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�
 ABSTRACT 

Triple-negative breast cancer (TNBC) contains the highest 
proportion of cancer stem-like cells (CSC), which display intrinsic 
resistance to currently available cancer therapies. This therapeutic 
resistance is partially mediated by an antioxidant defense coordi-
nated by the transcription factor NRF2 and its downstream targets 
that include NAD(P)H quinone oxidoreductase 1 (NQO1). In 
this study, we identified the antioxidant enzymes NQO1 and su-
peroxide dismutase 1 (SOD1) as therapeutic vulnerabilities of 
ALDH+ epithelial-like CSCs and CD24�/loCD44+/hi mesenchymal- 
like CSCs in TNBC. Effective targeting of these CSC states was 
achieved by using isobutyl-deoxynyboquinone (IB-DNQ), a potent 
and specific NQO1-bioactivatable futile redox cycling molecule, 
which generated large amounts of reactive oxygen species includ-
ing superoxide and hydrogen peroxide. Furthermore, the CSC 
killing effect was specifically enhanced by genetic or pharmacologic 
inhibition of SOD1, a copper-containing superoxide dismutase 
highly expressed in TNBC. Mechanistically, a significant portion of 

NQO1 resides in the mitochondrial intermembrane space, cata-
lyzing futile redox cycling from IB-DNQ to generate high levels of 
mitochondrial superoxide, and SOD1 inhibition markedly poten-
tiated this effect, resulting in mitochondrial oxidative injury, cy-
tochrome c release, and activation of the caspase-3–mediated 
apoptotic pathway. Treatment with IB-DNQ alone or together with 
SOD1 inhibition effectively suppressed tumor growth, metastasis, 
and tumor-initiating potential in xenograft models of TNBC 
expressing different levels of NQO1. This futile oxidant-generating 
strategy, which targets CSCs across the epithelial–mesenchymal 
continuum, could be a promising therapeutic approach for treating 
patients with TNBC. 

Significance: Combining NQO1-bioactivatable futile oxidant 
generators with SOD1 inhibition eliminates breast cancer stem 
cells, providing a therapeutic strategy that may have wide appli-
cability, as NQO1 and SOD1 are overexpressed in several cancers. 

Introduction 
Triple-negative breast cancer (TNBC) is a very aggressive 

breast cancer subtype with the least favorable prognosis and few 
treatment options (1, 2). It is also characterized as containing a 
high proportion of cancer stem-like cells (CSC; refs. 3–5) that 
contribute to treatment resistance and tumor recurrence (6–9). 
Many conventional therapies used to treat TNBC such as che-
motherapy and radiation actually increase the proportion of CSCs 

in the residual tumors (10–13), although other studies have 
suggested that a reversible drug-tolerant persister cell state also 
mediates chemotherapy resistance (14–16). This highlights the 
importance of developing strategies to effectively target CSCs and 
drug-tolerant persister cells in TNBC to improve clinical out-
come. CSCs in solid tumors were initially identified in breast 
cancer by virtue of CD24�/loCD44+/hi marker expression (17), 
and subsequent studies have demonstrated that elevated aldehyde 
dehydrogenase (ALDH) activity also defines a highly tumorigenic 
cell population in a number of malignancies including breast 
cancer (18), colon cancer (19, 20), prostate cancer (21), and lung 
adenocarcinoma (22). More recently, we have demonstrated 
the phenotypic heterogeneity of these CSC populations, with 
CD24�/loCD44+/hi cells representing more mesenchymal/quies-
cent states and ALDH+ cells representing more epithelial/prolif-
erative CSC states (23). In fact, there is substantial evidence 
suggesting that rather than representing a fixed, discrete cell 
population, CSCs represent a highly plastic tumor cell population 
across the epithelial–mesenchymal transition (EMT)–mesenchy-
mal–epithelial transition (MET) spectrum (24–27). This plasticity 
facilitates rapid development of epigenetic resistance to targeted 
therapies and promotes tumor progression and metastasis (26, 
28–30). Most attempts to develop CSC-targeted therapies have 
focused on the targeting of CSC self-renewal pathways such as 
hedgehog, Notch, and Wnt (31, 32). Although these approaches 
have shown modest efficacy, their use is limited by CSC hetero-
geneity and plasticity (27, 33, 34). 

