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Abstract
Breakpoint cluster region‐Abelson (BCR::ABL1) gene fusion is an essential oncogene in both chronic myeloid leukemia (CML) and

Philadelphia‐positive (Ph+) B‐cell acute lymphoblastic leukemia (B‐ALL). While tyrosine kinase inhibitors (TKIs) are effective in up

to 95% of CML patients, 50% of Ph+ B‐ALL cases do not respond to treatment or relapse. This calls for new therapeutic

approaches for Ph+ B‐ALL. Previous studies have shown that inhibitors of the thioredoxin (TXN) system exert antileukemic

activity against B‐ALL cells, particularly in combination with other drugs. Here, we present that peroxiredoxin‐1 (PRDX1), one of

the enzymes of the TXN system, is upregulated in Ph+ lymphoid as compared to Ph+ myeloid cells. PRDX1 knockout negatively

affects the viability of Ph+ B‐ALL cells and sensitizes them to TKIs. Analysis of global gene expression changes in imatinib‐
treated, PRDX1‐deficient cells revealed that the nonhomologous end‐joining (NHEJ) DNA repair is a novel vulnerability of Ph+

B‐ALL cells. Accordingly, PRDX1‐deficient Ph+ B‐ALL cells were susceptible to NHEJ inhibitors. Finally, we demonstrated the

potent efficacy of a novel combination of TKIs, TXN inhibitors, and NHEJ inhibitors against Ph+ B‐ALL cell lines and primary cells,

which can be further investigated as a potential therapeutic approach for the treatment of Ph+ B‐ALL.

INTRODUCTION

Philadelphia chromosome (Ph) results from a reciprocal translocation
t(9;22)(q34;q11), leading to the expression of a constitutively active
breakpoint cluster region‐Abelson (BCR‐ABL1) tyrosine kinase.1

While this genetic aberration is a hallmark of chronic myeloid leu-
kemia (CML),1 Ph is also detected in up to 4% of pediatric and 50% of
adult cases of B‐cell acute lymphoblastic leukemia (B‐ALL).2,3 Even
though CML and Ph‐positive B‐ALL (Ph+ B‐ALL) share the same driver

oncogenic aberration, their clinical outcomes are substantially dif-
ferent. CML in a chronic phase (CP) responds to treatment in up to
95% of cases due to the introduction of tyrosine kinase inhibitors
(TKIs), which block the activity of BCR::ABL1. In up to 5% of cases,
CML cells acquire secondary genetic lesions that may lead to a blastic
phase (BP) of either myeloid (myBP, approximately 70% of cases)
or lymphoid (lyBP) lineage. LyBP CML phenotypically and metaboli-
cally resembles Ph+ B‐ALL.1,4–6 Although treatment protocols for
Ph+ lymphoid leukemia include TKIs in combination with multiagent
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chemotherapy, the probability of a 5‐year overall survival of patients
is less than 50%.7 This represents an unmet clinical need to find
better therapeutic strategies for Ph+ B‐ALL.

One of the potential vulnerabilities of Ph+ B‐ALL results from
dysregulated redox homeostasis. Inducible expression of BCR::ABL1
in pro‐B‐cell line models was shown to elevate H2O2 levels.8,9

Moreover, according to previous reports, patients suffering from
B‐ALL show increased levels of circulating oxidative stress markers.10

Constant oxidative stress in leukemic cells must be counterbalanced by
some compensatory mechanism, allowing cells to prevent apoptosis
caused by excessive oxidative damage. Such a major antioxidant role in
B‐cell malignancies has been already attributed to the thioredoxin (TXN)
system.10–12 Its elements, TXN, TXN reductase (TXN‐R), and peroxir-
edoxin (PRDX), were shown to be upregulated in various subtypes of
B‐ALL.10 Among the various compounds known to inhibit the TXN
system, auranofin (AUR) is the only clinically available drug. Primarily
approved for rheumatoid arthritis, AUR has displayed remarkable anti-
tumor characteristics and is now extensively tested as a putative
antitumor agent in preclinical and clinical studies (NCT01737502).13,14

Although alternative molecular targets have been associated with the
anticancer effects of AUR,15,16 it is widely believed that TXN‐R is
the primary target at the low micromolar concentration range.17–19

Notably, AUR showed promising antitumor effects in various B‐cell
malignancies,11,12 including B‐ALL.10 However, the importance of these
observations in Ph+ B‐ALL has not been confirmed yet.

Increased oxidative and proliferative stress may also lead to the
accumulation of potentially lethal DNA damage, especially double‐
strand breaks (DSBs),20 which induce DNA damage response (DDR).
The main DDR pathways responsible for DSB repair are homologous
recombination (HR), and nonhomologous end‐joining (NHEJ), which can
be further divided into classical and alternative NHEJ (cNHEJ and
altNHEJ, respectively).21 Previous studies have shown that BCR::ABL1
can affect DDR pathways. For example, two key HR and cNHEJ
proteins—breast cancer type 1 susceptibility protein (BRCA1) and DNA‐
dependent protein kinase (DNA‐PK), respectively, are downregulated in
CML cells.22,23 Interestingly, even though inhibition of BCR::ABL1 by
imatinib (IMAT), a first‐generation TKI, partially restored expression of
BRCA1 and DNA‐PK, it downregulated other core proteins required for
HR (RAD51) or cNHEJ (ligase 4).24,25 This indicated the potential use of
the synthetic lethality approach in Ph+ leukemias, as they seem to be
heavily dependent on altNHEJ.26 This notion was further confirmed by
promising results of combining IMAT with altNHEJ inhibitor olaparib
(OLAP) in CML.26 However, cNHEJ targeting has been studied neither
in CML nor in Ph+ B‐ALL. Notably, recent findings suggest that SUP‐
B15, a Ph+ B‐ALL cell line, relies mainly on cNHEJ to repair doxorubicin‐
induced DSBs.27 This suggests a prominent role of cNHEJ in Ph+ B‐ALL
cells. However, more in‐depth studies are needed, as detailed gene
expression analysis of DDR pathways and therapeutic assessment of
targeting DDR have not yet been performed in Ph+ B‐ALL.

