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Abstract 

Background Despite advancements in chronic myeloid leukemia (CML) therapy with tyrosine kinase inhibitors 
(TKIs), resistance and intolerance remain significant challenges. Leukemia stem cells (LSCs) and TKI‑resistant cells 
rely on altered mitochondrial metabolism and oxidative phosphorylation. Targeting rewired energy metabolism 
and inducing non‑apoptotic cell death, along with the release of damage‑associated molecular patterns (DAMPs), can 
enhance therapeutic strategies and immunogenic therapies against CML and prevent the emergence of TKI‑resistant 
cells and LSC persistence.

Methods Transcriptomic analysis was conducted using datasets of CML patients’ stem cells and healthy cells. DNA 
damage was evaluated by fluorescent microscopy and flow cytometry. Cell death was assessed by trypan blue 
exclusion test, fluorescent microscopy, flow cytometry, colony formation assay, and in vivo Zebrafish xenografts. 
Energy metabolism was determined by measuring  NAD+ and NADH levels, ATP production rate by Seahorse analyzer, 
and intracellular ATP content. Mitochondrial fitness was estimated by measurements of mitochondrial membrane 
potential, ROS, and calcium accumulation by flow cytometry, and morphology was visualized by TEM. Bioinformatic 
analysis, real‑time qPCR, western blotting, chemical reaction prediction, and molecular docking were utilized to iden‑
tify the drug target. The immunogenic potential was assessed by high mobility group box (HMGB)1 ELISA assay, 
luciferase‑based extracellular ATP assay, ectopic calreticulin expression by flow cytometry, and validated by phagocy‑
tosis assay, and in vivo vaccination assay using syngeneic C57BL/6 mice.

Results Transcriptomic analysis identified metabolic alterations and DNA repair deficiency signatures in CML 
patients. CML patients exhibited enrichment in immune system, DNA repair, and metabolic pathways. The gene 
signature associated with BRCA mutated tumors was enriched in CML datasets, suggesting a deficiency in double‑
strand break repair pathways. Additionally, poly(ADP‑ribose) polymerase (PARP)1 was significantly upregulated 
in CML patients’ stem cells compared to healthy counterparts. Consistent with the CML patient DNA repair signa‑
ture, treatment with the methylated indolequinone MAC681 induced DNA damage, mitochondrial dysfunction, 
calcium homeostasis disruption, metabolic catastrophe, and necroptotic‑like cell death. In parallel, MAC681 led 
to PARP1 degradation that was prevented by 3‑aminobenzamide. MAC681‑treated myeloid leukemia cells released 
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Introduction
Tyrosine kinase inhibitors (TKIs) represent the front-
line treatment against chronic myeloid leukemia (CML), 
characterized by the t(9:22) chromosomal translocation, 
resulting in the breakpoint cluster region-Abelson (BCR-
ABL)1 fusion oncogene with constitutively activated 
Abl tyrosine kinase activity. Despite TKI efficacy, resist-
ant mutants turn CML into a controllable yet persist-
ing chronic disease, interfering with the patient’s quality 
of life [1–3]. Moreover, one-third of newly diagnosed 
patients develop primary or secondary resistance toward 
approved TKIs, and clinical relapse occurs [4]. Imatinib 
resistance originates from BCR-ABL-dependent and 
-independent mechanisms, including leukemia stem cell 
(LSC) treatment insensitivity. LSCs and TKI/therapy-
resistant cells depend on mitochondrial metabolism 
and oxidative phosphorylation (OXPHOS) to meet their 
energy demands [5, 6], in contrast to mature CML cells 
or normal hematopoietic stem cells (HSCs).

The goal of therapeutic approaches for CML treatment 
is to eliminate LSCs by identifying and targeting genetic 
alterations and molecular pathways that contribute to 
their survival and resistance to apoptosis. Efforts must be 
undertaken to develop combination therapies targeting 
tyrosine kinases with novel drug candidates that specifi-
cally target genes or molecules necessary for the survival 
mechanisms of CML LSCs [7]. Accordingly, identifying 
and targeting rewired energy metabolism is a relevant 
strategy for developing non-ABL-related therapeutic 
options for treating TKI-resistant CML patients, pre-
venting the appearance of TKI-resistant cells, and LSC 
persistence.

Nicotinamide adenine dinucleotide (NAD) is a sub-
strate for  NAD+-dependent enzymes and a major coen-
zyme in bioenergetic processes. The  NAD+/NADH ratio 
modulates metabolic processes, including oxidative 
phosphorylation (OXPHOS), tricarboxylic acid (TCA) 
cycle, fatty acid oxidation (FAO), and glycolysis. NADH 
serves as a central hydride donor to mitochondrial ATP 
synthesis. Maintaining  NAD+ levels and the  NAD+/
NADH ratio is crucial for mitochondrial function, ATP 
production, and homeostasis. Hence, NAD metabo-
lism is a master regulator linking metabolic processes 

to OXPHOS [8]. Most cells replenish their  NAD+ pool 
primarily via the  NAD+ salvage pathway by recycling 
nicotinamide (NAM), generated by  NAD+-consuming 
enzymes predominantly by poly (ADP-ribose) polymer-
ase 1 (PARP1) and sirtuin (SIRT)1 [9, 10].

Moreover, PARP1 is a critical regulator of DNA dam-
age repair. BCR-ABL-expressing CML cells accumulate 
specific defects in DNA repair pathways, including the 
downregulation of breast cancer gene (BRCA)1 and the 
DNA-dependent protein kinase (DNA-PK) catalytic 
subunit. Both are critical components of homologous 
recombination (HR) and nonhomologous DNA end join-
ing (cNHEJ), respectively [11, 12]. Hence, CML cells must 
rely on a highly error-prone PARP1-dependent alterna-
tive (ALT)-NHEJ machinery to repair DSBs [13], likely 
contributing to disease progression by causing genomic 
instability. As a result, CML cells refractory to TKIs are 
genetically unstable, which may cause relapse and malig-
nant progression to advanced and terminal disease states 
[14]. These BCR-ABL-specific deficiencies present an 
opportunity to exploit synthetic lethality by targeting 
PARP1.

The naturally occurring antitumor indolequinone 
mitomycin C is known to alkylate DNA upon enzymatic 
bioreductive activation [15]. Moreover, an extensive 
library of indolequinone derivatives, differing in the sub-
stituent on the 2-position of the indole ring, was tested 
against pancreatic cancer with promising results [16, 17] 
and thus provided proof of the anticancer potential of 
this family of compounds. Qin et al. underline the role of 
indole alkaloids in targeting different forms of regulated 
cell death. Accordingly, the investigation and semisynthe-
sis of indole alkaloids to target various cancer types are 
believed to be advantageous in creating new molecules 
with improved biological properties, which can aid in 
developing novel approaches to cancer treatment [18].

In addition to the cytotoxic activity, whether by 
apoptosis or controlled necrosis, the activation of the 
immune-mediated destruction of tumor cells is deeply 
involved in the curative effect of a given anticancer agent. 
There is a growing interest in promoting anti-tumor 
immune responses as a potential alternative strategy 
for cancer treatment [19]. Accordingly, the induction of  

DAMPs and demonstrated the potential to generate an immunogenic vaccine in C57BL/6 mice. MAC681 and asci‑
minib exhibited synergistic effects in killing both imatinib‑sensitive and ‑resistant CML, opening new therapeutic 
opportunities.

Conclusions Overall, increasing the tumor mutational burden by PARP1 degradation and mitochondrial deregula‑
tion makes CML suitable for immunotherapy.

Keywords Indolequinone, NAD, PARP1, OXPHOS, Chronic myeloid leukemia, Necrosis, Immunogenic cell death, 
3‑aminobenzamide
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immunogenic cell death (ICD) is an attractive approach to 
fighting cancer malignancies [20]. Pharmacological media-
tors of ICD stimulate the host’s immune system via the 
release of damage‐associated molecular patterns (DAMPs), 
eventually triggering a persistent immune response [21].

We investigated a TKI-independent, immunogenic 
cell death mechanism triggered by a novel, methyl-
ated indolequinone (MAC681). This compound targets 
PARP1 degradation, exacerbating mitochondrial dys-
function and inducting a non-canonical, necroptotic-like 
cell death. We used MAC681-treated, dying, or dead cells 
to demonstrate immunogenic vaccination against myeloid 
leukemia.

Materials and methods
Computational analysis of public CML datasets
This study utilized several publicly available datasets, 
which were processed as follows:

A) GSE5550 [22]: 17 patients’ bone marrow samples 
sorted for CD34+ hematopoietic stem and progeni-
tor cells, 8 healthy donors, and 9 untreated CML 
patients in chronic phase were downloaded from 
GEO. The samples were processed and normalized 
using the robust Multi-Array Average (RMA) expres-
sion measure from the “affy” package in R [23]. All 
the probes were analyzed separately; if multiple 
probes representing the same gene were present, 
only the most significant probe was kept.

B) GSE97562 [24] and GSE47927 [25]: A total of 19 
patients’ bone marrow samples sorted for CD34+, 8 
healthy donors, and 11 untreated CML patients in 
chronic phase raw CEL files were downloaded from 
GEO (Supp. Table S1A). Samples were processed and 
normalized using the RMA expression measure from 
the “affy” package in R [23]. To correct for the batch 
effect between datasets, we employed the combat 
function of the "sva" R package [26].

C) The Microarray Innovations in LEukemia (MILE) 
study, GSE13159 [27]: A total of 66 untreated CML 
patients’ bone marrow mononuclear cells raw CEL 
files were downloaded from GEO. Samples were 
processed and normalized using the robust RMA 
expression measure from the “affy” package in R 
[23]. Samples were divided into 4 groups based on 
the quartiles of PARP1 expression. The high and low 
quartiles were subsequently used for the differential 
expression analysis.

D) The Cancer Cell Line Encyclopedia (CCLE) dataset: 
Gene expression transcript per million (TPM) nor-
malized reads from all the cancer cell lines (n = 1165) 
were downloaded from the Depmap portal website 
(https:// depmap. org/ portal/ downl oad/ all/) [28].

Differential expression analysis
To identify differentially expressed genes (DEGs) 
between healthy and CML  CD34+ cells or between CML 
patients with high and low expression of PARP1, we uti-
lized the “limma” R package [29]. We applied a threshold 
of |log2(FC)|> 0.3 and  a false discovery rate (FDR) < 0.05. 
The resulting DEGs were visualized using volcano and 
generated using the “ggplot2” R package [30] (https:// 
ggplo t2. tidyv erse. org).

Pathways and enrichment analysis
We performed functional enrichment analysis using GO 
terms, GSE analysis (GSEA), and Reactome pathways to 
analyze the identified DEGs comprehensively. GO terms 
and GSEA analysis were performed using “fgsea” and 
“msigdb” R packages. Reactome enrichments were per-
formed on the web-based application [31] (https:// react 
ome. org/). Pathways were considered significant when 
the FDR ≤ 0.05. We re-grouped each pathway for its 
higher hierarchical annotation in Reactome and calcu-
lated a weighted percentage of pathways enriched. Genes 
belonging to the  NAD+ metabolome pathway were col-
lected from Xie et al. [10]. Enrichment was tested with a 
Fisher exact test.

Compounds
6-Methoxy-1,2-dimethyl-3-(2,4,6-trifluoropheoxy)meth-
ylindole-4,7-dione (MAC681) was a generous gift from 
Prof. Christopher J Moody, School of Chemistry, Univer-
sity of Nottingham, UK. The compound has a molecular 
weight of 365.3 g/mol and was solubilized in 100% dime-
thyl sulfoxide (DMSO) (Sigma-Aldrich, Bornem, Bel-
gium) at a stock concentration of 5  mM. Aliquots were 
stored at -80°C. All pharmacological inhibitors used in 
this study are summarized in Supplementary Table 1.