An alternative approach for targeting CSCs is to exploit their 
metabolic vulnerabilities. Despite their regulation by multiple 
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signal transduction pathways and networks, CSCs maintain met-
abolic dependencies that are characteristic of their EMT/MET 
states (35–37). We have shown that redox state of the tumor mi-
croenvironment regulates CSC epithelial/mesenchymal (E/M) 
state dynamics. The generation of oxidant stress facilitates the 
transition of EMT-like (CD24�/loCD44+/hi) CSCs, which are 
largely quiescent and dependent on glycolysis, to a more prolif-
erative epithelial cell state characterized by ALDH expression, 
which is highly dependent on mitochondrial oxidative phos-
phorylation (37). These ALDH+ CSCs rely on an antioxidant 
shield coordinated by NRF2 and its downstream targets including 
NAD(P)H quinone oxidoreductase 1 (NQO1) to survive oxidative 
stress (37). 

NQO1, a cytosolic enzyme involved in NRF2-regulated anti-
oxidant defenses, has emerged as an attractive target for pro- 
oxidant–based antitumor strategies (38–40). As a flavin adenine 
dinucleotide (FAD)-dependent two-electron reductase, NQO1 is 
overexpressed in many solid tumors including breast cancer 
(41), colorectal cancer (42), lung cancer (43), gastric adenocar-
cinoma (44), hepatocellular carcinoma (45), and cervical cancer 
(46), and high NQO1 expression is associated with poor patient 
outcomes (46–49), suggesting an important role of NQO1 in 
promoting cancer progression. 

Although NQO1 plays a cytoprotective role in cancer by detox-
ifying a variety of reactive oxygen species (ROS)–producing quinone 
toxins, a class of quinone-containing molecules, i.e., β-lapachone 
(β-Lap) and deoxynyboquinone (DNQ), are subject to NQO1- 
catalyzed two-electron reduction into unstable hydroquinone- 
containing molecules, which react with oxygen via two one- 
electron oxidation steps back to the original quinones, generating 
large amounts of ROS via the futile redox cycle (50, 51). These 
NQO1-bioactivatable futile redox cycling compounds (NBRCC) 
have the potential to turn this normally cytoprotective enzyme into 
a therapeutic vulnerability for cancer cells that overexpress NQO1 
and underexpress catalase (CAT; ref. 40), an enzyme metabolizing 
hydrogen peroxide. 

Despite the role of NBRCCs (i.e., β-Lap) in targeting tumor 
cells expressing high levels of NQO1 (40, 52–55), the potential of 
NBRCCs in targeting CSCs remains unstudied. Interestingly, a 
large array of NRF2-regulated antioxidant genes, including 
NQO1, are markedly elevated in CSCs, especially ALDH+ 

E-CSCs isolated from patient-derived xenograft models of TNBC 
(37). This increased NQO1 expression in breast CSCs (BCSC) 
may serve as a metabolic vulnerability, rendering them suscep-
tible to the ROS generated by NBRCCs. Using a derivative of 
DNQ, called isobutyl-deoxynyboquinone (IB-DNQ) that 
exhibited promising efficacy against feline oral squamous cell 
carcinoma (56), we show here that IB-DNQ is much more potent 
and specific than β-Lap in killing NQO1-overexpressing TNBC 
cells with particular efficacy in targeting CSCs. We demonstrate 
that IB-DNQ–elicited cell death is associated with highly ele-
vated mitochondrial superoxide (MitoROS), which is generated 
from a portion of NQO1 residing in the mitochondrial inter-
membrane space (IMS). Furthermore, genetic or pharmacolog-
ical inhibition of superoxide dismutase 1 (SOD1), but not SOD2 
or CAT, synergizes with IB-DNQ to generate MitoROS and 
abrogate CSCs across the EMT–MET state continuum. By 
exploiting NQO1 and SOD1 as therapeutic vulnerabilities of 
CSCs, we demonstrate the use of this oxidant-generating strategy 
using IB-DNQ alone or together with SOD1 inhibition to sup-
press tumor growth, metastasis, and tumor-initiating potential 

in xenograft models of TNBC expressing different levels of 
NQO1. 