In this work, we investigated the role of the TXN system in Ph+

B‐ALL to identify more effective therapeutic approaches for this
leukemia subtype. We showed that PRDX1, a member of the TXN
system, plays a growth‐supporting role in Ph+ lymphoid leukemias.
Investigation of PRDX1‐deficient Ph+ lymphoid cells revealed
decreased viability, increased sensitivity to TKIs, and higher accu-
mulation of DNA damage. We also showed that lymphoid cells lacking
PRDX1 are more susceptible to NHEJ inhibition and that either
PRDX1 silencing or the TXN system inhibition by AUR greatly
improved the effectiveness of TKIs. Finally, we demonstrated the in
vitro antileukemic efficacy of the triple combination consisting of
clinically relevant concentrations of TKIs, cNHEJ, and TXN system
inhibitors, both in Ph+ lymphoid cell lines and in patient‐derived
Ph+ B‐ALL cells.

MATERIALS AND METHODS

Cell culture

Ph+ human cell lines representing myeloid (K562, LAMA‐84, MEG‐
A2) or lymphoid (BV173, SUP‐B15, TOM‐1) lineages were purchased
from DSMZ. BV173, SUP‐B15, TOM1, K562, and LAMA‐84 cells
were maintained in RPMI‐1640 medium (Gibco), supplemented with
either 10% (BV173, K562, LAMA‐84) or 20% (TOM1, SUP‐B15) fetal
bovine serum (FBS) (HyClone) and 1% penicillin/streptomycin (P/S).
MEG‐A2 cells were cultured in Iscove's modified Dulbecco's medium
(Gibco), supplemented with 20% FBS (HyClone) and 1% P/S. All cell
lines were kept in a humidified atmosphere at 37°C and 5% CO2 and
routinely checked for Mycoplasma contamination.

Assessment of changes in gene expression by RNAseq
in IMAT‐treated BV173 cells

Control (sgNTC) or PRDX1‐deficient (sgPRDX1) BV173 cells
(0.2 × 106/mL density) were cultured for 12 or 24 h with or without
250 nM IMAT. Presented timepoints and IMAT concentrations were
chosen according to a pilot assessment of cell viability and BIM
messenger RNA (mRNA) levels by quantitative PCR, choosing con-
ditions that allowed for the survival of at least 50% of cells and an
increase in BIM transcript levels (data not shown). Total RNA was
extracted and assessed for quality, as described in Supporting In-
formation S1: Methods. RNA‐sequencing was performed using Illu-
mina® Stranded mRNA Prep, Ligation (Illumina) according to the
manufacturer's protocol. The procedure as well as statistical analysis
are described in Supporting Information S1: Methods. Additional
analyses of the transcriptomic data were done with the GenePattern
platform (Dana Farber) and gene set enrichment analysis (GSEA4.1.0;
https://software.broadinstitute.org/gsea/) to further explore biolo-
gical processes and signaling pathways between groups, based on the
h.all.v7.4 (hallmark gene sets) and c2.cp.v7.4 (canonical pathways).
The cut‐off criterion for GSEA was p < 0.05. Data visualizations and
gene clustering were performed in MultiExperiment Viewer software.
Pathway enrichment analyses and visualization were carried out with
the Enrichment Map (Cytoscape 3.8.2) tool that organizes gene sets
into a similarity network by grouping similar gene sets as defined by
the number of overlapping genes. The groups of pathways were
annotated using the MCL Cluster algorithm based on the similarity
coefficient.

Generation of PDX in NSG mice

For generation of patient‐derived xenografts (PDXs), lymphoblasts were
isolated from pediatric and adult Ph+ leukemic patients' bone marrow.
Patients' material was obtained from the Institute of Hematology and
Blood Transfusion inWarsaw, Poland, and the Central Clinical Hospital of
the Medical University of Lodz, following informed written consent,
in accordance with the Declaration of Helsinki and the guidelines
for good clinical practice. All protocols were approved by the local
Bioethics Committee of Medical University of Warsaw: KB/44/2015
and the Medical University of Lodz: RNN/51/19/KE. A summary of
patients' characteristics is provided in Supporting Information S1: Table 1.
All patients were stratified into a high‐risk group.

Transgenic immunodeficient NSG (NOD scid gamma, NOD.Cg‐
Prkdcscid Il2rgtm1Wjl/SzJ) mice used for PDX generation were
purchased from Charles River Laboratories. In vivo procedures were
in accordance with the permission given by the II Local Ethics
Committee for Animal Research based at Warsaw University of Life
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Sciences (WAW2/095/2019). All mice were kept in specific

pathogen‐free standard animal facilities, in individually ventilated

cages. For the generation of PDX, blasts isolated from six Ph+ B‐ALL

or lyBP CML patients' bone marrow were used. These blasts were

propagated in NSG mice, as described in Fidyt et al.10 and in Sup-

porting Information S1: Methods.

Ex vivo assessment of drug cytotoxicity against
PDX cells

Fresh or cryopreserved PDX samples propagated in NSG mice were
used for the assessment of ex vivo drug cytotoxicity. For frozen samples
whose viability after thawing was less than 90%, dead cells were dis-
carded through centrifugation in the Lymphoprep (STEMCELL Tech-
nologies) gradient. Cells were seeded onto a 96‐well U‐bottom plate at
0.5 × 106 cells/mL in a final volume of 200µL of SFEM II medium
(Gibco), supplemented with 20% FBS (Gibco), 20 ng/mL recombinant
human interleukin‐3 and 10 ng/mL recombinant human interleukin‐7
(R&D Systems), and cultured with drugs for 72 h. The percentage
of viable cells was assessed by flow cytometry (LSRFortessa X‐20;
BD Biosciences) after staining with propidium iodide (PI) at a final
concentration of 1 µg/mL.