Cell culture
Chronic myeloid leukemia cell lines (K-562, MEG-01) 
and acute myeloid leukemia (AML) cell lines (U-937, 
HL-60, MOLM-13, MV4-11) were purchased from 
Deutsche Sammlung für Mikroorganismen und Zellkul-
turen (DSMZ; Braunschweig, Germany) and cultured 
in RPMI 1640 medium (Lonza, Basel, Switzerland) sup-
plemented with 10% (v/v) fetal calf serum (FCS; Biowest, 
Nuaille, France) and 1% (v/v) antibiotic–antimycotic 
(Lonza, Basel, Switzerland). Chronic myeloid leukemia 
KBM5 cells were kindly donated by Dr. Bharat B. Aggar-
wal and were cultured in IMDM media supplemented 
with 10% (v/v) FCS and 1% (v/v) antibiotic–antimycotic. 
J774A1 cells were purchased from the Seoul National 
University cell bank and cultured in DMEM/high glu-
cose media (Hyclone, GE Healthcare Life Sciences, Utah, 
USA) supplemented with 10% (v/v) FCS and 1% (v/v) 

https://depmap.org/portal/download/all/
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://reactome.org/
https://reactome.org/


Page 4 of 24Orlikova‑Boyer et al. Biomarker Research           (2024) 12:47 

antibiotic–antimycotic. Acute myeloid leukemia OCI-
AML3 cells were purchased from DSMZ and cultured 
in Alpha MEM medium (Lonza, Basel, Switzerland) 
supplemented with 15% (v/v) FCS and 1% (v/v) antibi-
otic–antimycotic. C1498 cells (ATCC® TIB-49TM) were 
maintained according to the American type culture col-
lection  (ATCC) protocol with high glucose Dulbecco’s 
Modified Eagle Media (Gibco, Catalog No 11995–065) 
with 10% fetal bovine serum (Biowest, Riverside, MO, 
USA) and 1% (v/v) of an antibiotics-antimycotics solution 
(Lonza, Walkersville, MD, USA). Passages of less than 10 
were used for the vaccination experiments.

After ethical approval, peripheral blood mononu-
clear cells (PBMCs) were obtained from healthy adult 
human volunteers (Red Cross, Luxembourg, Luxem-
bourg). PBMCs from healthy donors and CML patients 
were isolated by Ficoll™ (GE Healthcare, Roosendaal, 
The Netherlands) density gradient centrifugation from 
freshly collected buffy coats (400 g, 20 min). After isola-
tion, PBMCs from healthy donors were washed, counted, 
and resuspended at a cell concentration of 2.0 ×  106 cells/
mL in RPMI 1640 supplemented with 10% (v/v) FCS and 
1% (v/v) antibiotic–antimycotic and kept overnight in a 
humidified atmosphere in the incubator at 37°C and 5% 
 CO2 before the treatment. Primary CML cells were cul-
tured in RPMI 1640 supplemented with 10% heat-inacti-
vated fetal bovine serum.

Primary  CD34+ progenitor/stem cells were isolated 
from human umbilical cord blood obtained from the Cli-
nique Bohler (Robert Schuman Hospital, Luxembourg, 
Luxembourg) with the written informed consent of par-
ents with the approval of the National Research Ethics 
Committee of Luxembourg. First, mononucleated cells 
were isolated by Ficoll™ (GE Healthcare, Roosendaal, 
The Netherlands) density gradient centrifugation.  CD34+ 
cells were then purified from mononucleated cells using 
magnetic cell sorting following the manufacturer’s 
instructions (MACS Miltenyi, Utrecht, The Nether-
lands). High purity  CD34+ cells were treated after 3 days 
of amplification in Stemline® II Hematopoietic Stem cell 
Expansion Medium (Sigma-Aldrich) supplemented with 
1% antibiotic–antimycotic (BioWhittaker®, Lonza, Ver-
viers, Belgium), 4  mM L-glutamine (BioWhittaker®), 
50  ng/mL stem cell factor (ReliaTech, Wolfenbüttel, 
Germany), and 10  ng/mL interleukin (IL)-3 (ReliaTech, 
Wolfenbüttel, Germany).

RPMI 1788 peripheral blood B lymphocytes were 
purchased from ATCC and cultured in RPMI 1640 
medium (Lonza, Basel, Switzerland) supplemented 
with 20% (v/v) FCS and 1% (v/v) antibiotic–antimycotic. 
All cell lines were cultured at 37°C and 5%  CO2 in a 
humidified atmosphere and were regularly tested for 

mycoplasma infection (Mycoalert™, Lonza USA) per 
the manufacturer’s instructions.

Cell proliferation and viability
Cell number and viability were determined using a semi-
automated image-based Cedex XS cell counter (Innovatis 
AG, Roche, Basel, Switzerland) and by Malassez counting 
chamber using the Trypan Blue exclusion assay (Lonza, 
Basel, Switzerland). Moreover, to quantify metabolically 
active cells, intracellular ATP levels were measured by 
CellTiter-Glo® Luminescent Cell Viability Assay (Pro-
mega, Leiden, Netherlands) following the manufacturer’s 
protocol and as previously described [32], and lumines-
cence was measured using an Orion Microplate Lumi-
nometer (Berthold, Pforzheim, Germany).

To calculate differential toxicity, the viability of healthy 
cells was compared to the viability of cancer cells (normal /  
cancer cells) at specific concentrations and time points. 
The difference in viability was expressed in terms of fold 
change.

Protein extraction and western blots
Cells were washed with cold 1 × phosphate buffer saline 
(PBS). For whole cell extracts, pellets were lysed using 
M-PER Mammalian Protein Extraction Reagent (Pierce, 
Erembodegem, Belgium) completed with a protease 
inhibitor cocktail (Complete; Roche, Luxembourg, Bel-
gium), 1  µM phenylmethylsulfonyl fluoride, 1  mM 
sodium orthovanadate, 5 mM sodium fluoride and incu-
bated 15 min at 4°C on a shaking platform; then centri-
fuged 15  min at 15 000  g and 4°C for clarification. For 
cytoplasmic and nuclear cell extracts, pellets were lysed 
using buffer A (Supplementary Table  2) for 15  min at 
4°C, followed by adding of IGEPAL 10% (MP Biomedi-
cals, LLC, Illkirch, France) and centrifuged for 1  min 
at 13000  rpm and 4°C. After collection of cytoplasmic 
extracts, lysis buffer C (Supplementary Table  2) was 
added to the nuclear pellets and vortexed for 20 min at 
4°C, followed by 5  min centrifugation at 10000  rpm at 
4°C, and nuclear pellets were collected. Twenty μg of 
proteins were mixed with 2 × Laemmli buffer and boiled. 
Samples were loaded onto a sodium dodecyl polyacryla-
mide gel (stacking: 4%, resolving: 10%). After migration, 
proteins were transferred to a polyvinylidene difluoride 
membrane (GE Healthcare, Roosendaal, The Nether-
lands), followed by blocking in 1 × PBS 0.1% Tween® 20 
(Sigma-Aldrich) containing 5% milk or bovine serum 
albumin. Membranes were incubated with selected pri-
mary antibodies (Supplementary Table 3). After incuba-
tion, membranes were washed with 1 × PBS 0.1% Tween 
and incubated with the appropriate secondary antibodies 
(Santa Cruz Biotechnology or BD Biosciences) for 1 h at 
room temperature (RT). After washing, the membranes 
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were revealed using the ECL Plus Western Blotting 
Detection System Kit (GE Healthcare). Chemilumines-
cence was detected with an Imagequant LAS Mini (GE 
Healthcare). The bands were quantified using ImageJ 
(from the National Institutes of Health, Bethesda, MD, 
USA; http:// rsbweb. nih. gov/ ij/). Sample loading was con-
trolled using β-actin.

Quantification of apoptosis and necrosis
The percentage of apoptotic cells was quantified as the 
fraction of cells showing fragmented nuclei, as assessed 
by fluorescence microscopy using an IX81(MT10) Olym-
pus microscope (Olympus, Aartselaar, Belgium) after 
staining with Hoechst 33342 (Sigma-Aldrich). For the 
quantification of necrosis/secondary necrosis, a pro-
pidium iodide (PI) staining was performed in addition to 
the Hoechst 33342 staining, and the number of PI-pos-
itive cells was counted similarly to apoptotic cells. Cell 
death was also confirmed by PI staining analyzed by flow 
cytometry (FACScalibur, BD Biosciences, San José, CA, 
USA) according to the manufacturer protocol (BD Bio-
sciences). Data were recorded statistically (10000 events/
sample) using the CellQuest software (BD Biosciences) 
and analyzed using Flow-Jo 10.8.1 software (Tree Star, 
Inc., Ashland, OR, USA).

Analysis of mitochondrial membrane potential
The loss of mitochondrial membrane potential was 
analyzed by MitoTracker Red staining (Molecular 
Probes/Invitrogen, Merelbeke, Belgium). Briefly, 1 ×  106 
cells were incubated for 20  min at 37°C with 100  nM 
MitoTracker Red. Fluorescence intensity was measured 
by flow cytometry (FACScalibur, BD Biosciences, San 
José, CA, USA). Mitochondrial oxidative phosphoryla-
tion uncoupler carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP; 50  µM, 20  min) was used as a positive 
control. Cell death induction was parallelly analyzed by 
flow cytometry by PI uptake after 15  min staining with 
PI (0.5 µg/mL). DMSO (50%, 1 min) was used as a posi-
tive control. Events were recorded (10000 events/sample) 
using the CellQuest software. Data were further analyzed 
with the FlowJo 10.8.1 software.

mRNA expression analysis
According to the manufacturer’s instructions, total RNA was 
extracted using NucleoSpin RNA II columns (Macherey– 
Nagel, Hœrdt, France). cDNA was synthesized by 
reverse transcription of 1 μg total RNA with M-MLV  
Reverse Transcriptase, RNase H Minus, and Point 
Mutant reverse transcriptase (Promega, Leiden, The 
Netherlands) using oligo(dT) primers (Promega). cDNAs 
were used as a template for subsequent quantification by 
real-time PCR in a reaction mixture containing 1 × Power 

SYBR® Green PCR Master Mix (Applied Biosystems, 
Halle, Belgium) and 0.1  μM of each primer (sequences 
available on request). Amplification was performed on  
an ABI 7300 real-time PCR system (Applied Biosystems,  
Lennik, Belgium). The amount of target gene was nor-
malized to the endogenous level of β-actin using the  
 2−ΔCT method.

Indirect immunofluorescence
After treatment with MAC681, K-562 cells were fixed 
and permeabilized according to the manufacturer’s 
instructions using the BD Cytofix/Cytoperm Kit (Becton 
Dickinson, Erembodegem, Belgium). Incubations with 
primary antibodies were performed in BD Perm/Wash 
solution for 1 h at RT with one of the following antibod-
ies: anti-phospho histone H2A.X (Cell Signaling, 9718S) 
1:80 dilution, apoptosis-inducing factor (AIF; Santa Cruz 
Biotechnology, sc-13116) 1:100 dilution. After washing 
twice with 1 × PBS, cells were incubated with the corre-
sponding secondary antibody at 1:50 dilution at RT for 
30  min on a shaking platform (mouse, Alexafluor 488, 
green fluorescence; rabbit or mouse, Alexafluor 568, 
red fluorescence; Invitrogen/Molecular Probes, Merel-
beke, Belgium). After two additional washing steps with 
1 × PBS, cells were analyzed by flow cytometry (FACScal-
ibur, BD Biosciences, San José, CA, USA) and afterward 
counterstained with Hoechst 33342 (DNA specific, blue 
fluorescence) and monitored by fluorescence microscopy 
(Olympus, Aartselaar, Belgium). The images were ana-
lyzed using the Cell^M software (Olympus Soft Images 
Solutions GMBH, Germany).

Human CXCL8/IL‑8 immunoassay
IL-8 concentrations in culture supernatants of activated 
K-562 cells were measured by sandwich ELISA (R&D 
Systems, Abingdon, United Kingdom). According to the 
manufacturer’s guide, 50  μL of cell supernatants were 
added with 100  μL of Assay Diluent to anti-IL-8 pre-
coated wells, followed by 2  h incubation at RT. After 
washing, a polyclonal peroxidase-conjugated anti-IL-8 
antibody was added for another 1  h at RT. Colorimet-
ric visualization and protein dosage were developed by  
adding the  H2O2 + tetramethylbenzidine-containing  
substrate. After a 30  min reaction at RT in the dark, 
the enzymatic reaction was stopped by the addition of 
 H2SO4, and optical densities were measured at a wave-
length of 450 nm with a reference wavelength of 540 nm 
(Molecular Devices, LLC, San Jose, CA, USA).