Materials and Methods 
Cell lines and culture 

SUM149 and SUM159 cells were cultured in Ham F12 (Invi-
trogen) supplemented with 5% FBS (Thermo Fisher Scientific), 
5 µg/mL insulin and 1 µg/mL hydrocortisone (both from Sigma- 
Aldrich), and 10 µg/mL gentamycin and 1% antibiotic–antimycotic 
(both from Invitrogen). BT20, MDA-MB-231, MDA-MB-468, 
MDA-MB-157, and MDA-MB-453 were cultured in DMEM–high 
glucose (Gibco) supplemented with 10% FBS and 1� antibiotic– 
antimycotic. Vari068, HCC38, HCC70, HCC1937, and ZR-75-1 were 
maintained in RPMI1640 medium (Thermo Fisher Scientific) sup-
plemented with 10% FBS and 1� antibiotic–antimycotic. MCF7 cells 
were cultured in Eagle’s minimum essential medium (ATCC 30- 
2003) supplemented with 10% FBS, 10 µg/mL human insulin, and 
1� antibiotic–antimycotic. MCF10A is cultured in DMEM/F12 
media (50:50, Thermo Fisher Scientific) supplemented with 5% horse 
serum, 1� HEPES, 20 ng/mL EGF, 0.5 mg/mL hydrocortisone, 
100 ng/mL cholera toxin, 10 µg/mL insulin, and 1� antibiotic– 
antimycotic. Hs578t cells were cultured in DMEM (Gibco) supple-
mented with 10% FBS, 5 µg/mL insulin, and 1� antibiotic– 
antimycotic. All the cell lines are cultured at 37°C under 5% CO2 
in a humidified chamber and are Mycoplasma free. 

MTT and CCK8 assays 
For MTT assays, breast cancer cells were seeded at a density of 

1,000 to 2,000 cells per well in 96-well microplates overnight and 
cultured with or without IB-DNQ or β-Lap at various doses alone or 
with ATN224 (5 µmol/L) or dicumoral (10 µmol/L) for 24 hours. 
After treatment with drugs, MTT solution was added to each well, 
and these were incubated for 3 hours. After removing the super-
natant, the cells in each well were solubilized by adding 150 µL of 
DMSO, and optical density (OD) absorbance at 590 nm was mea-
sured with a microplate reader (Bio-Rad). Alternatively, cell viability 
was analyzed using Cell Counting Kit-8 (CCK8, Beyotime Bio-
technology) according to the manufacturer’s instructions. For CCK8 
assay, the cells were seeded at a density of 1,000 to 2,000 cells per 
well in 96-well microplates overnight. Cells were then treated with 
various concentrations of IB-DNQ for 24 hours and subsequently 
10 µL of CCK8 reagent was added to each well, and then this was 
cultured for 2 hours. OD absorbance at 450 nm was analyzed with a 
microplate reader using wells without cells as blanks. Relative cell 
survival versus control cells was plotted. 

DNA constructs and lentiviral infection 
TRIPZ and SMARTvector doxycycline (Dox)-inducible lentiviral 

short hairpin RNA (shRNA) clones against human NQO1, SOD1, SOD2, 
and CAT were obtained from Horizon Discovery with the following 
clone #: V2THS_235287 (shNQO1, TRIPZ), V3IHSHER_10771835 
(shNQO1-1, SMARTvector), V3IHSHER_7177739 (shNQO1-2, 
SMARTvector), V3IHSHER_8909942 (shNQO1-3, SMARTvector), 
V3THS_369718 (shSOD1, TRIPZ), V3IHSHER_9961124 (shSOD1-1, 
SMARTvector), V3IHSHER_9099989 (shSOD1-2, SMARTvector), 
V3THS_307804 (shSOD2, TRIPZ), and V2THS_150247 (shCAT, 
TRIPZ). Lentiviruses expressing human shNQO1, shSOD1, shSOD2, 
shCAT, or a scrambled sequence (SCR) were packaged at the Vector 
Core at the University of Michigan. Vari068, HCC70, SUM149, and 
SUM159 TNBC cells were infected with lentiviruses in the presence of 
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polybrene (8 µg/mL, Millipore), and the medium containing lentivi-
ruses was replaced with fresh medium after 20 hours of lentiviral 
infection. Puromycin (Invitrogen) selection was performed at a final 
concentration of 0.5 to 2.5 µg/ mL for 2 weeks to establish Dox- 
inducible shNQO1, shSOD1, shSOD2, shCAT, or SCR cell lines. 