Statistical analysis

Data visualization and statistical analysis were performed using the
R programming environment.28 All statistical tests were preceded
by screening for outliers and verifying the normality of residuals'
distribution. If applicable, two‐ or three‐way analysis of variance
(ANOVA) and pairwise t‐tests were used. All ANOVAs were esti-
mated using heteroscedasticity‐consistent standard errors (White
correction). If assumptions were violated, comparisons were per-
formed using the Mann–Whitney test. Detailed results of all statis-
tical analyses are described in figure legends and are provided in
Supporting Information: Tables.

RESULTS

PRDX1 is expressed at high levels in Ph+ lymphoid
cells and supports the maintenance of these cells

We have previously found the upregulation of the elements of theTXN
system in various B‐ALL subtypes.10 To further explore this phenom-
enon in Ph+ leukemias, we determined the mRNA levels of TXN1, TXN‐
R1, and PRDX1 in primary leukemic cells isolated from patients suffering
from Ph+ myeloid (CP CML, myBP CML) or lymphoid (lyBP CML or Ph+

B‐ALL) leukemias. In the myeloid cells, the mRNA levels of PRDX1were
relatively low, independent of the phase of the disease (Figure 1A). In
comparison to myeloid cells, in the Ph+ lymphoid cells PRDX1 expres-
sion was significantly higher (Figure 1A). Similarly, PRDX1 protein levels
were higher in Ph+ lymphoid cell lines as compared to myeloid ones
(Figure 1B). In contrast, TXN1 and TXN‐R1 mRNA levels were lower in
Ph+ leukemic cells of lymphoid origin (Supporting Information S1:
Figure 1A). However, theTXN1 protein levels varied across the Ph+ cell
lines (Supporting Information S1: Figure 1B). To confirm our observa-
tions in large patient cohorts, we analyzed publicly available expression
datasets of diverse myeloid and lymphoid malignancies as well as
healthy bone marrow (EGAS00001003266, GSE13204). Ph+ B‐ALL
cells and other B‐ALL subtypes showed higher PRDX1 mRNA
levels than healthy bone marrow and other hematological malignancies

(CML, AML, T‐ALL, CLL) (Supporting Information S1: Figure 2 and
Supporting Information S2: Tables 2 and 3). Additionally, Ph+ B‐ALL
cells exhibited lower TXN1 and TXN‐R1 mRNA levels compared to
healthy bone marrow and many other hematological malignancies
(Supporting Information S1: Figure 2 and Supporting Information S2:
Tables 2 and 3), confirming the experimental findings presented
in Figure 1.

These results led us to hypothesize that PRDX1 may play
a significant role in Ph+ lymphoid malignancies. To investigate
this assumption, we obtained myeloid (K562) and lymphoid (BV173)
cell lines with CRISPR‐Cas9‐mediated genomic PRDX1 knockout
(sgPRDX1) confirmed by immunoblotting (Figure 1C, Supporting In-
formation S1: Figure 3A). We observed that PRDX1 deletion reduced
the numbers of viable BV173 cells grown in vitro (Figure 1D and
Supporting Information S1: Table 4), while it did not affect K562 cell
numbers (Supporting Information S1: Figure 3B and Table 5). As the
main catalytic role of PRDX1 is the removal of H2O2, we investigated
the impact of reactive oxygen species (ROS) on the observed effect in
BV173 cells. As presented in Figure 1D, the addition of ROS scavengers
to the culture medium restored the numbers of viable BV173 cells,
indicating that the reduction of viable cells by the PRDX1 knockout in
BV173 cells is ROS‐dependent. All the above results suggest that the
role of PRDX1 in supporting cell maintenance is restricted to Ph+

lymphoid leukemias.

Inhibition of the TXN system sensitizes Ph+ lymphoid
cell lines to TKIs

To investigate how pharmacological inhibition of PRDX1 affects the
sensitivity of Ph+ cells to TKIs, we employed AUR, which indirectly
blocks PRDX1 via inhibition of TXN‐R, and adenanthin (ADE), a direct
inhibitor of PRDX1 and other elements of the TXN system.29 AUR
potently and dose‐dependently enhanced the cytotoxic effects of
IMAT and dasatinib (DASA) in Ph+ lymphoid cell lines (BV173 and
SUP‐B15). When the interactions between AUR and TKIs were cal-
culated using the SynergyFinder R package,30 strong synergistic ef-
fects were seen at higher drug concentrations, as visualized by the
synergy scores (Synergy Score > 10 means synergistic effect)
(Figure 2A). In contrast, AUR did not significantly enhance the cyto-
toxic effects of TKIs in Ph+ myeloid cell lines K562 and MEG‐A2
(Supporting Information S1: Figure 4). Similarly, ADE potentiated the
cytotoxicity of TKIs specifically in Ph+ lymphoid cell lines (Supporting
Information S1: Figure 5A,B).

PRDX1 knockout potently sensitizes Ph+ lymphoid
cells to TKIs

As pharmacological inhibition of the TXN system augmented the
cytotoxicity of TKIs in lymphoid cells, we next checked the effect of
the PRDX1 knockout in lymphoid (BV173) and myeloid (K562) cells on
their sensitivity to TKIs. BV173 cells lacking PRDX1 were more sen-
sitive to IMAT, DASA, and ponatinib (PONA) in all tested concentra-
tions (Figure 2B and Supporting Information S1: Table 6). In contrast,
no sensitization to TKIs by the PRDX1 knockout was observed in
myeloid K562 cells (Supporting Information S1: Figure 6 and Table 7).
We also checked whether the sensitization of lymphoid PRDX1‐
knockout cells to IMAT could be maintained over a longer time. In a
6‐day clonogenic assay, the overall number of colony‐forming units
(CFUs) was much lower for the untreated sgPRDX1 cells in comparison
to the untreated control cells (Supporting Information S1: Figure 7).
Furthermore, the number of CFUs of IMAT‐treated cells relative to
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control groups was significantly lower for the cells with PRDX1
knockout (Figure 2C), indicating that the sensitization of PRDX1‐
knockout lymphoid cells to IMAT was found to persist for a longer
period of time. Investigation of the changes in cell death signaling
pathways in IMAT‐treated cells upon PRDX1 knockout revealed an
overactivation of c‐Jun N‐terminal kinase, increased amounts of
proapoptotic Bcl‐2 interacting mediator of cell death (BIM), decreased
amounts of anti‐apoptotic B‐cell lymphoma‐W (BCL‐W), and enhanced
induction of apoptosis manifested by increased cleavage of caspase‐3
and poly (ADP‐ribose) polymerase 1 (PARP1; Figure 2D). These results
indicate that the knockout of PRDX1 in BV173 cells sensitizes them to
TKIs and potentiates TKI‐induced apoptosis.