Colony formation assay (CFA)
For colony formation assays,  103 cells/mL treated with 
MAC681 at indicated concentrations for 8 h were grown 
in a semi-solid methylcellulose medium (MethoCult™ 

http://rsbweb.nih.gov/ij/
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H4230, StemCell Technologies Inc., Vancouver, Canada) 
supplemented with 10% FBS. Colonies were detected after  
10 days of culture by adding 1 mg/mL 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
reagent (Sigma-Aldrich) and were scored by Image J 1.51  
software (US National Institute of Health, Bethesda,  
MD, USA) [33].

Transmission electron microscopy (TEM)
Cells were pelleted and fixed for 4  h in 2.5% glutaral-
dehyde (Euromedex, Mundolsheim, France) in 0.1  M 
sodium cacodylate buffer, pH 7.2 (Euromedex). Cells were 
then rinsed with sodium cacodylate buffer and postfixed 
in 1% osmium tetroxide (Euromedex) for 1 h at RT. Sam-
ples were washed and then dehydrated through a graded 
series of ethanol solutions to water followed by propyl-
ene oxide and then infiltrated in 1:1 propylene oxide/
poly Bed 812 (Euromedex). Samples were kept over-
night embedded in Poly Bed 812, mounted in molds, and 
left to polymerize in an oven at 56°C for 48 h. Ultrathin 
Sects.  (70–90  nm) were obtained with a Reichert-Jung 
Ultracut S microtome (Wien, Austria). Sections were 
stained with uranyl acetate and lead citrate and examined 
with a CM12 transmission electron microscope (Philips, 
Eindhoven, The Netherlands).

Measurement of extracellular ATP content
Extracellular ATP levels in the supernatant were assessed 
by the ENLITEN® ATP Assay System bioluminescence 
detection kit (Promega, Leiden, The Netherlands) fol-
lowing the manufacturer’s protocol. Briefly, K-562 cells 
were seeded at 3 ×  105 cells/mL and treated with the indi-
cated concentration of MAC681 for the indicated time. 
After the treatment, supernatants were collected by 
centrifugation, and 100 µL of reconstituted rluciferase/
luciferin (rL/L) reagent was added to 100 µL of superna-
tant. The light output was measured immediately on an 
Orion Microplate Luminometer (Berthold, Pforzheim, 
Germany).

Analysis of ectopic calreticulin expression
3 ×  105 cells /mL were cultured in 10 mL and treated at 
indicated concentrations with MAC681 for 10  h. Cells 
were collected, washed twice with 1 × PBS, and fixed 
in 0.25% paraformaldehyde in 1 × PBS for 5  min. After 
washing twice in cold 1 × PBS, cells were incubated for 
40 min with the primary antibody for calreticulin (CRT; 
Abcam, 2907), diluted in cold blocking buffer (2% FBS in 
1 × PBS) in 1:50 dilution, followed by washing and incu-
bation with the Alexa fluor 488-conjugated monoclonal 
secondary antibody in a blocking buffer for 40 min. Each 
sample was then analyzed by FACS to detect cell surface 

CRT, and the median fluorescent intensity (MFI) was 
used to quantify the results.

Detection of HMGB1 release
Cells were seeded at 3 ×  105 in 1  mL of medium. After  
indicated time points, cells were centrifuged, and the super-
natant was collected and immediately stored at -80 ºC.  
Quantification of high mobility group box (HMGB) 1  
release in the supernatants was assessed by enzyme- 
linked immunosorbent assay kit from IBL International 
(Tecan Benelux, Mechelen, Belgium) according to the 
manufacturer’s instructions.

Phagocytosis of MAC681‑treated cells by J774A1 
macrophages
K-562 cells were stained with CellTracker Red CMTPX 
dye (Thermofisher Scientific) for 1.5  h. After staining, 
cells were resuspended in a fresh RPMI medium, treated 
with 5 µM MAC681, and incubated for 16 h. J774A1 cells 
were stained with CellTracker Green CMFDA dye (Ther-
mofisher Scientific) for 2 h and allowed to attach to the 
culture plate. MAC681-treated CML cells were co-cul-
tured with J774A1 for 2  h with an effector-target ratio 
of 2:1. To confirm the level of phagocytosis, CML cells 
not interacting with J774A1 were eliminated by washing 
with 1 × PBS. The level of phagocytosis was quantified by 
counting the number of red K-562 cells phagocytized by 
green macrophages.

Zebrafish xenografts
After mating, fertilized eggs were incubated in Danieau’s 
solution with 0.003% of phenylthiourea (PTU) at 28.5°C 
for 48 h. Micropipettes for injection and anesthesia were 
generated from a 1.0  mm glass capillary (World Preci-
sion Instruments, FL, USA) using a micropipette puller 
(Shutter Instrument, USA). Forty-eight hours post-fer-
tilization, zebrafish were anesthetized in 0.02% tricaine 
(Sigma-Aldrich, MO) and immobilized on an agar plate. 
Primary blasts were treated with indicated compounds 
for 8 h and 12 h. Then, cells were stained for an additional 
2  h with 4  µM of cell tracker CM-Dil dye (Invitrogen). 
100–200 primary blasts were injected into the yolk sac 
by microinjection (PV820 microinjector, World Preci-
sion Instruments, FL, USA). Subsequently, zebrafish were 
incubated in 24-well plates containing Danieau’s solution 
with 0.003% phenylthiourea (PTU) at 28.5°C for 72  h. 
Fishes were then immobilized in a drop of 3% methylcel-
lulose in Danieau’s solution on a glass slide. Pictures were 
taken by fluorescence microscopy (Leica DE/DM 5000B). 
Fluorescent tumors were quantified by Image J software 
(US National Institute of Health, Bethesda, MD, USA).
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In vivo vaccination assay using a syngeneic mouse model
Mice were maintained according to the Institutional 
Animal Care and Use Committee (IACUC) standards 
followed by the Seoul National University, South Korea. 
This study was approved by Seoul National University 
IACUC (SNU-211222–5). All mice had unlimited water 
and food and were housed in pathogen-free cages con-
taining wood shavings and bedding with a 12  h light/
dark cycle and controlled room temperature of 25 °C. 
C57BL/6 J mice were purchased from Junga Bio Co., Ltd 
Company (Seoul, South Korea).

5 ×  105 C1498 cells were incubated with 5 µM MAC681 
or 2.5  µM cytarabine and 0.5  µM doxorubicin for 24  h, 
washed once in 1 × PBS, and cell death was analyzed by 
trypan blue staining. These treated compound-free cells 
were injected subcutaneously with 100  µl PBS for vac-
cination into the right flanks of the 7-week-old C57BL/6 
mice. Non-vaccination mice were given 100  µl PBS as 
the negative control group. The tumor incidence on 
the right flanks of the mice throughout the vaccina-
tion assay did not appear. One week later, all mice were 
challenged with 5 ×  105 C1498 untreated cells in the left 
flank of the mice. Tumor volumes were estimated using 
the formula = length x width x height  mm3. Every other 
day, tumor growth was measured on the left flank with 
a digital Vernier caliper SD500-150PRO (Sincon, South 
Korea). Mice were sacrificed using 5% CO2 inhalation  
when tumor volumes reached > 600  mm3 in the non- 
vaccinated control group. All tumors were fixed in 4% 
paraformaldehyde for 24 h.

Separate measurement of cellular  NAD+ and NADH
Separate measurements of oxidized  (NAD+) and reduced 
(NADH) forms were assessed with the NAD/NADH-
Glo™ Assay (Promega) following the manufacturer’s pro-
tocol. Briefly, K-562 cells were seeded at 3 ×  105 cells/mL 
and treated with the indicated concentration of MAC681 
for the indicated time. After the treatment, the concen-
tration of cells was quantified by trypan blue exclusion 
assay, and cells were centrifuged and resuspended in 
1 × PBS at a concentration of 5 ×  105/mL. The cells were 
lysed in the base solution with 1% dodecyltrimethylam-
monium bromide, then split into separate wells for acid 
 (NAD+) and base (NADH) treatments. After 15  min 
heating at 60°C, the samples were incubated for 10 min 
at room temperature. 25  μl of Trizma® base (Sigma-
Aldrich) was added to each well of acid-treated samples, 
and 50  μl of HCl/Trizma® solution was added to each 
well of base-treated samples. 50 μl of NAD/NADH-Glo™ 
Detection Reagent was added to each well. Lumines-
cence was recorded after 60  min of incubation at room 
temperature, and  NAD+ to NADH ratio was calculated 

(SpectraMax ID3 Multi-Mode Microplate Reader, Molec-
ular Devices, LLC, San Jose, CA, USA).

Determination of ATP production rate
The ATP production rate, oxygen consumption rate (OCR), 
and extracellular acidification rate (ECAR) were measured 
using the Agilent Seahorse ATP Real-Time rate assay kit 
(Agilent, Santa Clara, CA, USA) on a Seahorse XFp analyzer 
(Agilent, Santa Clara, CA, USA) according to the manufac-
turer’s instructions. Briefly, wells were coated with 20 µL of 
Cell-Tak (22.4 µg/mL, Corning). Cells were seeded at 37500 
cells per well. Before measurement, plates were equilibrated 
in a  CO2-free incubator for 1 h. The analysis used 1.5 µM 
oligomycin and 0.5  µM rotenone/antimycin A. Data were 
analyzed using Seahorse XF Real-Time ATP rate assay 
report generator software (Agilent, Santa Clara, CA, USA).

Docking studies
PatchDock server and AutoDock4 program were used 
in the docking simulation studies. The docking structure 
template of human PARP1 with double-strand DNA was 
obtained from Protein Data Bank (PDB ID: 4OQA), and 
the coordinates of 3ABA, MAC681, 3ABA-MAC681-
5-position, and 3ABA-MAC681-6-position adducts 
compounds were created using the ChemDraw program. 
To initially predict the binding mode of MAC681, we 
implemented the simulation docking using PatchDock 
webserver with PARP1 used as a receptor. After coarse 
prediction of docking positions and scores according to 
the geometric shape complementarity in PatchDock, the 
top 20 docking position candidates were further ana-
lyzed. To further refine the binding mode of our inter-
est compounds, we ran the AutoDock4 program with 
a flexible residues option for Asp766, His862, Tyr889, 
Phe897, Gly894, Ser904, Tyr907, and Glu988, and those 
residues have been shown to contribute to ligand bind-
ing. Firstly, a control docking experiment with a known 
ligand of PARP1, 2,3-dihydrobenzofuran-7-carboximade 
derivative (2US) was done by AutoDock4 to re-confirm 
the binding mode with PARP1. Structural alignment and 
docking figures were created by the PyMOL program.

Mass spectrometry
K-562 cells (1.2 ×  108) were seeded in 50  ml of media 
(DMEM plus 10% FBS) containing 25 mM 3ABA. After 
30 min incubation at 37˚C, 25 µM MAC681 was added, 
and the cells were incubated for an additional 6 h at 37˚C. 
Following incubation with 3ABA and MAC681, the cells 
were collected and pelleted by centrifugation. The cell 
pellet was washed 2 times with 1 × PBS and then solubi-
lized by adding 0.5 ml of ice-cold acetonitrile. The sample 
was centrifuged at 13000 g for 3 min (4˚C), after which 
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the supernatant was collected. The supernatant was dried 
under vacuum at 45˚C for 1 h and then resuspended in 
20 µl of acetonitrile. Samples (5 µl) were then separated 
by reverse-phase HPLC and then analyzed by mass spec-
trometry using  an Agilent 6410 triple quadrupole mass 
spectrometer (Santa Clara, United States).

ALDH enzymatic assay
Aldehyde dehydrogenase (ALDH) enzymatic activity was 
assessed using the Aldefluor™ kit (StemCell Technologies 
Inc., Saint Égrève, France) according to the manufactur-
er’s instructions. Diethylaminobenzaldehyde, a specific 
inhibitor of ALDH activity, was used to differentiate 
cells with low and high ALDH activity. Stained samples 
(50,000 events/sample) were recorded by flow cytometry 
(FACS LSR Fortessa™ X-20, BD Biosciences). Non-viable 
cells were excluded from analysis following staining with 
propidium iodide (BD Biosciences).

