026). Arrow indicates initial cell seeding density. (b) Representative flow cytometry
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contour plots of KCL-22 cells treated for 72 h with XK469, IM or their combination. Q2 quadrant is
late apoptosis, Q3 quadrant is early apoptosis. (c) Values of early (Q3), late (Q2) and total apoptosis
(Q2 + Q3) per condition. (d) Fold change in apoptotic effect normalized to DMSO, representing Q2
and Q3 values per condition, with SEM (n = 3). Calculated CI value shown below the graph. (e) Stack
bar plot of total apoptosis (Q2 + Q3) after 72 h treatment with XK469, IM alone and combo (indicated
with ‘+’) for each IM concentration. CI: Combination index. CI color scale: synergy in blue (CI < 1),
additivity in yellow (CI = 1), antagonism in red (CI > 1).

3.4. IM at High Concentration in Combination with XK469 Diminishes GAS2 mRNA Expression
in CML Cells

To further investigate the effect of XK469 alone and in combination with IM, RT-qPCR
was performed to quantify GAS2 expression in K562 cells after 24 h treatment. Two primers
(GAS2 PB and GAS2 P3W) designed by the authors and one (GAS2 Zhou) from the study
of Zhou et al. [8] were used. cDNA amplification and PCR were performed with the three
sets of primers. On its own, IM decreased gene expression compared to the control, which
is more noticeable in the two highest concentrations tested (100 and 1000 nM), according to
the result from the GAS2 PB and GAS2 P3W primer sets (Figure 6). In cells treated with
XK469 alone, GAS2 expression was similar to the DMSO control. In cells treated with the
combination of IM (1000 nM) with XK469, GAS2 expression remained close to that of IM
alone at that same concentration (Figure 6). The GAS2 Zhou primer set did not show a
reduction in GAS2 expression under any condition.
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Figure 6. GAS2 expression in K562 cells is reduced by IM and its combination in high concentrations
with XK469. Fold change in GAS2 expression, normalized to GAPDH by ∆∆Ct method (n = 1;
average of technical triplicates). Each graph corresponds to a different set of primers for GAS2.
Combination-treated samples consist of IM at 10, 100 or 1000 nM plus XK469 (50 µM). Fold change of
1 indicates no change in expression; fold change > 1 indicates overexpression and fold change < 1
indicates reduced expression. GAS2 PB and GAS2 P3W primer sets designed by the authors. GAS2
Zhou primer set from [8].
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4. Discussion

Single-cell transcriptomic analysis is a useful tool for detecting gene changes in the rare
BCR::ABL1+ cells that persist in CML patients after TKI treatment. This method supported
the discovery of GAS2 upregulation in persistent CML-LSCs [6]. GAS2 is involved in
modulating calpain activity and the GAS2–calpain2 axis has been shown to be essential
for CML cell growth [10]. This supports GAS2 as a strong candidate gene to be targeted in
persistent CML-LSC. The synthetic quinoxaline phenoxypropionic acid derivative XK469
is a selective topoisomerase IIβ inhibitor that has been studied preclinically as an anti-
tumor agent for different types of cancer, including lymphocytic leukemia and solid tumors
presenting multidrug resistance [21]. Huang et al. suggested that XK469 blocked the
division of colorectal cancer cells due to the reduction in GAS2 expression [11]. Additionally,
the efficacy of XK469 has been validated in vivo [13] and progressed to Phase I clinical
trials [12]. Although limiting toxicity was observed in clinical trials, we proposed that
a synergistic combination with IM would mitigate adverse effects through reducing the
required individual drug dose while maintaining the same desirable anti-leukemic effect.

From the profiling of cell response to XK469, changes in cell size (Figure 3) potentially
suggested cell cycle arrest, which in turn would impair cell division and proliferation.
Huang et al. previously reported that XK469 caused cycle arrest at the G2/M phase in 86%
of GAS2-overexpressing colorectal cancer cells and impeded chromosome separation at
mitosis [11]. This arresting effect of XK469 has been observed in histiocytic lymphoma,
neuroblastoma, colon and lung cancer cell models, being mainly assigned to the topoiso-
merase IIβ inhibitory action of the compound [14,22]. It has also been reported that XK469
exerts an antiproliferative effect in histiocytic lymphoma cells by targeting MEK/MAPK
signaling pathways [23]. Moreover, silencing of GAS2 expression has been reported to
inhibit CML cell growth in K562 and MEG-01 cell lines and in xenograft mouse models,
with an elevated calpain activity observed in response to GAS2 knock down [8]. Here, we
hypothesized that XK469 could have a cell inhibitory effect by targeting the GAS2 protein in
CML cells. According to data from the National Library of Medicine of the National Center
for Biotechnology Information (NCBI), there are three isoforms of the GAS2 protein derived
from nine different transcripts. Isoform ‘a’ is generated by seven out of the nine transcripts,
while isoforms ‘b’ and ‘c’ derive from just one transcript each. Our primers used for qPCR
(GAS2 P3W and GAS2 PB) detect only one transcript, which is translated into isoform
‘a’. Contrastingly, the GAS2 Zhou primers detect all nine transcripts and, therefore, the
three protein isoforms. This, together with our qPCR results, may suggest that XK469 has
potentially more specificity for GAS2 isoform ‘a’; however, it requires further investigation
to address the mechanism behind the observed effect.