Cell labeling and flow cytometry 
To determine the effect of drug treatment on M- and E-BCSCs in 

basal breast cancer cell lines, SUM149, SUM159, or Vari068 after 
various treatments were digested by 0.25% trypsin-EDTA, resus-
pended in Hank’s buffer (HF) (Hank’s Balanced Salt Solution plus 
2% FBS) at 2 � 105 cells/100 µL and incubated with antibodies 
against human CD24 (PE-Cy7 conjugated, 1:100, from BD Biosci-
ences for SUM149 or 1:50, from BioLegend for SUM159 and 
Vari068) and CD44 (APC conjugated, 1:200, from BD Biosciences) 
in a cold room for 30 minutes. Content of ALDH+ E-BCSCs was 
determined by ALDEFLUOR assay (STEMCELL Technologies) per 
the manufacturer’s instructions. After labeling, cells were washed 
two times, resuspended in ALDEFLUOR assay buffer containing 
1 µg/mL of 40,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) 
to discriminate live from dead cells. To obtain tumor cells from 
tumor xenografts, tumors of SUM149 xenografts grown in SCID 
mice were digested into single cells by collagenase for an hour and 
briefly shaken every 15 minutes. Cells debris was removed by fil-
tration through a 40-µm cell strainer (BD Biosciences) to obtain 
single-cell suspensions. Red blood cells were removed with 0.8% 
ammonium chloride solution. The dissociated single tumor cells 
were resuspended in HF (1� Hank’s Balanced Salt Solution supplied 
with 2% FBS) buffer and incubated first with antibody against 
mouse H2Kd (PE conjugated, 1:100, BD Biosciences) in a cold room 
for 30 minutes. Tumor cells were obtained by gating out mouse 
H2Kd+ cells. Flow analysis or sorting was performed using a 
MoFlow XDP or Astrios Cell Sorter (Beckman Coulter) at the Flow 
Cytometry Core facility at the University of Michigan. 

Analysis of cellular ROS/superoxide and MitoROS 
To measure cellular ROS and mitochondrial superoxide levels, 

cells were stained with CellROX Orange or MitoSOX Red (all from 
Thermo Fisher Scientific), which generates florescent signals when 
oxidized by cellular ROS or mitochondrial superoxide in the cells. 
Cells were incubated with prewarmed CellROX or MitoSOX Red 
(diluted in PBS to a final concentration of 2.5 µmol/L) staining 
solution for 30 minutes at 37°C. All subsequent steps were per-
formed in the dark. Cells were washed in PBS, harvested, and then 
analyzed by flow cytometry. Cellular superoxide levels were labeled 
with the Cellular Superoxide Detection Assay Kit (ab139477, 
Abcam) following manufacturer’s instructions and analyzed by flow 
cytometry. Flow data analysis was performed using FlowJo software. 

Oxygen consumption and ATP assay 
Extracellular oxygen consumption from SUM159 breast cancer 

cells treated with IB-DNQ or mock (DMSO) was measured using a 
commercially available assay kit following manufacturer’s instruc-
tions (Abcam, ab197243). Cellular ATP levels in SUM159 breast 
cancer cells treated with IB-DNQ or mock (DMSO) were examined 
with the ATP assay kit from Beyotime Biotechnology (S0026) fol-
lowing the manufacturer’s instructions. Fluorescence (for oxygen 
consumption assay) or luminescence (for ATP assay) intensity was 
measured using the BioTek Synergy H1 microplate reader. 

Apoptosis and mitochondrial membrane potential assay 
Apoptotic cells in cultured Vari068 or SUM149 breast cancer cells 

after IB-DNQ, ATN224 alone, or combined treatment were deter-
mined by labeling with APC–Annexin V (BD Biosciences, 1:50) and 
DAPI and subjected to flow cytometry to detect Annexin V staining. 
To determine mitochondrial membrane potential, Vari068 or 
SUM149 breast cancer cells after IB-DNQ, ATN224 alone, or 
combined treatment were labeled with TMRM perchlorate labeled 
with PE (PE-TMRM; Invitrogen, 20 nmol/L) for 30 minutes at 37°C. 
Cells were then washed and incubated with DAPI (Sigma-Aldrich) 
for 10 minutes at room temperature. After washing with PBS, cells 
were subjected to analysis by flow cytometry, using 488 nm laser for 
excitation and a 570 nm emission filter for detection. 