Statistical analysis
Data are expressed as the mean ± SD of at least 3 inde-
pendent experiments, and significance was estimated by 
t-test, one-way or two-way ANOVA using Prism 9 soft-
ware, GraphPad Software (La Jolla, CA, USA). Addition-
ally, we evaluated the Area Under the Curve (AUC) for 
specific datasets using GraphPad Prism 10. The AUC 
analysis provided a comprehensive assessment of the 
overall response magnitude over the given time ranges. 
P-values < 0.05 were considered significant.

Results
Identification of an altered metabolism and DNA repair 
transcriptomic signature in CML patients and cell lines
We investigated genes differentially expressed in CML 
compared to healthy  CD34+ hematopoietic stem and 
progenitor cells in publicly available data sets (combined 
GSE47927_GSE97562 and GSE5550, Supp. document 
SD1A), focusing on untreated patients in the chronic 
phase of the disease. The differential expression analysis 
revealed 1371 DEGs in GSE5550 (1169 up, 202 down, 
|log2FC|> 0.3; false discovery rate [FDR] ≤ 0.05) (Fig. 1A, 
Supp. document SD1B) and 2053 DEGs in combined 
GSE47927_GSE97562 (1532 up, 521 down, |log2FC|> 0.3; 
FDR ≤ 0.05) (Fig. 1B, Supp. document SD1C). The DEGs 
showed a significant overlap between the datasets (Fish-
er’s exact test p-value = 8.3e-77, odds ratio = 3.9), indicat-
ing a strong correlation between the datasets. As a first 
global approach, we investigated the DEGs by perform-
ing a Reactome pathway enrichment analysis (Fig. 1A-B, 
Supp. document SD1D-E, Supp. Fig. S1A-B). Both data-
sets were significantly enriched in pathways linked to cell 
cycle, disease, immune system, gene expression, signal 
transduction, DNA replication, DNA repair, and multiple 

categories linked to metabolism (Fig. 1A-B, Supp. docu-
ment SD1D-E). As previously reported, these results 
suggest that primary CML stem and progenitor cells of 
chronic phase CML patients present an aberrant prolif-
eration with an increased metabolism to sustain high 
energetic demands [34]. Interestingly, pathways in DNA 
repair and disease, including DNA repair defects, were 
highly represented in both datasets, including diseases of 
mismatch repair and double-strand break repair linked to 
BRCA1/2 loss of function (Fig. 1C-D, Fig. S1A-B, Supp. 
document SD1D-E).

We performed a GSEA of the gene signature linked to 
BRCA-mutated tumors proposed by Pujana et  al. [35] 
(Fig.  1E-F). CML datasets showed enrichment in this 
network, suggesting that CML patients are deficient 
in double-strand break repair pathways. We decided 
to investigate the status of PARP1 in CML, as PARP1 
inhibitors have been approved as treatments for cancer 
types with deficient DNA repair [36, 37]. A comparative 
analysis of gene expression profiles in CML patient data-
sets (GSE5550 and GSE47927_GSE97562) showed that 
PARP1 is significantly upregulated in CML patients’ stem 
cells compared to healthy counterparts (Fig. 1G). Moreo-
ver, using the CCLE (Fig. 1H), we found that hematopoi-
etic and lymphoid tissues cell lines present the highest 
PARP1 gene expression levels when compared to all other 
cancer (Wilcoxon test to the overall mean, p ≤ 2e-16). 
The median  log2TPM in the myeloid subgroup in hemat-
opoietic and lymphoid tissues was 7.41 (AML) and 7.36 
(CML). Interestingly, the mean expression was higher 
than in other cancer types, including cancers where the 
utilization of PARP1 inhibitors was approved or under 
clinical evaluation, including ovarian, breast, pancreatic, 
and prostate cancers [38, 39]. This observation further 
substantiates using PARP1 as a target in hematopoietic 
and lymphoid cancers. We further verified the correlation 
between gene and protein expression in the CCLE data-
set. PARP1 presents a good correlation between mRNA 
and protein expression (Pearson’s r 0.67 and Spearman’s r 
0.65), justifying using PARP1 gene expression as a proxy 
of the protein.

To investigate biological shifts associated with PARP1, 
we compared the whole-genome expression profiles of 
patients with high PARP1 expression and patients with 
low PARP1 expression at diagnosis (GSE13159, 66 CML 
patients’ mononuclear cells of the bone marrow). We 
identified a set of 1720 genes differentially expressed 
(1528 up and 192 down, |log2FC|> 0.3; FDR ≤ 0.05) 
(Fig. 1I and Supp. document SD1F). Gene ontology terms 
analysis (Fig.  1J) showed a clear association of genes 
overexpressed in high PARP1 patients in processes linked 
to mitochondrial function, including mitochondrial 
transcription, translation, and cellular respiration, in 
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Fig. 1 Identification of an altered metabolism and DNA repair transcriptomic signature in CML patients and cell lines. A, B Volcano plot showing 
genes that were significantly dysregulated in CML  CD34+ (|log2FC|≥ 0.3; false discovery rate (FDR) ≤ 0.05) compared to healthy donors in GSE5550 
[A] and combined GSE97562_GSE47927 [B]. DEGs significantly upregulated are represented in red, and DEGs significantly downregulated 
in blue. C, D Bar plots of all Reactome pathways significantly altered in  CD34+ CML samples compared with the normal counterpart summarized 
as a percent in the mother category to the total number of enriched pathways in GSE5550 [C] and combined GSE97562_GSE47927 [D] (corrected 
for the number of pathways annotated by category). E, F GSEA plots of the gene signature linked to BRCA mutated tumors proposed by Pujana 
et al. [35] in GSE5550 [E] and combined GSE97562_GSE47927 [F]. G CML patient stem cells overexpress PARP1 compared to stem cells of healthy 
volunteers in indicated datasets (GSE5550 and combined GSE47927 with GSE97562, double‑sided unpaired t‑test ***p ≤ 0.001, ****p ≤ 0.0001). H 
PARP1 gene expression profiles in different cancer cell lines categorized by tissue origin from the CCLE dataset. CML and AML cell lines are included 
in the group “Hematopoietic and lymphoid tissue (HALT)”, the group with the highest PARP1 gene expression (Mann–Whitney test to the overall 
mean, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). CNS: central nervous system, UAT: upper aerodigestive tract. I Volcano plot representing 
the genes significantly differentially expressed (|log2 fold change (FC)|≥ 0.3; FDR ≤ 0.05) in CML patients divided into top and lower quartiles 
of PARP1 expression (GSE03159, 66 patients). DEGs significantly upregulated are represented in red, and DEGs significantly downregulated in blue. J 
Top 20 biological gene ontology terms significantly enriched in patients with high PARP1 expression. This analysis highlights enrichment in multiple 
biological processes linked to mitochondria functions. K Table of genes enriched in  NAD+ metabolome (Fisher’s exact test)
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particular, complex I (NADH dehydrogenase complex). It 
indicates increased dependence on mitochondrial activ-
ity and OXPHOS for  NAD+ replenishment.

To further investigate if patients’ CML stem cells were 
also enriched in such pathways, we assessed enrichment 
in genes involved in the “NAD+ metabolome” category 
[10]. These genes included the  NAD+ salvage pathway, 
 NAD+ de novo pathways, complex I, TCA cycle, and 
aerobic glycolysis. Our results show that CML stem 
cells were enriched in such pathways compared to their 
healthy counterparts (Fig. 1K Supp. document SD1G, all 
p < 0.05 Fisher Exact test).

MAC681 induces DNA damage, mitochondrial dysfunction, 
perturbation of calcium homeostasis, and metabolic 
catastrophe
We considered the deregulation of gene expression pat-
terns in CML patients (Fig.  1) as a vulnerability that 
DNA-damaging agents can target. We systematically 
monitored DNA damage induction through phospho-
rylation of histone H2AX at Ser 139 (γH2AX), a marker 
of DNA double-strand breaks. As shown in Fig.  2A, 

MAC681 induced an early, time-dependent appearance 
of γH2AX-positive foci in 38.3% of the cell population 
after 1 h and reached a plateau of 76—86% positive cell 
population between 2 to 8 h.

Considering the upregulation of PARP1 in CML 
patients’ datasets and the upregulation of metabolic 
pathways in patients expressing high levels of PARP1, 
we wondered if such a strong induction of DNA damage 
could result in the PARP-dependent depletion of total 
cellular  NAD+ levels. Indeed, after MAC681 treatment, 
we detected an early, time-dependent decrease in cel-
lular  NAD+. MAC681 treatment reduced  NAD+ by 20% 
in 30 min, 59% in 1 h, and 87% in 2 h.  NAD+ depletion 
was followed by a reduction in NADH levels. An over-
all time-dependent decrease in the  NAD+/NADH ratio 
was detected (Fig.  2B). Moreover, Hoechst/PI nuclear 
morphology analysis indicated that MAC681 induced 
necrotic cell death in K-562 cells and that the PARP1 
inhibitor, 3ABA rescued cells from MAC681-induced 
lethality (Fig. 2C).

As metabolic pathways, including OXPHOS, rely on 
NAD availability, PARP1 activation promotes a rapid 

Fig. 2 MAC681 induces DNA damage and mitochondrial dysfunction, leading to metabolic catastrophe. K‑562 cells were treated with MAC681 
at indicated time points and concentrations. A The formation of γH2AX nuclear foci was assessed by fluorescent microscopy (left panel) 
and quantified by flow cytometry (right panel) (double‑sided unpaired t‑test ****p ≤ 0.0001). B Total oxidized  NAD+ (left panel) and the reduced 
NADH (middle panel) was detected by bioluminescent NAD/NADH‑Glo™ Assay, and  NAD+/NADH ratios (right panel) were determined 
in MAC681‑treated cells at the indicated time points, (double‑sided unpaired t‑test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). C Quantification 
of the indicated cell populations after Hoechst/PI staining in cells treated with MAC681 (5 µM) with or without 3ABA (5 mM) 30 min pre‑treatment 
(one‑way ANOVA, Šídák’s multiple comparisons test *p ≤ 0.05, ****p ≤ 0.0001, ####p ≤ 0.0001). D The basal ATP production rates from glycolysis 
and mitochondrial respiration and total ATP production rates were measured by Seahorse XF Real‑Time ATP Rate Assay Kit in K‑562 cells 2 h 
after exposure to MAC681 (5 µM) (double‑sided unpaired t‑test **p ≤ 0.01, ***p ≤ 0.001). E Intracellular ATP content of MAC681 (5 µM)‑treated K‑562 
cells was measured by CellTiter‑Glo at indicated time points (double‑sided unpaired t‑test *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001). F TEM of K‑562 cells 
treated with MAC681 (5 µM) at indicated time points. Morphological changes of cells: extensive vacuolization of the cytoplasm of the dead cell 
and an extreme dilatation of the perinuclear space impinging on the nucleus (24 h), a hallmark of necroptosis, are seen (top panel). Mitochondrial 
alterations (lower panel) induced by MAC681 are also visualized. G Time‑dependent induction of mitochondrial membrane potential loss (left 
panel) and cell death induction (right panel) by MAC681 (5 µM). MMP was analyzed after incubation with MitoTracker Red (100 nM) by flow 
cytometry. Mitochondrial oxidative phosphorylation uncoupler CCCP (50 µM, 20 min) was used as a positive control. Flow cytometry analyzed 
cell death induction by propidium iodide (PI) uptake after 15 min staining with PI (0.5 µg/mL). DMSO (50%, 1 min) was used as a positive control 
(one‑way ANOVA, Dunnett’s multiple comparisons test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). H Cells were treated with MAC681 (5 µM, 
6 h) and analyzed by fluorescence microscopy after staining with Rhod2‑AM (Rhod, 2.5 µM), MitoTracker Green (MTG, 100 nM), and Hoechst. The 
intensity of the Rhod2‑AM signal was quantified in regions stained with MitoTracker Green, and the co‑occurrence and correlation were quantified 
by Manders’, Spearman’s, and Pearson’s coefficients. Double positive cells were analyzed, and the average of three independent experiments 
was shown (double‑sided unpaired t‑test ***p ≤ 0.001). I Cytosolic  Ca2+ levels of cells treated with MAC681 (5 µM) for indicated time points, 
stained by Fluo4‑AM, were measured by flow cytometry (double‑sided unpaired t‑test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). J Cytosolic 
 Ca2+ levels of cells treated with MAC681 (5 µM) for indicated time points in the presence of EGTA (650 µM), followed by TSG (10 nM) treatment, 
were measured by Fluo4‑AM every 15 s by flow cytometry, (AUC , double‑sided unpaired t‑test **p ≤ 0.01, ***p ≤ 0.001). K Colony formation assay 
with K‑562 cells treated with MAC681 at the indicated concentrations. Images are representative of three independent experiments (One‑way 
ANOVA, Dunnett’s multiple comparisons test **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). L In vivo zebrafish xenografts model of tumor mass formation 
after injection of fluorescent CellTracker™ CM‑DiI Dye‑stained K‑562 cells pre‑treated for the indicated time. M MAC681 decreases the viability 
of CML patients’ PBMCs in dose‑ and time‑dependent manners. CML primary cells were treated ex-vivo with indicated concentrations of MAC681, 
and cell viability was evaluated after 4, 12, and 24 h by trypan blue exclusion test. The histogram corresponds to the mean ± SD (n = 2 CML 
patients). N Analysis of ALDH activity in K‑562 cells. Cells were treated with MAC681 (5 µM, 12 h) or Imatinib (0.25 µM, 24 h), and the ALDH inhibitor 
diethylaminobenzaldehyde (DEAB) was used to distinguish cell subpopulations with low and high ALDH activity. Representative dot plots showing 
the percentage of ALDH‑positive cells and corresponding quantifications (right panel) of three independent experiments are presented (left panel) 
(one‑way ANOVA, Tukey’s multiple comparisons test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001)