PRDX1 knockout causes global transcriptome changes
upon IMAT treatment

To better understand the mechanism of sensitization to TKIs by a
PRDX1 knockout, we performed transcriptome analysis by RNA se-
quencing of both control (sgNTC) and PRDX1‐deficient (sgPRDX1)
BV173 cells, untreated or treated with 250 nM IMAT for 12 and 24 h
(GEO accession number GSE221906; three‐dimensional principal
component analysis presented in Supporting Information S1: Figure 8).

First, we compared gene expression in untreated control and
sgPRDX1 cells and found that the PRDX1 knockout resulted in at

least a twofold significant change in 58 genes (Supporting Informa-
tion S1: Table 8). Out of 42 downregulated genes, some have re-
cognized leukemia‐promoting functions, such as stimulation of
proliferation (IRF8,31 PRAME,32 APOC4‐APOC233), stemness (CYBB,34

BMPR1A35), survival (ANXA5,36 H1937), promotion of oncogenesis
(MLF138), and drug resistance (CASD1,39 SPARC40). Among the 16
upregulated genes, we found tumor suppressors (LRRC26,41

SRCIN142). To investigate the effects of PRDX1 knockout on gene
expression profiles, we performed GSEA, comparing untreated
sgPRDX1 and sgNTC cells (Supporting Information S1: Figure 9 and
Supporting Information S2: Tables 9 and 10). The most notable
changes were activation of the pathways connected to DNA damage
and cell cycle checkpoints, signal transduction, and both NOTCH and
RAS signaling. We also observed suppression of pathways related to
metabolic activation (oxidative phosphorylation, translation). These
observations support our hypothesis on the protective role of PRDX1
in maintenance and survival of BV173 cells.

To gain more insight into early (12 h of IMAT treatment) and late
(24 h of IMAT treatment) changes in gene expression profiles, we per-
formed GSEA, comparing IMAT‐treated sgPRDX1 with IMAT‐treated
sgNTC cells in two timepoints. Numerous gene sets were found to be
significantly dysregulated (false discovery rate < 0.05) after PRDX1
knockout, with 86 upregulated and 188 downregulated gene sets after
12 h of IMAT treatment (Supporting Information S2: Table 11), and 175
upregulated and 48 downregulated gene sets after 24 h of exposure to

F IGURE 1 Peroxiredoxin 1 (PRDX1) is upregulated in Philadelphia‐positive (Ph+) lymphoid cells and plays an important role in their maintenance. (A) Relative

PRDX1messenger RNA levels in primary cells isolated from the bone marrow of leukemic patients: chronic myeloid leukemia in chronic phase (CP CML, n = 5), CML in

myeloid blast phase (CML myBP, n = 3), CML in lymphoid blast phase (CML lyBP, n = 3), and Ph+ B‐cell acute lymphoblastic leukemia (B‐ALL) (n = 11). RPL29 was used

as a reference gene. Medians with first and third quartiles ± interquartile ranges are presented. Statistical significance was evaluated using the Mann–Whitney test.

(B) PRDX1 levels in Ph+ cell lines were assessed by immunoblotting. (C) Confirmation of the genomic knockout of PRDX1 in BV173 cells by immunoblotting.

(D) Evaluation of the numbers of BV173 viable cells by light microscope counting after discriminating dead cells withTrypan Blue staining, for 3 consecutive days of in

vitro culture. Two groups had reactive oxygen species scavengers (scav) added to the culture media at the start of the experiment: 50 µg/mL catalase, and 1mM

sodium pyruvate. Means ± SD are presented (n = 6). Statistical significance was estimated by a two‐way analysis of variance followed by post hoc pairwise t‐tests for
cells without or with scavengers performed separately. ns, Not significant. *p < 0.05; **p < 0.01; ***p < 0.001.
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F IGURE 2 Thioredoxin (TXN) system inhibition as well as peroxiredoxin‐1 (PRDX1) knockout sensitizes Philadelphia‐positive (Ph+) B‐cell acute lymphoblastic

leukemia (B‐ALL) cells to tyrosine kinase inhibitors (TKIs). (A) The viability of lymphoid Ph+ cell lines, BV173 (n = 4), and SUP‐B15 (n = 3), treated with indicated

concentrations of drugs for 48 h, was assessed by the propidium iodide (PI) staining and flow cytometry. Means ± SD are presented. Bliss synergy scores are

presented next to the corresponding plots. (B) The viability of BV173 cells treated with TKIs for 48 h was assessed by propidium iodide (PI) staining and flow

cytometry. Means ± SD are presented (imatinib [IMAT] n = 8, dasatinib [DASA] n = 4, ponatinib [PONA] n = 4). Statistical significance was estimated by a two‐way

analysis of variance followed by post hoc pairwise t‐tests. *p < 0.05; **p < 0.01; ***p < 0.001. (C) Normalized colony forming units number of BV173 cells that were

treated for 2 h with 1000 nM IMAT and subsequently grown for 6 days in a culture medium with methylcellulose. Means normalized to controls ± SD are presented

(sgNTC n = 7, sgPRDX1 n = 8). Statistical significance was estimated by Welch's two‐sample t‐test. ***p < 0.01. (D) Amounts of apoptosis‐related proteins in control

and IMAT‐treated BV173 sgPRDX1 cells in comparison to the control sgNTC cells were measured by immunoblotting. Times of incubation with IMAT are indicated

above the blots. α‐Tubulin was used as a loading control.
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IMAT (Supporting Information S2: Table 12). Most significantly changed

functional clusters of pathways in sgPRDX1 cells after 12 h of IMAT

treatment included downregulation of genes involved in translation

and transcription regulation, oxidative phosphorylation, or amino acid

synthesis, indicating suppression of cellular metabolism. Notably, in

sgPRDX1 cells incubated with IMAT for 12 h, we observed the upre-

gulation of pathways involved in DNA repair and phosphoinositide

3‐kinase signaling (Figure 3A and Supporting Information S2: Table 13).