TUNEL assay and immunofluorescent staining 
Vari068 or SUM149 breast cancer cells were seeded at a density of 

2,000 to 5,000 cells per slide for 1 day and then treated with vehicle 
(DMSO), IB-DNQ, ATN224 alone or in combination with IB-DNQ 
and ATN224 for 20 hours. Cells were fixed with 4% paraformal-
dehyde in PBS for 30 minutes at room temperature, rinsed with 
PBS, and then incubated in permeabilization buffer (0.5% Triton 
X-100 diluted in PBS) for 15 minutes on ice. Cells were rinsed two 
times with PBS and incubated with 50 µL of terminal deoxy-
nucleotidyl transferase–mediated dUTP nick end labeling (TUNEL) 
reaction mixture per sample. For the negative control, 50 µL of 
Label Solution was used. Cells were incubated with TUNEL reaction 
mixture for 60 minutes at 37°C in a humidified atmosphere in the 
dark and rinsed three times with PBS. For immunostaining of 
ALDH1A3, TUNEL-labeled cells were further incubated with anti-
bodies against ALDH1A3 (Invitrogen, Cat. # PA5-29188, 1:100) in 
PBS containing 0.5% Triton X-100% and 5% BSA overnight at 4°C, 
washed with PBS three times, and then incubated with FITC- 
conjugated goat antirabbit IgG (Jackson ImmunoResearch, 1:200) for 
1 hour at room temperature and washed with PBS three times. All 
cell samples were mounted with VECTASHIELD mounting medium 
with DAPI (Vector Laboratories). Slides were examined under a 
BX41 microscope (Olympus) using UplanF1 20� to 40�/0.5 ob-
jective lenses. Images were captured with a DP70 camera with DP 
controller version 1.2.1.108 (Olympus). 

Confocal microscopy 
SUM159 breast cancer cells seeded at a density of 2,000 to 5,000 

cells per slide were fixed with 4% paraformaldehyde, permeabilized 
with 0.5% Triton X-100 (diluted in PBS) on ice, and blocked in 5% 
BSA buffer (diluted in PBS) for 1 hour. Cells were then incubated 
with primary antibodies against NQO1 (cat. #62262 S, Cell Signaling 
Technology, 1:100) and cytochrome c (Cyto c; cat. #12963 S, Cell 
Signaling Technology, 1:100) in PBS containing 0.5% Triton X-100 
and 5% BSA overnight at 4°C. Subsequently, cells were washed three 
times with PBS, and incubated with rhodamine-conjugated goat anti- 
mouse IgG (Jackson ImmunoResearch, 1:200) and FITC-conjugated 
goat anti-rabbit IgG (Jackson ImmunoResearch, 1:200) at room 
temperature for 1 hour. Nuclei were stained with DAPI in the dark 
for 5 minutes at room temperature and mounted with VECTA-
SHIELD mounting medium (Vector Laboratories). Cells were imaged 
using a confocal microscope (Zeiss LSM 700). Colocalization of 
NQO1 and Cyto c was analyzed by NIS-Elements software. 

Cell fractionation assay 
To determine NQO1 and SOD1 expression levels in the mito-

chondria and cytosol fractions, breast cancer cells treated with 
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vehicle (DMSO) or IB-DNQ, ATN224, or IB-DNQ plus ATN224 
were harvested by a cell scraper in ice-cold PBS, and cells were 
centrifuged for 5 minutes at 600g. Freshly prepared 1� Extraction 
Buffer A (1 mL) was added per 1� 107 cells per sample, and cells 
were incubated on ice for 10 to 15 minutes. Cells were then ho-
mogenized on ice using a Dounce homogenizer for 10 to 30 strokes. 
Cell homogenates were subject to centrifugation at 600g for 
10 minutes at 2°C to 8°C, and supernatants from different cell 
samples were carefully transferred to a fresh tube and centrifuged at 
11,000g for 10 minutes at 2°C to 8°C. The resulting supernatant 
(cytosol) fractions were carefully removed, and the pellet fractions 
(mitochondria) were each resuspended in 150 to 200 µL of CelLytic 
M cell lysis reagent with a protease inhibitor cocktail [1:100 (v/v), 
Sigma-Aldrich] for further testing. 

Transmission electron microscopy 
Cells were fixed at 4°C overnight in 3% glutaraldehyde, 3.0% 

paraformaldehyde in 0.1 mol/L sodium cacodylate buffer, pH 7.2, 
and were processed by the electron microscopy facility at the Uni-
versity of Michigan. Samples in 70-nm sections on copper grids 
were examined using the JEOL JEM-1400Plus transmission electron 
microscope equipped with an XR401 sCMOS camera. 