(See figure on next page.)
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decrease in mitochondrial oxygen consumption [40]. 
We detected a significantly decreased OCR in MAC681-
treated cells compared to the control (Suppl. Fig. S2A). 
Moreover, in K-562 cells, the basal ATP production rate 
relied more on oxidative phosphorylation than glycoly-
sis (61% versus 39%, respectively) (Sup. Fig. S2B). Within 
two hours, MAC681 treatment induced a 43% reduction 
in the total ATP production rate compared to untreated 
cells (Fig.  2D). Furthermore, the MAC681-induced 
decrease in the ATP production rate was mainly due to 
decreased mitochondrial ATP production rate (Fig. 2D). 
Subsequently, after 4 h of treatment, we observed a 53.2% 

reduction in total intracellular ATP levels. After 8  h, 
ATP levels were reduced by 92% compared to controls 
(Fig. 2E).

The loss of  NAD+ precedes the induction of mitochon-
drial depolarization and mitochondrial outer membrane 
permeability transition [41]. TEM analysis confirmed 
time-dependent mitochondrial alterations after MAC681 
treatment, disrupting mitochondrial cristae after 4  h 
and mitochondrial swelling after 8  h (Fig.  2F, lower 
panel). In addition, the cells adopted a necroptotic phe-
notype (Fig.  2F, upper panel). In agreement with mor-
phological changes and ATP loss, MAC681 triggered a 

Fig. 2 (See legend on previous page.)
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time-dependent loss of mitochondrial membrane poten-
tial (MMP) (Fig. 2G, left panel). The MMP was strongly 
reduced at 4  h and 8  h of treatment, although cells 
remained viable, considering the minimal PI staining 
intake (Fig. 2G, right panel).

Since mitochondrial calcium overload could have trig-
gered these mitochondrial morphological alterations, 
we assessed calcium accumulation in mitochondria by 
co-localizing Rhod2-AM mitochondrial  Ca2+ dye with 
MitoTracker green after 6  h of treatment. Our results 
indicate that MAC681 induced  Ca2+ accumulation in 
67% of the mitochondria (Fig. 2H and Sup. Fig. S2C). To 
further analyze the perturbation of calcium homeosta-
sis, we assessed the effect of MAC681 on cytosolic  Ca2+ 
accumulation after Fluo4-AM staining. We detected 
an immediate increase in cytosolic  Ca2+ at 2  h, which 
decreased after 4 h and returned to basal values at 8 h. At 
10 h, we observed a secondary increase in cytosolic  Ca2+ 
(Fig. 2I).

To further ascertain the origin of the observed cytosolic 
 Ca2+ accumulation, we used EGTA to chelate extracellu-
lar  Ca2+ influx. Under these conditions, adding the sarco-
plasmic/endoplasmic reticulum  Ca2+-ATPase (SERCA) 
inhibitor thapsigargin (TSG) led to a rapid accumula-
tion of cytosolic  Ca2+ in control cells. Interestingly, in 
MAC681-treated cells for 2 h, the addition of TSG signif-
icantly reduced the increase, which was abolished at 4 h 
(Fig. 2J). These data show that MAC681 rapidly depleted 
endoplasmic reticulum  Ca2+ in line with the observed 
initial cytosolic  Ca2+ increase.

PARP1 activation after DNA damage contributes to 
mitochondrial  Ca2+ dysregulation and subsequent cal-
pain activation [42, 43] to promote truncation and trans-
location of apoptosis-inducing factor (AIF) from the 
mitochondria to the nucleus. In MAC681-treated cells, 
AIF co-localized with nuclear Hoechst staining (Sup. 
Fig. S2D-E) compared to untreated controls. Moreover, 
we observed that calpain inhibitor PD 150606 prevented 
the PARP1 degradation (Sup. Fig. S2F), suggesting the 
involvement of calpain activation during MAC681-
induced metabolic catastrophe.

The translational potential of MAC681 as an antileukemic 
agent in vitro and in vivo
Considering the observed antimetabolic potential of 
the methylated indolequinone MAC681, we assessed 
its effects on the viability in four human leukemia cells 
(K-562, K-562R, Jurkat, and U-937) (Sup. Fig. S2G). To 
assess differential toxicity, we treated the non-cancerous, 
proliferating cell line RPMI1788 representing healthy B 
lymphocytes and PBMCs obtained from healthy donors 
with increasing concentrations of MAC681. RPMI 1788 
cells were 65-fold and PBMCs 51-fold less affected 

compared to K-562 cells when treated at 10 µM after 72 h 
(Sup. Fig. S2H).

Considering the above-mentioned antileukemic effect 
of MAC681 at low µM concentrations, we investigated 
the effect of MAC681 by CFA. Results showed a dose-
dependent decrease in the colony formation capac-
ity of three chronic myeloid leukemia cell lines (K-562, 
KBM-5, Meg-01) and two acute myeloid leukemia cell 
lines (U-937, HL-60) (Fig. 2K and Sup. Fig. S2I-J). Next, 
we extended CFA results toward a zebrafish xenograft 
model to provide a more solid basis for the translational 
value of MAC681. In  vivo data showed time-dependent 
inhibition of tumor mass formation (Fig.  2L and Sup. 
Fig. S2K). Moreover, we treated ex-vivo primary CML 
cells from two CML patients with MAC681. As seen in 
Fig.  2M, the MAC681 efficiently reduced the viability 
of CML patients’ PBMCs in dose- and time-dependent 
manners. We next investigated if MAC681 could target 
ALDH-positive cells. High expression of ALDH has been 
reported for normal and cancer stem and progenitor cells 
of various lineages, including hematopoietic cells [44, 45]. 
Elevated ALDH activity is an established marker for the 
identification of hematopoietic cells with stem-like char-
acteristics. Our data shown in Fig. 2N provide evidence 
that MAC681 (5  µM, 12  h) is targeting preferentially 
the ALDH-positive population, decreasing the amount 
of ALDH bright cells by 93.3%. Interestingly, imatinib 
treatment (0.25 µM) at 24 h reduced the ALDH-positive 
population only by 42.4%. Our data validated MAC681 as 
an attractive antileukemic agent for further mechanistic 
investigations.

Off‑target prevention of MAC681‑induced cell death 
by the PARP inhibitor 3‑aminobenzamide
As we previously detected a protective effect of the 
PARP inhibitor 3ABA against MAC681-induced cell 
death (Fig. 2C), we next assessed the effect of the 3ABA 
pre-treatment on the PARP1 protein level. Surprisingly, 
we observed the disappearance of full-length PARP1 
(116  kDa) without any cleaved fragments after 8  h of 
MAC681 treatment alone. 3ABA pre-treatment pre-
vented this PARP1 reduction (Fig.  3A). Hence, we ana-
lyzed the kinetics of the atypical MAC681-induced 
PARP1 reduction (Fig.  3B). We used an additional anti-
body able to recognize both apoptotic as well as necrotic 
PARP1 cleaved fragments (Supp. Fig. S3A). However, we 
did not detect any cleavage fragments either. In addi-
tion, we observed that MAC681 induced a time-depend-
ent downregulation of PARP1 mRNA expression levels, 
which is prevented in the presence of 3ABA (Supp. Fig. 
S3B). Next, we verified whether the disappearance of full-
length PARP1 might be related to its low mRNA levels 
after MAC681 treatment. Accordingly, we analyzed the 



Page 13 of 24Orlikova‑Boyer et al. Biomarker Research           (2024) 12:47  

stability of PARP1 in the presence of cycloheximide that 
blocks the elongation phase of protein synthesis (Supp. 
Fig. S3C). We showed that the stability of PARP1 pro-
tein remains unchanged up to 24  h in the presence of 
cycloheximide, proving that the PARP1 protein degrada-
tion observed after MAC681 treatment is independent of 
its effects on PARP1 mRNA levels.

This type of atypical degradation could be explained by 
the direct interaction of MAC681 with PARP1 protein, a 
hypothesis we validated by computational docking. The 
control docking showed that 2, 3-dihydrobenzofuran-
7-carboximade derivative (2US) was docked into the 
catalytic region of PARP1 in good agreement location 
with the actual binding mode in the crystal structure of 
PARP1 in complex with 2US (PDB ID: 40QA) (Supp. Fig. 
S3D, upper panel). We demonstrated that MAC681 binds 
with high affinity into the catalytic region of the PARP1 
structure in the presence of damaged DNA (Supp. Fig. 
S3D, lower panel, MAC681 in magenta). MAC681 was 
located in active sites of the PARP1 with stabilization 
energies of − 7.1  kcal/mol. We closely observed that the 
aromatic ring of the bound MAC681 is surrounded by 
well-known inhibitor-binding residues such as His862, 
Tyr889, Tyr896, Phe897, and Tyr907 (Fig. 3C).

We further focused on the protective role of 3ABA. We 
assessed its effects on MAC681-induced ATP depletion 
and mitochondrial membrane potential (MMP) loss lead-
ing to cell death as analyzed by PI intake. 3ABA alone did 
not affect cellular ATP levels. On the other hand, 3ABA 
pre-treatment restored ATP levels that were depleted 
after the MAC681 treatment (Fig.  3D). Similarly, 3ABA 
alone did not affect MMP. It partially reverted the loss 
of MMP compared to cells treated with MAC681 alone 
(Fig.  3E left panel). Moreover, 3ABA rescued the cells 
from dying, as shown by PI intake (Fig. 3E right panel).

3ABA prevented the DNA damage induced by 
MAC681 not only in K-562 cells (Fig.  3F) but also in 
U-937, MOLM-13, MV4-11, and OCI-AML3 cell lines 

(Supp. Fig. S3E left panel) where MAC681 induced typi-
cal apoptotic nuclear fragmentation patterns (Supp. Fig. 
S3E right panel). 3ABA prevented observed nuclear mor-
phology changes in all cell models. Concomitantly, 3ABA 
counteracted the characteristic apoptotic fragmenta-
tion of PARP1 protein caused by MAC681 treatment in 
U-937 cells (Supp. Fig. S3F). Interestingly, this protec-
tion (of cell death induction and PARP1 fragmentation) 
by 3ABA could not be observed in apoptotic U-937 cells 
treated with etoposide (Supp. Fig. S3F), demonstrating 
the specificity of a combination involving MAC681 and 
3ABA. These data indicate that the protective effect of 
3ABA in MAC681 treated cells could be independent of 
its primary PARP1-inhibition function and instead medi-
ated by its so far not-described off-target effect.