Among the unclustered gene sets upregulated in sgPRDX1 cells after

12 h of IMAT treatment, we found pathways related to oxidative stress

(Figure 3A, right panel and Supporting Information S2: Table 11). Late

changes observed after 24 h of IMAT treatment induced the upregula-

tion of two major gene set clusters in sgPRDX1 cells, linked to apoptosis

and signal transduction (Figure 3B and Supporting Information S2:

Table 14). Moreover, we observed the upregulation of several DDR

pathways (Figure 3B and Supporting Information S2: Table 14).

Among gene sets that did not fit in any cluster, we identified two

related to P53 signaling and oxidative stress response (Figure 3B,

right panel and Supporting Information S2: Table 12). Additional

GSEA analyses evaluating the IMAT effect in sgPRDX1 cells are

presented in Supporting Information S2: Tables 15 and 16. Collec-

tively, the results of the GSEA analysis and gene sets clustering

indicate that in early response to IMAT, loss of PRDX1 leads to

the slowdown of metabolism, while after longer exposition to IMAT,

it results in increased cell death. Notably, at both timepoints we

observed the activation of pathways involved in DDR.

F IGURE 3 Global changes in gene expression pathways in peroxiredoxin‐1 (PRDX1)‐knockout and imatinib (IMAT)‐treated BV173 cells. Functional clustering of

IMAT‐induced pathways significantly upregulated (red) or downregulated (blue) upon PRDX1 knockout in BV173 cells. The pathways were identified by the gene

set enrichment analysis (GSEA) of differentially expressed genes in sgPRDX1 and sgNTC cells after 12 h (panel A) or 24 h (panel B) of 250 nM IMAT treatment.

Each node represents a different pathway. The size of the node corresponds to the size of the gene set. The thickness of lines between nodes depicts the number of

convergent genes between the two gene sets. Selected enrichment plots not fitting any of the clusters within each timepoint are also presented. On both panels,

there are also presented GSEA plots for pathways that did not fit any of the clusters but were significantly upregulated in sgPRDX1 cells in comparison to sgNTC

cells (false discovery rate < 0.05).
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Canonical functions of PRDX1 do not fully explain the
sensitization of the PRDX1 knockout to TKIs

Consistent with the well‐known role of PRDX1 in removing ROS and
the documented role of the TXN system elements in the prevention
of the endoplasmic reticulum stress and ROS accumulation,10,43 in
IMAT‐treated, PRDX1‐deficient cells, we found the upregulation of
pathways associated with ER and oxidative stress. Therefore, we
investigated the significance of ROS in the sensitization of BV173
cells to IMAT by the PRDX1 deletion. To this end, we reconstituted
WT PRDX1 and its catalytically active (C83A) and inactive (C52A,
C173A) point‐mutated variants44,45 in BV173 sgPRDX1 cells and
checked their sensitivity to IMAT. As presented in Figure 4A, all
PRDX1 variants were expressed in BV173 at levels similar to par-
ental cells. The higher molecular weight of the reconstituted PRDX1

variants is due to the presence of the approximately 2 kDa T2A
linker. The expression of catalytically active PRDX1 (WT or C83A)
significantly reversed the effect of the PRDX1 knockout on the
sensitivity to IMAT, while the inactive mutants improved cell
viability only slightly (Figure 4B and Supporting Information S1:
Table 17). Accordingly, the addition of ROS scavengers to the cell
culture medium improved sgPRDX1 cells' viability upon IMAT
treatment, although not to the level of sgNTC cells (Figure 4C and
Supporting Information S1: Table 18). Surprisingly, intracellular
levels of ROS (Supporting Information S1: Figure 10A–C and
Supporting Information S1: Tables 19–21) and extracellular oxida-
tive stress marker 8‐hydroxydeoxyguanosine (Supporting Informa-
tion S1: Figure 10D and Table 22) did not show any significant
differences between sgNTC and sgPRDX1 cells. These results
indicate that the canonical, ROS‐scavenging function of PRDX1
plays an important role in the sensitization of the PRDX1‐knockout
cells to TKIs; however, it does not fully explain the observed effects.
Therefore, we further searched for other mechanisms involved in
the process of sensitization.

Knockout of PRDX1 leads to the upregulation of
DDR‐related pathways and the accumulation
of DNA damage

As RNAseq analysis revealed the upregulation of DDR pathways in
BV173 sgPRDX1 cells at both timepoints of IMAT treatment
(Figure 5A), we investigated the degree of DNA damage upon PRDX1
knockout. Treatment of BV173 sgPRDX1 cells with IMAT resulted
in a greater accumulation of DNA lesions as compared with sgNTC cells,
as demonstrated by measuring H2AX phosphorylation (Figure 5B,C and
Supporting Information S1: Table 23) and the terminal deoxynucleotidyl
transferase dUTP nick‐end labeling (TUNEL) assay (Figure 5D and
Supporting Information S1: Table 24). These results indicate that
the transcriptional upregulation of DDR pathways is insufficient to
counterbalance the accumulation of DNA damage in PRDX1‐knockout
cells. Hence, we conclude that DDR pathways might be an exploitable
vulnerability of Ph+ lymphoid cells with deleted or pharmacologically
blocked PRDX1.

Concomitant inhibition of the TXN system and the
NHEJ pathways significantly improves the
cytotoxicity of TKIs in Ph+ lymphoid cells

To evaluate whether PRDX1 plays a role in the sensitivity to NHEJ
inhibitors, we treated sgNTC and sgPRDX1 cells with inhibitors of
cNHEJ (nedisertib—NEDI) or altNHEJ (OLAP). In BV173, the deletion
of PRDX1 caused increased sensitivity to both NHEJ inhibitors
(Supporting Information S1: Figure 11A), as confirmed by two‐way
ANOVA (Supporting Information S1: Table 25). In K562 we observed
no sensitization to NHEJ inhibitors in sgPRDX1 cells. Moreover, both
control and sgPRDX1 K562 cells were resistant to OLAP (Supporting
Information S1: Figure 11B and Table 26).