To assess the synergistic effect of IM and XK469, Bliss Independence model calculation
was used for the CI, which relies on the principle of independent drug action [24]. This
method allows for the analysis of fixed concentrations (which was the case for XK469),
as it assumes that for each curve representing a combination, the agents are in fixed
proportion [25]. In general, cell viability assays suggested a greater inhibitory effect of
the combination compared to either monotherapy in vitro. For KCL-22, interestingly, our
results suggest that XK469 may have driven the response as there is virtually no difference
among the combinations. Moreover, the cell counts of the combination remained similar
to the initial seeding density. This might be indicative of a similar rate of cell death and
cell division inhibition. In fact, cell cycle arrest was the main effect observed with XK469
treatment alone in the present study and in colorectal cancer studies [11]. In the case of
K562, an increased effect of the combination was observed at higher concentrations of
IM (1000 and 3000 nM). Although the number of remaining cells with the combination
were significantly below the seeding density with XK469 alone, the effects were closer to
additivity rather than synergy.

Considering the apoptosis assay results, despite the increased inhibitory effect of
the combination in KCL-22, the Bliss Independence analysis suggested an additive or
even antagonistic effect. This indicates that there was no greater benefit derived from the
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combination over individual drug effects [26]. Given that a fixed concentration of XK469
was added to increasing concentrations of IM and that no significant difference within the
combination group was observed in the apoptosis assay, the hypothesis of XK469 being
the driver of KCL-22 response to the drug combination was supported. Further evaluation
of XK469 alone or at different concentrations in combination with IM should be explored,
bearing in mind that KCL-22 cells appear to be more sensitive to XK469 than K562.

With regard to the clonogenic function, IM reduced the ability of K562 to form colonies
in a dose-dependent manner. This is consistent with the results reported by Belle et al.,
who found a reduction of 25 ± 14% of CD34+ CFCs cells after 48 h treatment with IM
(1000 nM) [27]. In our experiment, the drug combination showed a substantial decrease in
CFCs compared to either drug alone. However, the significance of the difference observed
was weakened by the result of the combination with 100 nM IM, which was 85 times higher
than the value for the next lower concentration of IM (10 nM) in combination. By excluding
this single presumed aberrant result, a clear trend towards the abolition of clonogenic
capacity can be observed in K562 upon combination treatment.

The observed effects of the treatment with XK469 and the combination suggest that
XK469 could be arresting the cell cycle by reducing GAS2 activity [11] or by inhibiting its
selective target (topoisomerase IIβ) [28]. The inhibitory effect of the drug combination
on K562 was validated with the apoptosis assay, for which the combination of 300 nM
or 3000 nM IM and XK469 (50 µM) indicated moderate synergy (CI of 0.95 and 0.92,
respectively). Additionally, it has been reported that XK469 induces apoptosis through
caspase 3 activation [29]. Therefore, the increased apoptosis observed by flow cytometry
and, consequently, the synergistic effect could possibly be a result of the activation of
caspase 3 through the p53 pathway, in which GAS2 may also play a role in being the
substrate for caspase 3 cleavage [30]. It has been previously revealed that increased levels
of cell metabolites such as nitric oxide (NO) are involved in cell apoptosis and differentiation
in CML in vitro models [31]. Sadaf et al. have shown that overexpressing neuronal nitric
oxygen synthase in K562 cells and, therefore, producing higher levels of (NO), resulted
in cell differentiation, as well as enhanced caspase 3 activity and increased apoptosis [31].
Therefore, exploring the biological metabolites produced in response to XK469 activity
might be an avenue to discover the potential mechanism of action in CML cells.

Aside from asciminib, there has been a paucity of new clinical agents to treat the
disease in the last decade. However, recently, it has been reported that in persistent and
quiescent CML LSCs, the recovery of p53 activity by MDM2 inhibition leads to the loss of
stem cell function and exhaustion of LSCs [20]. This suggests that the enhanced activation
of the p53 pathway is a promising target in CML cells. Another interesting therapeutic
approach to eliminate LSCs has been to target genes the mRNA expression of which is not
affected by TKI treatment. For example, Gómez-Castañeda et al. showed that CD33 and
PPIF upregulation was a signature of TKI-treated LSCs and could be targeted in vitro by
gemtuzumab–ozogamicin (an anti-CD33 conjugated monoclonal antibody) and cyclosporin
A, respectively [18]. In general, further investigation and novel approaches are still needed
to address the persistence of LSCs in CML that have potential to translate to the clinic.

5. Conclusions

Here, we present a potential novel drug combination of the TKI, IM and the repurposed
topoisomerase IIβ inhibitor, XK469, with the potential to inhibit CML cells. A synergistic
effect was observed using IM (300 and 3000 nM) and XK469 (50 µM). Although K562 and
KCL-22 cell lines have been extensively used, they are models of blast-phase CML [32] yet
they both responded to IM + XK469. The mechanisms of action of XK469 in CML cells
and in the synergistic combination is yet to be established; nonetheless, GAS2 has been
shown as a relevant vulnerability in model CML cells to target with XK469 in combination
with IM.
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