The chemical structures of MAC681 and 3ABA are 
recognized as suitable reaction partners. Based on our 
previous results, the chemical structure of 3ABA seemed 
to be directly involved in the protective effect. Thus, we 
hypothesized that indolequinone MAC681 could act as 
a Michael acceptor, bearing the α,β-unsaturated bond, 
reacting with the aniline nucleophile of 3ABA (Michael 
donor), able to attack the position next to the -OCH3 
of the quinone ring of MAC681. The above-mentioned 
Michael reaction would result in a hypothetical 3ABA-
MAC681-5-position adduct (Fig.  3G). On the other 
hand, the reaction between 3ABA and MAC681 can also 
give rise to the 6-position adduct due to the loss of the 
methoxy group with the addition of the amine and the 
2,4,6-trifluorophenol part of the molecule either intact 
(Fig. 3G) or lost (not shown). Using mass spectrometry, 
we confirmed the presence of a 6-position adduct when 
cells were treated with a combination of MAC681 and 
3ABA for 6  h (Supp. Fig. S3G). Moreover, the 3ABA 
washout completely abrogates the protective effect of 
3ABA detected without washout (Suppl. Fig. S3H). In 
the washout group, cells pre-treated with 3ABA and 
treated with MAC681 for 4  h were losing ATP at the 

(See figure on next page.)
Fig. 3 Off‑target protective effect of 3ABA in MAC681‑treated cells. A Western blot analysis of PARP1 protein levels in K‑562 cells treated 
with MAC681 (5 µM), 3ABA (5 mM), or their combination after 4 h. B Kinetic analysis of the PARP1 protein levels in K‑562 cells treated with MAC681 
at 5 µM. β‑actin was used as a loading control. Etoposide 100 µM (VP16) was used as a positive control. C Closed‑view binding mode of MAC681 
in the catalytic pocket of PARP1. The well‑known catalytic residues of PARP1 are presented in a white stick model with nitrogen, oxygen, 
and fluorine colored blue, orange, and cyan, respectively. MAC681 is presented as a magenta stick. D Intracellular ATP content in K‑562 cells treated 
with MAC681 (5 µM), 3ABA (5 mM), or their combination normalized to control cells measured by CellTiter‑Glo at indicated time points (one‑way 
ANOVA, Tukey’s multiple comparisons test ****p ≤ 0.0001). E Effects of MAC681 (5 µM), 3ABA (5 mM), or their combination on mitochondrial 
membrane potential (MMP) analyzed by flow cytometry with MitoTracker Red staining (left panel) at indicated time points. MFI represents 
median fluorescence intensity. Cell death was assessed simultaneously with propidium iodide (right panel) (one‑way ANOVA, Šídák’s multiple 
comparisons test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). F Quantification of γH2AX nuclear foci formation by flow cytometry in K‑562 cells 
treated with MAC681 (5 µM), 3ABA (5 mM), or their combination (one‑way ANOVA, Dunnett’s multiple comparisons test ****p ≤ 0.0001). Results 
correspond to the mean ± SD of three independent experiments. G Chemical structures of MAC681 and 3ABA are recognized as suitable reaction 
partners that can give rise to 5‑position or 6‑position adducts. H The 5‑position and 6‑position adducts bind to PARP1 in the same mode as 3ABA 
and MAC681 (left panel). Stabilization energies of docking compounds to PARP1 are shown (right panel). Compound 2US was used as a control 
for docking experiments
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Fig. 3 (See legend on previous page.)
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same extent as cells treated with MAC681 alone (S3H 
upper left panel). The loss of the protection by 3ABA 
on early effects mediated by MAC681 was confirmed by 
the late outcome on cell concentration (S3H upper mid-
dle panel) and viability (S3H upper right panel). In addi-
tion, we confirmed that the cells in the washout group 
(3ABA + MAC681) were dying by the same cell death 
modality as cells treated with MAC681 alone, as shown 
by identical nuclear morphology patterns (S3H lower 
panel).

Indolequinones’ DNA damaging potential is linked to 
their redox-cycling activity or alkylation potential. Using 
dichlorofluorescein and redox sensor red probes, we con-
firmed that MAC681 did not induce any reactive oxygen 
species (ROS) (Supp. Fig. S3I) and thus did not act as a 
redox cycler. Considering its alkylation activity, MAC681 
could be transformed into a DNA alkylation agent 
through bioreductive activation by two electron reduc-
tases, such as NAD(P)H quinone dehydrogenase (NQO)1 
or NQO2, via mechanisms of iminium salt (Supp. Fig. 
S3J) [46] or quinone methide formation (Supp. Fig. S3K) 
[47]. Analysis of CML patient datasets showed that CML 
patients have significantly higher expression of NQO1 
or NQO2 or both than their healthy counterparts (Supp. 
Fig. S3L). Moreover, based on the CCLE dataset, K-562 
cells have the highest expression of NQO2 and the sec-
ond highest expression of NQO1 within the CML cell 
lines available (Supp. Fig. S3M).

Considering this, the above-mentioned hybrid com-
pounds (5-position and 6-position adducts) would 
reduce the overall DNA damaging activity of MAC681 
and thus confer 3ABA-mediated protection against 
MAC681-induced controlled necrosis triggered by exces-
sive DNA damage.

In addition, docking results revealed that 3ABA and 
both hybrid compounds (3ABA-MAC681-5-position 
adduct and 3ABA-MAC681-6-position adduct) docked 
well into the similar PARP1 catalytic region where 
MAC681 did. Interestingly, both hybrid compounds have 
bound to PARP1 tighter than MAC681 or 3ABA alone, 
with stabilization energies of -9.4 and -8.5  kcal/mol, 
respectively (Fig. 3H).

MAC681‑induced cell death has immunogenic potential
Our initial analysis of transcriptomic data (GSE5550) 
showed a significant down-regulation of genes encod-
ing proteins involved in adaptive and innate immune 
responses in CML patients (Fig.  4A). Especially genes 
leading the NES score, belonging to antigen process-
ing and presentation and interferon-gamma signaling 
categories are down-regulated (Fig. 4A). As the attenua-
tion of these essential immune recognition mechanisms 
reduces the capacity of the patient’s immune effectors to 

recognize and eliminate the accumulating CML blasts, 
we were interesting to characterize further the MAC681-
induced necrotic cell death observed in K-562 cells from 
the immunogenic perspective. We measured the emis-
sion of ICD-related DAMPs, including calreticulin expo-
sure, extracellular ATP secretion, and HMGB1 release. 
As soon as 10  min and up to 2  h after the treatment, 
MAC681-treated cells reached between 2- to fourfold 
increase in ATP secretion compared to untreated con-
trols (Fig. 4B). Additionally, we determined that 10 h of 
5 µM MAC681 treatment doubled the exposure of CRT 
at the cell surface compared to the control (Fig.  4C). 
Besides intrinsic cellular mechanisms, the translocation 
of calreticulin is also mediated by soluble factors that 
operate in an autocrine/paracrine manner. Accordingly, 
IL-8 can be hyperactivated by ICD-inducers to facilitate 
the immunogenic exposure of calreticulin [48]. Hence, 
we measured the human IL-8 concentrations in cell cul-
ture supernatants and showed that 5  µM of MAC681 
significantly induced IL-8 release at 8 and 10 h of treat-
ment compared to control (1.4- and 1.3-fold increase, 
respectively) (Fig.  4D). Timeframe of IL-8 release is in 
line with calreticulin cell surface exposure in K-562 cells. 
In addition, we also provided evidence showing that at 
8 h, MAC681 induced IL-8 mRNA expression in a dose-
dependent manner in K-562 cells with a 6.4-fold increase 
at 5 µM (Supp. Fig. S4A).

Furthermore, we showed that necrosis-inducing con-
centration triggered significant HMGB1 release starting 
from 4 h and peaking at 24 h in MAC681-treated K-562 
cells (Fig.  4E). Moreover, we showed that MAC681-
induced HMGB1 release not only in CML cells but also 
in OCI-AML3 and C1498 AML cell lines (Supp. Fig. 
S4B-C). As the emission of DAMPs by dying cells plays 
a crucial role in recruiting immune effectors, we co-cul-
tured J774A1 macrophages with MAC681 pre-treated 
K-562 cells. Fluorescence microscopy showed a 160-fold 
increase in the engulfment of red-stained MAC681-
treated K-562 cells by green-stained macrophages 
(Fig. 4F).

However, neither morphological assessments of dying 
cells nor the release of the above-mentioned biochemi-
cal correlates, alone or in combination, can predict 
with complete certainty the induction of bona fide ICD 
[49]. The gold-standard approach to proving the immu-
nogenicity of the cellular demise induced by a specific 
agent relies on vaccination experiments in immuno-
competent mice. Hence, we treated syngeneic murine 
myeloid C1498 cancer cells with the MAC681 at dif-
ferent concentrations for 24  h and evaluated cell death 
induction by flow cytometry after annexin V/PI stain-
ing (Supp. Fig. S4D). Next, syngeneic immunocompe-
tent C57BL/6 mice were vaccinated with dying cancer 
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Fig. 4 MAC681 has an immunogenic potential in myeloid disorders. A GSEA plots showing genes linked to innate and adaptive immune response, 
antigen processing and presentation, and interferon‑gamma signaling have negative NES scores in CML  CD34+ cells (ES: enrichment Score, NES: 
normalized enrichment score). B Extracellular release of ATP into the supernatant induced by 5 µM of MAC681 at indicated time‑points in K‑562 
cells was measured in a luciferase‑based assay (double‑sided unpaired t‑test ***p ≤ 0.001, ****p ≤ 0.0001). C Ectopic calreticulin expression in K‑562 
cells was investigated by flow cytometry after 10 h of MAC681 treatment at 5 µM. ISO corresponds to isotypic control. Quantification (left panel) 
and representative experiment (right panel) (double‑sided unpaired t‑test *p ≤ 0.05, MFI = median fluorescence intensity). D Time‑dependent 
release of IL‑8 induced by MAC681 at 5 µM assessed by ELISA (double‑sided unpaired t‑test *p ≤ 0.05, **p ≤ 0.01). E Time‑dependent release 
of HMGB1 after treatment with 5 µM of MAC681 assessed by ELISA in K‑562 cells supernatants (double‑sided unpaired t‑test *p ≤ 0.05, ***p ≤ 0.001). 
F Phagocytosis of MAC681‑treated (5 µM, 16 h) red‑stained K‑562 CML cells by green‑stained J774A1 murine macrophages assessed by fluorescent 
microscopy. Murine macrophages were co‑cultured with CML cells for 2 h. Representative pictures are shown on the left, and quantification 
on the right (double‑sided unpaired t‑test **p ≤ 0.01). G Kinetic analysis of tumor volume (left panel) in syngeneic immunocompetent C57BL/6 
mice and the quantification of the overall response using the AUC. Tumor weight (middle panel) was measured after sacrifice, and excised tumors 
were visualized (right panel). “D” corresponds to days after inoculation with living C1498 cells (one‑way ANOVA, Tukey’s multiple comparisons test 
***p ≤ 0.001, ****p ≤ 0.0001A). H Spleen weight (left panel) and spleen length (middle panel) were assessed after mice sacrifice (one‑way ANOVA, 
Tukey’s multiple comparisons test *p ≤ 0.05). Pictures of spleen excised from C57BL/6 mice are visualized (right panel). Error bars represent the SD 
of at least three independent experiments
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cells treated either with 5  µM MAC681 or a combina-
tion of 2.5 µM cytarabine (CTB) and 0.5 µM doxorubicin 
(DOX), a known induction therapy, into the right flanks. 
Control mice (non-vaccinated) were given 1 × PBS only. 
After one week, all mice were challenged with living 
C1498 cells into the contralateral flank of the mice, and 
tumor growth was monitored until the tumor volume 
reached > 600  mm3 in the non-vaccinated control group. 
We showed that tumor volume and weight were signifi-
cantly reduced in the MAC681-treated group compared 
to the control group (Fig.  4G). Moreover, the MAC681 
effect on tumor growth was similar to the impact of the 
induction therapy (CTB + DOX). In addition, we assessed 
the effect of MAC681 vaccination on spleen morphology 
and revealed that MAC681 significantly reduced spleen 
weight but did not impact its length (Fig. 4H). Altogether, 
these data provide strong evidence supporting the immu-
nogenic potential of indolequinone MAC681.