In the next step, we assessed the effects of NHEJ inhibitors on the
efficacy of IMAT in PRDX1‐knockout cells. For both NHEJ inhibitors,
the combinations with IMAT were more effective in BV173 sgPRDX1
cells than in sgNTC cells (Figure 6A and Supporting Information S1:
Figure 12 and Tables 27 and 28). No such effects were observed in K562
cells (Supporting Information S1: Figure 13 and Tables 29 and 30).
To further explore the lymphoid lineage specificity of these effects, we
generated PRDX1 knockout in another Ph+ BCP‐ALL cell line, SUP‐B15
(Supporting Information S1: Figure 14A). SUP‐B15 sgPRDX1 cells

F IGURE 4 Reactive oxygen species (ROS) scavenging by peroxiredoxin‐1
(PRDX1) contributes to the sensitization of the PRDX1‐knockout cells to

tyrosine kinase inhibitors (TKIs). (A) Confirmation of PRDX1 variants

reconstitution in BV173 sgPRDX1 cells by immunoblotting. (B) Sensitivity of

sgPRDX1 BV173 cells expressing wild‐type PRDX1 or its mutated variants to

imatinib (IMAT). Means ± SD are presented (n = 4). Statistical significance was

estimated by a two‐way analysis of variance (ANOVA) followed by post hoc

pairwise t‐tests with Bonferroni correction, treating sgPRDX1 cells as a

reference and computed for each IMAT concentration separately.

*p < 0.05; **p < 0.01; ***p < 0.001. (C) Sensitivity of BV173 cells to IMAT in the

presence of ROS scavengers. Means ± SD are presented (n = 4). Statistical

significance was estimated by a two‐way ANOVA with post hoc pairwise t‐tests
with Bonferroni correction computed for each IMAT concentration.

*p < 0.05; **p < 0.01; ***p < 0.001.
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exhibited increased sensitivity to NEDI, IMAT, and their combinations
compared to sgNTC cells (Figure 6B and Supporting Information S1:
Table 31). Moreover, PRDX1 knockout significantly reduced the number
of viable SUP‐B15 cells (Supporting Information S1: Figure 14B and
Table 32), affirming the observed effects in another Ph+ lymphoid cell line.

Next, we investigated the effect of triple combinations involving
theTXN system inhibitor AUR, IMAT, and one of two NHEJ inhibitors,
NEDI or OLAP, in three Ph+ lymphoid cell lines, BV173, SUP‐B15 and
TOM‐1. In all the tested cell lines, the combinations of NHEJ inhibitors
and IMAT showed high effectiveness, which was further improved by
the addition of AUR (Figure 6C–E and Supporting Information S1:
Figures 15–17 and Tables 33–36). Notably, the interactions among
these two or three drugs were mostly synergistic, as indicated by a
synergy score above 10 (see Figure 6C–E).

To investigate whether the observed cytotoxic effect of NEDI,
AUR, and TKIs combinations is caused by the accumulation of DNA
damage, we assessed the levels of DNA lesions. Rapid phosphorylation
of H2AX was observed in cells treated with all three drugs for 6 h, and
it was significantly higher than in any group treated with single drugs
only (Figure 6F and Supporting Information S1: Table 37). Pronounced

induction of DNA DSBs we also observed in cells treated with triple

combination for 24 h using TUNEL assay (Figure 6G and Supporting

Information S1: Table 38). However, it is important to note that in this

case, the observed difference may be overestimated due to the con-

current detection of DNA fragmentation resulting from apoptosis.

Encouraged by these promising effects in cell lines, we tested the
ex vivo efficacy of the triple combinations in six Ph+ PDX (B‐ALL and
lyBP CML). As presented in Figure 7A, NEDI exerted cytotoxic effects

F IGURE 5 Peroxiredoxin‐1 (PRDX1) knockout triggers the upregulation of DNA damage response (DDR)‐related gene sets and the accumulation of DNA lesions in

lymphoid Philadelphia‐positive (Ph+) cells treated with imatinib (IMAT). (A) Enrichment plots of RNA‐sequencing (RNAseq) gene set enrichment analysis showing

upregulation of nonhomologous end‐joining (NHEJ) and DDR‐related pathways in sgPRDX1 BV173 cells treated with 250 nM IMAT for 12 and 24 h, as compared to

the corresponding IMAT‐treated, sgNTC cells. (B) Activation of H2AX in BV173 sgPRDX1 and sgNTC cells upon treatment with 250 nM IMAT for 24 h were

measured by immunoblot, using antibodies recognizing phosphorylated H2AX. (C) Activation of H2AX in BV173 sgPRDX1 cells upon treatment with the indicated

concentration of IMAT for 24 h was measured by intracellular staining of pH2AX and assessment using Muse® H2A.X Activation Dual Detection Kit. Means ± SD are

presented (n = 7). Statistical significance was estimated by a two‐way analysis of variance (ANOVA) with a post hoc pairwise t‐test for each IMAT concentration

separately. **p < 0.01; ***p < 0.001. (D) Measurement of double‐stranded breaks in BV173 sgPRDX1 cells induced by 24 h IMAT treatment was assessed by terminal

deoxynucleotidyl transferase dUTP nick‐end labeling assay with flow cytometry. Means ± SD are presented (n = 4). Statistical significance was estimated by a two‐way