Synergistic potential of MAC681 in combination with 
asciminib in imatinib‑sensitive and ‑resistant human leukemia
Despite improvements in CML therapy by developing effi-
cient TKIs suppressing BCR-ABL activity, one in five patients 
develops resistance to TKIs. Moreover, 22% of de novo CML- 
patients in the chronic phase become intolerant (JALSG 
CML212 study), requiring discontinuation of the therapy 
because of adverse side effects. Accordingly, combining TKIs 
with non-ABL-related therapeutic strategies is required to 
prevent the onset and overcome the appearance of TKI-
resistant clones or diminish the side effects of TKIs. Hence, 
we investigated the effect of the combination of MAC681 with 
the ATP-non-competitive, allosteric TKI asciminib in multi-
TKI-resistant and sensitive K-562 cell models up to 72 h. We 
used the Chou-Talalay algorithm to determine the combina-
tion index and fraction-affected values. Our results in K-562R 
cells showed a synergistic effect of 3 µM MAC681 with 1, 
10, and 30 µM of asciminib at any given time point (Fig. 5A). 

Fig. 5 Synergistic effects of MAC681 with asciminib in K‑562 and K‑562R cells. Heatmap showing the inhibition of cell viability analyzed by trypan 
blue exclusion test in K‑562R [A] and K‑562 [B] cells by different combinatory treatments at 24 h, 48 h, and 72 h. The fraction affected (Fa) scale 
is shown as a sidebar, where 0 = no inhibitory effect and 1 = 100% inhibition of cell viability. The combinatory index was calculated by Compusyn 
software and is indicated within each quadrant (CI < 1 synergism, CI = 1 additive effect, CI > 1 antagonism)
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In K-562 sensitive cells, multiple combinations showed syner-
gistic effects during 24 h, 48 h, and 72 h (Fig. 5B).

Discussion
CML cells express the BCR-ABL1 fusion oncogene, 
which leads to profound deregulation of the gene expres-
sion and, consequently, protein expression of leukemic 
cells. These deregulations lead to ROS production, DNA 
repair pathway deregulation, and a metabolic adaptation 
conferring proliferation and survival advantage. CML 
cells are particularly addicted to these forms of meta-
bolic and functional dysregulations. CML cells are in 
high energy demand, and metabolic perturbations lead 
to insufficient energy production. Pharmacologic inter-
vention can address this metabolic state characterized by  
increased glycolytic metabolism. Here, we demonstrate 
the capacity of the indolequinone MAC681 to induce  
metabolic catastrophe followed by the induction of non-
canonical controlled necrosis to “kill unkillable cells” [50].

Targeting these above-mentioned essential pathways 
in addition to TKI-mediated interference with BCR-
ABL1-driven signaling pathways is considered a prom-
ising antileukemic approach. We previously targeted the 
accumulation of ROS in CML cells with the hydroqui-
none TMQ0153, leading to the accumulation of intracel-
lular ROS levels followed by ATP loss, autophagy, leading 
concentration-dependently to apoptosis, and controlled 
necrosis [51]. Whereas normal HSCs and mature CML 
cells rely predominantly on glycolysis [6], CML LSCs 
use oxidative phosphorylation for survival [5]. However, 
there is conflicting information regarding the energy 
metabolism of TKI-resistant CML cells. Patel et  al. 
showed that stem cells from non-mutational resistant 
patients rely on glycolysis due to a progressive failure of 
the electron transport chain. This metabolic adaptation 
was attributed to STAT-3-mediated reprogramming of 
the mitochondrial metabolism [52]. Accordingly, the use 
of metabolic inhibitors, including the inhibitor of glucose 
metabolism by 2-Deoxy-d-glucose (2-DG), reduced CML 
cell viability, and a co-treatment of 2-DG with imatinib 
led to synergistic autophagic cell death [53]. Interestingly, 
in response to imatinib, BCR-ABL-driven human leuke-
mia cells significantly reduced glucose consumption and 
lactate secretion and increased intracellular ATP levels, 
indicating a switch from glycolysis to mitochondrial oxi-
dative phosphorylation [54, 55].

Hence, unsurprisingly, other groups provided evi-
dence that treatment-resistant CML cells appear to be 
OXPHOS-dependent [5, 8]. Similar to the latter, com-
paring the metabolic profile between K-562 sensitive and 
K-562R cells in our lab, we detected that multi-resistant 
K-562 cells display a higher OXPHOS metabolism than 
the parental K-562 (data not shown).

Moreover, patient cells resistant to imatinib presented 
differential levels of amino acids and acylcarnitines [56], 
accumulation of citric acid intermediates, and increased 
levels of NADH [57], altogether witnessing a profound 
rewiring of the mitochondrial metabolic capacity and 
underlining the essential role of mitochondrial metabo-
lism in CML resistance. As leukemic cells are addicted 
to NAD for proliferation and survival, we postulate that 
new drug entities targeting mitochondrial physiology and 
reducing NADH levels can act as potent cytotoxic agents 
against sensitive and resistant CML blasts. Consequently, 
MAC681 reduced the NADH levels, contributing to 
reduced ATP production and subsequently controlled 
necrosis (Fig. 2B-F).

DNA damage repair is a biological process deregu-
lated in CML, providing advantages and disadvantages 
for CML blasts [58]. Indeed, the rapid proliferation rate 
of CML cells requires rapid cell cycle progress without 
extensive pausing in S and early G2 phases due to DNA 
repair. Accordingly, using rapid alternative nonhomolo-
gous end-joining (ALT-NHEJ), CML cells achieve a 
growth advantage despite the accumulation of muta-
tions, eventually leading to genomic instability and 
chromosomal condensation [24]. Targeting additional 
components of the faulty CML DNA repair pathways, for 
example, by inhibiting the essential DNA repair factor 
PARP1, could constitute a helpful therapeutic strategy to 
be exploited by single or combined treatments, especially 
as PARP1 and DNA ligase IIIα levels were described as 
biomarkers in resistant CML patients. Targeting the 
ALT-NHEJ pathway when treatment with TKIs failed was 
previously targeted by L67, a DNA ligase I and IIIα inhib-
itor, and the PARP1 inhibitor NU1025 [13]. In opposition 
to our data showing a complete degradation of PARP1 by 
MAC681 alone, none of these agents had the potential 
to affect CML cells. The authors showed, nevertheless, a 
specific sensitivity of resistant CML cell lines when com-
bined, validating the strategy of targeting the ALT-NHEJ 
pathway as an interesting therapeutic target, not only 
in CML but also in other cancers relying on the same 
mechanisms. Considering that imatinib treatment could 
reprogram DNA repair in the first days of therapy [59], 
we postulate that a combined treatment by ALT-NHEJ 
inhibitors and BCR-ABL1 inhibitors could be particu-
larly efficient and prevent the emergence of resistance at 
later time points. In that sense, we assessed the effect of 
combined treatment by the PARP1-inhibiting indolequi-
none MAC681 and asciminib, belonging to the specifi-
cally targeting the ABL myristoyl pocket anti-BCR-ABL1 
drug category. So far, few combination treatments against 
CML involving asciminib have been published. Synergis-
tic interactions of asciminib with imatinib or dasatinib 
had been observed in KCL-22 CML cells, whereas other 
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authors observed antagonism between asciminib and 
the other drugs [60]. Interestingly, from an immunologic 
point of view, T cells treated with asciminib and other 
TKIs maintained their metabolic plasticity, witnessing 
metabolic fitness and flexibility. Moreover, asciminib pre-
sented a more moderate inhibitory effect of T cell activa-
tion, beneficial for controlling CML by immune effectors 
[61]. Here, we show the first synergetic induction of cell 
death by MAC681 combined with asciminib, opening 
new windows for innovative anti-CML treatments.

Resistance to physiological and tolerogenic apoptosis 
is widely considered a cancer and CML resistance factor. 
Therefore, searching for pharmacologically active com-
pounds leading to non-canonical forms of cell death is 
essential. MAC681 belongs to this category of pre-clin-
ically assessed drug candidates. We observed rapid loss 
of ATP and NADH, accompanied by DNA damage accu-
mulation and progressive degradation of the mitochon-
drial integrity, leading to cell death that was sensitive to 
3-aminobenzamide. The late release of truncated AIF is 
reminiscent of parthanatos, a form of PARP-1-depend-
ent cell death involving the generation of PAR followed 
by the nuclear translocation of AIF, resulting in caspase-
independent cell death [62]. We were unable to show 
hyperparylation (data not shown). In contrast, we con-
sider that the late release of AIF from the mitochondria is 
a consequence of mitochondrial degradation rather than 
a regulated step of parthanatos.

Targeting the metabolism of myeloid leukemia is a 
promising therapeutic approach. The small molecule 
CCI-006 was described as a novel inhibitor of mixed line-
age leukemia (MLL)-rearranged, and CALM-AF10 trans-
located myeloid leukemia cells by targeting a metabolic 
vulnerability in a subset of low HIF1alpha/low MEIS1-
expressing MLL-rearranged leukemia cells that present 
more glycolytic metabolic phenotype [63].

NQO1 appears to be an essential and central regula-
tor of cellular metabolism, as a perturbation of this enzy-
matic function by indolequinones may contribute to 
mitochondrial dysfunction. In opposition to MAC681, 
the compound KL1333 reacts with NQO1 as a sub-
strate, increasing intracellular  NAD+ and ATP levels. 
As a result, this compound decreased lactate and ROS 
levels and increased mitochondrial mass, membrane 
potential, and oxidative capacity [64], demonstrating the 
profound metabolic effect of positive and negative modu-
lation of NQO1. β-Lapachone is bioactivated by NQO1 
by a mechanism different from MAC681, as β-lapachone 
triggers a futile redox cycle that consumes oxygen and 
generates high levels of ROS. As a result, β-lapachone 
treatment leads to DNA damage and rapid PARP1-medi-
ated  NAD+ consumption. These results show that NAD 
depletion is an essential mechanism to kill leukemia cells 

with particularly elevated metabolic needs. A combined 
NAD(P)+ depletion and inhibition of glycolysis reduces 
ATP levels similar to MAC681 treatment. Moore et  al. 
further exacerbated this effect by using the nicotina-
mide phosphoribosyl transferase (NAMPT) inhibitor 
FK866, which contributed to an even stronger deple-
tion of  NAD+ pools as a strategy to target  NQO1+ can-
cer types [65]. Chen et coll. described NQO1-mediated 
necrosis as noptosis in the case of β-lapachone-induced 
cell death [66]. Considering the essential contribution 
of ROS to noptosis initiation, we believe that MAC681-
induced controlled necrosis differs in part from noptosis, 
considering the absence of redox cycling. In agreement 
with Chen et coll., we believe NQO1 remains an essential 
regulator of non-canonical cell death modalities.

3ABA is the most used first-generation PARP inhibi-
tor. It is known to enhance radiation-induced cell death 
by sensitizing cancer cells to radiation and, as such, 
augmenting the antitumor efficacy [67, 68]. Moreover, 
using 3ABA in combination with DNA-damaging drugs 
became an attractive strategy against resistant cancer 
cells to enhance the apoptotic activity of these drugs 
[69–72]. Despite its non-toxic properties and initial 
high specificity towards PARP, some off-target effects 
have been reported in mammalian and plant systems. 
Several studies demonstrated its PARP-independent 
mechanisms, including inhibition of microbe-associated 
molecular patterns (MAMPs)-induced callose deposi-
tion in plants [73], indirect inhibition of protein kinase 
C in U-937 cells [74] or its antioxidative potential as 
a hydroxyl radical scavenger in the cell-free system of 
the rat brain cortex [75]. In addition, 3ABA mitigated 
chemically-induced toxicity by inhibiting a cytochrome 
P450-dependent metabolic activation of dichlobenil in 
the mouse olfactory mucosa [76]. However, we present 
evidence of a novel off-target effect of 3ABA for the first 
time. Due to its ability to act as a reaction partner (such 
as a Michael donor), 3ABA could paradoxically function 
as an antagonist and decrease the efficacy of the antican-
cer drugs when used in combinatory treatment. In gen-
eral, many α,β-unsaturated compounds possess cytotoxic 
properties as DNA might get alkylated by attacking the β 
carbon of such compounds. Hence, once 3ABA interacts 
with indolequinone MAC681, it loses its ability to cause 
detrimental DNA damage. This discovery is important 
considering that 3ABA is abundantly used as a bona fide 
PARP1 inhibitor, and prior evaluation of the chemical 
structures of the compounds selected for the combina-
tory studies with 3ABA is necessary to exclude candi-
dates that would fit Michael acceptor characteristics or 
other possible reaction-partners.