ANOVA with a post hoc pairwise t‐test for each IMAT concentration separately. *p < 0.05; ***p < 0.001.
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when used as a single drug or in combination with IMAT and DASA.
Moreover, the addition of AUR significantly enhanced the efficacy of
both TKIs, NEDI, and their combinations (Supporting Information S1:
Table 39), in concentrations lower than reported human serum Cmax

values.46–49 Synergistic effects of triple combinations were observed
in PDX#1, PDX#2, and PDX#3, while additive effects were seen in
PDX#4, and PDX#5 (Figure 7A). PDX#6 was particularly sensitive to
AUR, which could explain the lack of additional enhancement of
cytotoxicity due to the addition of TKIs or NEDI (Figure 7A). Similar
results were also obtained using primary lymphoblasts isolated from
a Ph+ B‐ALL patient (Supporting Information S1: Figure 18 and
Table 40). In contrast, OLAP was ineffective in all tested combina-
tions (Supporting Information S1: Figure 19 and Table 41). Next, we
assessed the cytotoxicity of TKIs, NEDI, and AUR combinations
against normal CD19+ cells isolated from healthy donors' peripheral
blood (Figure 7B and Supporting Information S1: Table 42). Albeit
mild cytotoxicity of combinations involving DASA was observed, AUR

addition did not significantly enhance these cytotoxic effects
(Supporting Information S1: Table 42). The comparative analysis of
the cytotoxic effects of the combinations against leukemic and nor-
mal CD19+ cells revealed that NEDI and its combinations with TKIs
and AUR were more cytotoxic toward leukemic than normal CD19+

cells (Figure 7C and Supporting Information S1: Table 43), indicating
tumor cell selectivity.

These results reveal a potent cytotoxic effect of drug combina-
tions composed of TKIs, NHEJ inhibitors, and AUR against Ph+ B‐ALL,
particularly those containing cNHEJ inhibitor—NEDI.

DISCUSSION

Although the introduction of TKIs for the treatment of Ph+ B‐ALL has
improved the prognosis of patients, the significant fraction of relapses
warrants further search for new therapeutic targets. As in Ph+ B‐ALL

F IGURE 6 Triple combination involving tyrosine kinase inhibitors (TKIs), inhibition of the thioredoxin (TXN) system, and nonhomologous end‐joining (NHEJ)

effectively kills Philadelphia‐positive (Ph+) lymphoid cell lines. (A, B) Cytotoxic effects of 48 h imatinib (IMAT) and nedisertib (NEDI) combinations were measured

in sgNTC and sgPRDX1 BV173 (A) and SUP‐B15 (B) cells by propidium iodide (PI) staining and flow cytometry. Means ± SD are presented (BV173 n = 4;

SUP‐B15 sgNTC n = 8; sgPRDX1 n = 12). Statistical significance was calculated by a three‐way analysis of variance (ANOVA) with a post hoc pairwise t‐test.
*p < 0.05; **p < 0.01; ***p < 0.001. (C–E) Cytotoxic effects of triple combination including 10 µM NEDI (N), 0.125 µM (BV173 and SUP‐B15) or 4 µM (TOM‐1) IMAT

(I), and 0.125 µM (BV173), 0.25 µM (SUP‐B15), or 1 µM (TOM‐1) auranofin (AUR) were assessed by PI staining and flow cytometry after 48 h of treatment in BV173

(C), SUP‐B15 (D), and TOM‐1 (E) cells. Means ± SD are presented (n = 4). Bliss synergy scores are presented below the corresponding plots. Statistical significance was

calculated by a three‐way ANOVA with a post hoc pairwise t‐test. *p < 0.05; ***p < 0.001. (F) Activation of H2AX in BV173 cells upon 6 h treatment with 500 nM

IMAT, 10 µM NEDI, and 0.25 µM AUR was measured by intracellular staining of pH2AX and assessment in flow cytometry using Muse® H2A.X Activation Dual

Detection Kit. Means ± SD are presented (n = 4). Statistical significance was estimated by a one‐way ANOVA with a post hoc pairwise t‐test with Bonferroni

correction. **p < 0.01; ***p < 0.001. (G) Measurement of DNA double‐stranded breaks in BV173 cells induced by 500 nM IMAT, 10 µM NEDI, and 0.25 µM AUR

treatment was assessed by TUNEL assay with flow cytometry. Means ± SD are presented (n = 4). Statistical significance was estimated by a one‐way ANOVA with a

post hoc pairwise t‐test with Bonferroni correction. **p < 0.01.
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F IGURE 7 Triple combination of tyrosine kinase inhibitors (TKIs), auranofin (AUR), and nedisertib (NEDI) has a robust and selective effect on Philadelphia‐positive (Ph+)

BCP‐ALL patient‐derived xenograft (PDX) cells. (A) Cytotoxic effects of triple combination including 10µM NEDI (N), 8 µM imatinib (IMAT) (I) or 160 nM dasatinib (DASA)

(D), and 0.25 µM AUR were assessed by propidium iodide (PI) staining and flow cytometry after 72 h of treatment of six Ph+ PDXs (n = 2). For each PDX, the mean viability

from two biological repeats was normalized to the mean viability of untreated cells. Means' ± SD are presented. Bliss synergy scores are presented below the corresponding

plots. Statistical significance was calculated by a paired three‐way ANOVA with a post hoc pairwise paired t‐test. *p < 0.05; **p < 0.01; ***p < 0.001. (B) Cytotoxic effects of

triple combination including 10µM NEDI (N), 8 µM IMAT (I) or 160 nM DASA (D), and 0.25µM AUR were assessed by PI staining and flow cytometry after 48 h of

treatment of CD19+ cells isolated from three healthy donors' PBMC. For each donor, the mean viability from two or three biological repeats was normalized to the mean

viability of untreated cells and then aggregated. Means ± SD are presented (n = 3). Statistical significance was calculated by a three‐way ANOVA with a post hoc pairwise

paired t‐test. No significant differences were found. (C) Comparison of 0.25µMAUR, 10 µMNEDI (N), and either 8 µM IMAT (I) or 160 nM DASA (D) combination effect on

normal CD19+ and leukemic cells. Data presented on the graph are extracted from panels A and B. The viability of leukemic samples is pooled from all six tested PDXs for