MAC681 has a dual impact, inducing DNA damage 
while concurrently blocking its repair. We describe here 
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that the prevention of PARP1 degradation by an inhibi-
tor, which blocks its repair activity, should not block the 
initiation of DNA damage. Our experimental findings 
indicate that the protective effect of 3ABA is not solely 
attributed to preventing the degradation of PARP1 but is 
likely a consequence of its role in preventing MAC681-
induced DNA damage (Fig. 3F).

For this study, we recognize the distinct nature of CML 
and AML as separate diseases, yet they share a com-
mon hematological myeloid differentiation path. The cell 
lines used represent different stages of this path, and our 
intention was to demonstrate the broader applicability 
of MAC681 across the myeloid differentiation pathway. 
Recent advances in genomics and molecular biology have 
revealed a complex landscape of genetic and molecular 
alterations in myeloid leukemia. These findings under-
score the heterogeneity of the disease and the fluid nature 
of its classification as new molecular subtypes continue 
to be identified. Despite potential mechanistic differ-
ences, the MAC681’s ability to induce immunogenic cell 
death and exhibit anti-leukemic effects in both leuke-
mia types highlights its promising therapeutic potential 
across various myeloid malignancies.

Altogether, we present a pharmacological approach 
leading to the deletion of PARP1, an essential cofactor for 
DNA repair. We exploit leukemia-intrinsic DNA damage 
response defects known to induce immunogenicity phe-
notypes likely to lead to activation of the immune cycle. 
Indeed, PARP1 inhibition could lead to immunogenic 
neoantigen accumulation, presented on the surface of 
dying CML cells, recognized by the immune system to 
improve immune recognition of cells otherwise poorly 
immunogenic. Our results show, in addition, down-
regulation of the immune proteasome as well as likely 
reduced antigen presentation capacity of the patient’s 
CML cells. This effect is further amplified by ROS accu-
mulation and mitochondrial integrity disruption as 
mitochondrial DAMPs, known to play a nefarious role 
in chronic inflammation, could contribute to improv-
ing immune recognition of dying CML cells by immune 
effectors. The similarity between mitochondria and bac-
teria was evoked to understand the activation of innate 
immune mechanisms [77]. We validated the release of 
DAMPs and the increased immunogenicity of myeloid 
leukemia cells by an in vivo vaccination approach, achiev-
ing a significantly reduced tumor growth after vaccina-
tion with dying myeloid cells. We predict that this type of 
vaccination could be further improved by using immune 
checkpoint inhibitors. Altogether, increasing the tumor 
mutational burden by PARP1 inhibition and mitochon-
drial deregulation could add CML to the cancer types 
that could benefit from immunotherapy.
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Additional file 1: Supplementary Figure 1. [S1] Voronoi diagram of the 
superpathway and its children, yellow indicates matched entities and 
gradient represents p‑value for [A] GSE5550, [B] Combined dataset.

Additional file 2: Supplementary Figure 2. [S2A] MAC681 treatment 
reduces the basal oxygen consumption rate in K‑562 cells (double‑sided 
unpaired t‑test **p ≤ 0.01). [S2B] K‑562 cells depend more on mitochon‑
drial ATP than glycolytic ATP production. MAC681 treatment specifically 
reduces the mitochondrial ATP production rate (double‑sided unpaired 
t‑test **p ≤ 0.01). [S2C] Mitochondrial  Ca2+ co‑localization was confirmed 
by the calculation of Manders’ coefficients (co‑occurrence), Pearson’s 
coefficient (correlation), and Spearman’s coefficient (correlation). [S2D] 
Time‑dependent translocation of AIF from mitochondria to the nucleus 
induced by MAC681 (5 µM). Immunofluorescence microscopy analysis of 
K‑562 cells treated or not with MAC681, incubated with the AIF antibody, 
and counter‑stained with Hoechst. Representative pictures from three 
independent experiments are shown. [S2E] Time‑dependent transloca‑
tion of AIF from the cytoplasm to the nucleus in K‑562 cells, assessed by 
western blot. Tubulin and lamin B were used as loading controls. After 
quantifying the bands of interest, cytoplasmic and nuclear proteins were 
normalized to tubulin and lamin B, respectively (double‑sided unpaired 
t‑test *p ≤ 0.05, ****p ≤ 0.0001). Representative western blots from three 
independent experiments are shown. [S2F] MAC681‑induced PARP1 
degradation after 4 hours of treatment was prevented by calpain inhibitor 
PD 150606 (1‑hour pre‑treatment) in K‑562 cells, assessed by western blot. 
β‑Actin was used as a loading control. A representative picture from three 
independent experiments is shown.  [S2G] Effect of MAC681 on leukemia 
cell line viability. The  IC50 value was defined as the compound concentra‑
tion needed to inhibit 50 % cell viability compared to untreated controls. 
[S2H] Differential toxicity of MAC681 in PBMCs and K‑562 cells (left panel) 
or RPMI1788 and K‑562 cells (right panel) was estimated based on results 
with trypan blue exclusion assay (One‑way ANOVA, Šídák’s multiple 
comparisons test ***p ≤ 0.001, ****p ≤ 0.0001). [S2I] Colony formation 
assay with K‑562 cells treated with MAC681 at the indicated concentra‑
tions. Quantification of total MTT signal (One‑way ANOVA, Dunnett’s 
multiple comparisons test ***p ≤ 0.001, ****p ≤ 0.0001). [S2J] Colony 
formation assay with U‑937, Meg‑01, KBM‑5, and HL‑60 cells treated with 
MAC681 at the indicated concentrations. Images are representative of 
three independent experiments. Neither viability nor proliferation of the 
leukemia cells was affected by MAC681 before seeding the pretreated 
cells on methylcellulose (right panels) (One‑way ANOVA, Dunnett’s mul‑
tiple comparisons test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
[S2K] Effect of MAC681 on K‑562 (upper panel) and U‑937 (lower panel) 
tumor formation in zebrafish xenograft assays. Representative images 
from 10 fish per condition. PBS injection served as a negative control. 
Error bars represent the SD of at least three independent experiments. The 
fluorescent U‑937 tumor mass was quantified and reported in the graph 
(One‑way ANOVA, Dunnett’s multiple comparisons test *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001, ****p ≤ 0.0001).

Additional file 3: Supplementary Figure 3. [S3A] Kinetic analysis of the 
PARP1 protein levels in K‑562 cells treated with MAC681 at 5 µM. β‑actin 
was used as a loading control. Etoposide (VP16) and ethanol 10% (Et10%) 
were used as positive controls. [S3B] RT‑PCR analysis of PARP1 mRNA 
expression at indicated time points. K‑562 cells were treated with MAC681 
(5 µM), 3ABA (5 mM), or their combination (One‑way ANOVA, Šídák’s 
multiple comparisons test *p ≤ 0.05, **p ≤ 0.01). [S3C] Kinetic analysis of 
the PARP1 protein levels in K‑562 cells treated with MAC681 at 5 µM with 
or without cycloheximide (CHX). β‑actin was used as a loading control. 
Mcl‑1 protein expression with short turnover was used as a positive 
control for CHX activity.  [S3D] The control docking experiment of PARP1 
with 2, 3‑dihydrobenzofuran‑7‑carboximade derivative (2US). The 2US in 
the complex structure of PARP1 (PDB ID: 4OQA) and the docking model 
are shown as red and blue stick models, respectively. Oxygen atoms are 
visualized in orange (upper panel). MAC681 has a similar binding mode 
to 2US in a complex structure of PARP1 (PDB ID: 4OQA) and PJ34 in a 

complex structure of PARP1 (PDB ID: 4UXB). MAC681, 2US, and PJ34 are 
represented as stick models in magenta, red, and yellow, respectively 
(lower panel). PatchDock server and AutoDock4 program were used in 
our docking simulation studies. [S3E] The formation of γH2AX nuclear 
foci in U‑937, MOLM‑13, MV4‑11, and OCI‑AML3 was quantified by flow 
cytometry after 4 h of MAC681 treatment (left panel) (One‑way ANOVA, 
Dunnett’s multiple comparisons test **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 
0.0001). Nuclear morphology was assessed by fluorescent microscopy 
with Hoechst staining at the same time point (right panel). [S3F] Percent‑
age of cell death was quantified with Hoechst/PI staining in U‑937 cells 
treated either by MAC681 (5 µM), 3ABA (1mM), VP16 (100 µM) or in a 
combination of 3ABA with MAC681 or with VP16 at 24 hours (upper 
panel). Western blot analysis of PARP1 protein cleavage in U‑937 cells 
was determined simultaneously (lower panel). Etoposide (VP16) served 
as a positive control for apoptosis induction and PARP1 cleavage. [S3G] 
3ABA‑MAC681 adduct formation in K‑652 cells (duplicate experiment). 
The 3ABA‑MAC681‑6‑position adduct was detected by mass spectrometry 
in K‑652 cells. Experimental conditions are described in the Materials and 
Methods section, Mass Spectrometry. MAC681‑alcohol and trifluorophenol 
(TFP) are metabolites of MAC681. [S3H] Effect of washout of 3ABA pre‑
treatment on the protective effect against MAC681‑mediated early and 
late cellular responses. Intracellular ATP content in K‑562 cells pre‑treated 
with 3ABA (5 mM) for 30 min, with or without washout, and treated for 
4 hours with MAC681 (5µM) normalized to control cells was measured 
by CellTiter‑Glo (upper left panel). Number of viable cells (upper middle 
panel) and viability (upper right panel) were assessed by trypan blue 
exclusion test after 24 h (two‑way ANOVA, Fisher’s test *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001, ****p ≤ 0.0001). The nuclear morphology of cells was 
visualized using Hoechst/PI staining by fluorescent microscopy (lower 
panel) at 24 h. [S3I] Kinetic analysis of reactive oxygen species (ROS) 
levels measured by flow cytometry after MAC681 (5 µM) treatment with 
dichlorofluorescein diacetate (DCFDA) staining (upper panel) or with 
redox sensor red (RSR) staining (lower panel).  H2O2 was used as a positive 
control for ROS induction (double‑sided unpaired t‑test *p ≤ 0.05, ****p 
≤ 0.0001). [S3J] 2  e‑ reductase‑dependent bioreductive mechanism of 
MAC681 activation via the iminium salt. [S3K] 2  e‑ reductase‑dependent 
bioreductive mechanism of MAC681 activation via the quinone methide. 
[S3L] NQO1 (upper panel) and NQO2 (lower panel) expression levels in 
CML patient stem cells compared to stem cells of healthy volunteers 
in indicated datasets (GSE5550, GSE97562+ GSE47927) (double‑sided 
unpaired t‑test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). [S3M] NQO1 (upper 
panel) and NQO2 (lower panel) gene expression profiles in different CML 
cancer cell lines from the CCLE dataset.

Additional file 4: Supplementary Figure 4. [S4A] Dose‑dependent 
increase in IL‑8 mRNA expression induced by MAC681 at 8 h analyzed 
by RT PCR (One‑way ANOVA, Dunnett’s multiple comparisons test **p ≤ 
0.01). [S4B] Time‑dependent release of HMGB1 after treatment with 5 µM 
of MAC681 assessed by ELISA in OCI‑AML3 cells supernatants (double‑
sided unpaired t‑test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 
[S4C] Dose‑dependent HMGB1 release after treatment with indicated 
concentrations of MAC681 assessed by ELISA in C1498 cells supernatants 
after 24 hours (One‑way ANOVA, Dunnett’s multiple comparisons test **p 
≤ 0.01, ****p ≤ 0.0001). [S4D] Quantification of cell death induced after 24 
hours by MAC681 at indicated concentrations in C1498 cells analyzed by 
Annexin V/PI staining (One‑way ANOVA, Dunnett’s multiple comparisons 
test ***p ≤ 0.001, ****p ≤ 0.0001). [S4E] Kinetic analysis of the weights of 
C57BL/6 mice (One‑way ANOVA, Dunnett’s multiple comparisons test).
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