comparison. Statistical significance was calculated by a one‐way ANOVA with a post hoc pairwise t‐test. *p< 0.05; **p < 0.01; ***p < 0.001.
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patients, TKIs are only effective when combined with multiagent
chemotherapy, more selective drugs that could potentiate TKIs are
particularly needed. In this work, we present the lymphoid‐specific
role of PRDX1, one of the elements of the TXN system, in viability
and sensitivity to TKIs of Ph+ leukemias. We show that inhibition of
the TXN system as well as the knockout of PRDX1 diminish the via-
bility of Ph+ B‐ALL cells and sensitize them to TKIs. In addition, we
observe the cytotoxicity of NHEJ inhibitors against Ph+ B‐ALL cells
and that this cytotoxicity could be further enhanced by the inhibition
of the TXN system. Finally, we show the high in vitro efficacy of the
triple combinations comprising inhibitors of the TXN system, NHEJ
DNA repair pathways, and TKIs against Ph+ B‐ALL. Importantly, these
combinations have exhibited high effectiveness at clinically relevant
concentrations achievable in plasma.

The TXN system was shown to support therapy resistance and
survival of B‐cell malignancies before10,50; hence, it was chosen as
a potential target in Ph+ B‐ALL in our study. The overexpression of
selected elements of the TXN system was previously seen in various
cancer types.44,51 Herein, we found the upregulation of only PRDX1 in
Ph+ lymphoid cells, compared to their Ph+ myeloid counterparts, while
the other elements of theTXN system were downregulated. As PRDX1
needs TXN1 for its catalytic function,52 lower TXN1 expression might
limit the antioxidant activity of PRDX1. Together with our observation
that sensitization of PRDX1‐knockout cells to TKIs is not strictly ROS‐
dependent, this suggests a more complex role of PRDX1 in lymphoid
cells, beyond ROS‐scavenging, as was seen before in solid tumors.53 In
this study, we show for the first time that the lack of PRDX1 increases
the sensitivity of Ph+ B‐ALL to TKIs and we demonstrate the sy-
nergistic effects of TXN system inhibitors with TKIs. Furthermore,
based on the RNAseq analysis of PRDX1‐deficient cells treated with
IMAT, we identify DDR pathways as a novel vulnerability of Ph+ B‐ALL
cells. We demonstrate that PRDX1‐deficient B‐ALL cells treated with
IMAT accumulate greater amounts of DNA lesions and are more sus-
ceptible to inhibitors of NHEJ. Based on these studies, we propose
novel triple combinations consisting of the TXN inhibitors, TKIs, and
NHEJ inhibitors, and show their efficacy in preclinical models of Ph+

B‐ALL. The triple combinations cause rapid accumulation of DNA damage
and induce death of Ph+ B‐ALL cells. Even though those combinations
exerted mild cytotoxic effects on the normal CD19+ cells, a combination
of NEDI, IMAT, and AUR killed leukemic cells more effectively. These
promising in vitro results warrant further in vivo evaluation.

Another important finding presented in this work is the sensi-
tivity of Ph+ lymphoid cells to altNHEJ and cNHEJ inhibitors, OLAP
and NEDI, which are promising and relatively selective anticancer
drugs. Among altNHEJ inhibitors, PARP1 inhibitors are clinically ap-
proved for the treatment of ovarian, breast, and recently also pan-
creatic and prostate cancers with deficiencies in DDR pathways.54–57

Inhibitors of cNHEJ, molecularly targeting mainly DNA‐PK, are now
tested in clinical trials as possible anticancer agents (NCT03983824,
NCT03983824, and NCT02977780). The cytotoxic effects of OLAP
and other PARP1 inhibitors against primary CML cells have been
presented before and were attributed to BCR::ABL1‐mediated
downregulation of BRCA1, DNA‐PK, and other enzymes involved in
DNA repair. Moreover, OLAP potentiated the effects of IMAT and
ponatinib in CML and Ph+ B‐ALL primary cells.26 On the other hand,
very few studies showed the antileukemic activity of cNHEJ in-
hibitors.58,59 Herein, we show that NEDI, but not OLAP, exerts cy-
totoxic effects against Ph+ B‐ALL PDX cells and enhances the activity
of TKIs, while both NEDI and OLAP are similarly potent in Ph+ B‐ALL
cell lines. Even though this indicates the more prominent role of
cNHEJ for the viability of primary Ph+ lymphoid cells, it is important
to mention that these cells do not proliferate in vitro. Although
it was demonstrated that OLAP can be active against quiescent,

nonproliferating cells,26 altNHEJ is preferentially active in dividing
cells,60,61 which may explain the lack of OLAP activity in ex vivo assays.
As B‐ALL PDX cells proliferate in vivo, further studies in animal models
are needed to properly evaluate OLAP efficacy toward Ph+ B‐ALL PDX.

Notably, we observed that the leukemia‐promoting role of
PRDX1 is lineage‐specific. We showed that Ph+ lymphoid cells are
sensitive to the TXN system inhibitors and that PRDX1 knockout di-
minished their viability and sensitized Ph+ lymphoid cells to TKIs and
NHEJ inhibitors, while no such effects were observed in Ph+ myeloid
cells. Specific vulnerabilities of Ph+ leukemias associated with lym-
phoid lineage have been presented before.62–64 Notably, in contrast
to CML, Ph+ B‐ALL cells were shown to be dependent on the gen-
eration of NADPH and the expression of antioxidant enzymes.65

Furthermore, lymphoid cells express recombinase‐activating genes
that are involved in the generation of DSBs during immunoglobulin
gene rearrangements.66 Hence, Ph+ lymphoid cells could be more
sensitive to redox imbalance and dependent on constant activation of
DDR pathways. Further studies are needed to elucidate the me-
chanisms behind the lymphoid‐specific effects of the TXN system.

In conclusion, this study revealed that the TXN system and PRDX1
play a specific role in Ph+ lymphoid leukemias, having a significant impact
on the efficiency of DNA repair in these cells, especially after treatment
withTKIs. This allowed for the discovery of a novel combination of AUR
and NHEJ inhibitors, which might be a promising therapeutic strategy in
Ph+ B‐ALL for further preclinical and clinical studies.
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