Western blotting 
Total cell protein was extracted with RIPA buffer (10 mmol/L 

Tris-Cl, 100 mmol/L NaCl, 2 mmol/L EDTA, 20 mmol/L NaF, 
5 mmol/L Na3VO4, 0.5% sodium deoxycholate, 0.1% SDS, and 1% 
Triton X-100) supplemented with protease and phosphatase in-
hibitor cocktail (Thermo Fisher Scientific). Cell lysates (20 µg per 
lane) were lead to and subjected to SDS-PAGE with Bolt 4% to 12% 
Bis-Tris Plus Gel, blotted onto the polyvinylidene difluoride mem-
brane (Thermo Fisher Scientific), and then blocked with 2% BSA in 
TBS buffer with 0.1% Tween 20 (TBST) buffer for 1 hour before 
incubation with primary antibodies as listed in the key resource 
table (see Supplementary Material). The membrane was rinsed three 
times in TBST for 5 minutes each time and incubated with horse-
radish peroxidase–conjugated rabbit or mouse secondary antibodies 
(Cell Signaling Technology). Protein bands were visualized using 
WesternBright Sirius chemiluminescent detection kit (Advansta). 

Tumorsphere formation assay 
For tumorsphere culture of breast cancer cell lines transduced 

with shNQO1, shSOD1, shSOD2, shCAT, or SCR, 20 live (DAPI�) 
breast cancer cells were sorted into each well of the 96-well ultralow 
attachment plate (Corning) containing 150 µL of completed human 
MammoCult medium (StemCell Technologies) supplemented with 
4 µg/mL heparin, 1 µg/mL hydrocortisone, 1% antibiotic– 
antimycotic, and 20 µg/mL gentamycin (all from Invitrogen) and 
cultured for 7 to 10 days in the presence of Dox (0.5 µg/mL) to-
gether with or without IB-DNQ. Tumorspheres with diameter more 
than 40 µmol/L were counted under an optical microscope with 10�
optical lens (EVOS all-in-one digital inverted microscope) and 
plotted for mean sphere formation per 100 cells. Tumorspheres of 
parental SUM149, SUM159, or Vari068 breast cancer cells under 
various drug treatment regimens were cultivated at the condition of 
20 cells/well in completed human MammoCult medium for 7 to 10 
days. Tumorspheres settled in these conditions were counted under 
an optical microscope with 10� optical lens using the EVOS all-in- 
one digital inverted microscope. 

Animal studies and drug treatment 
Seven-week-old female SCID mice were purchased from Charles 

River Laboratories and housed in Association for Assessment and 
Accreditation of Laboratory Animal Care International–accredited 
specific pathogen-free rodent facilities at the University of Michi-
gan. Tumor growth was determined by injecting primary breast 
cancer cells (Vari068: 1 � 106 cells per site; SUM49: 0.5 � 106 cells 
per site) with 30% Matrigel (BD Biosciences) into the fourth 
mammary fat pad (MFP) of 7-week-old female SCID mice, with six 
to eight mice per cohort. Mouse treatments were started when the 
tumors reached 3 to 5 mm in diameter using vehicle [20% 
hydroxypropyl-β-cyclodextrin (HPβCD), i.v.], IB-DNQ (10 mg/kg), 
ATN224 (10 mg/kg), or combined treatment (i.v., every 2 days). 
Tumor size was measured one time a week with a caliper and cal-
culated as tumor volume ¼ length � width2/2. Animals were eu-
thanized at the end of treatments. Vari068 tumor xenografts and 
lung tissue sections were monitored by hematoxylin and eosin 
staining and IHC. For limiting-dilution secondary transplantation, 
SUM149 xenograft tumors were dissociated into single cells, and 
tumor cells of human origin were obtained by gating out mouse 
H2Kd+ cells. H2Kd� primary tumor cells sorted by using flow 
cytometry were prepared in 30% Matrigel (BD Biosciences) with 
two or three different dilutions and injected bilaterally into the 
fourth MFP of 7-week-old female SCID mice, with three to four 
mice per dilution. Tumor appearance was monitored for 3 months, 
and the frequency of tumor-initiating cells was calculated using the 
ELDA software (Walter and Eliza Hall Institute of Medical 
Research). 

To study the impact of SOD1 knockdown (KD) on IB-DNQ 
sensitivity in vivo, SUM149 cells harboring shSOD1 and SCR were 
injected into the fourth MFP of 7-week-old female SCID mice (1 �
106 per site). On the following day, mice (both shSOD1 and SCR) 
were randomly divided into vehicle or IB-DNQ treatment cohort 
(n ¼ 6). Water containing Dox (200 µg/mL, Sigma-Aldrich) was 
administrated to each mouse cohort via bottled water supplied at 
day 1 after tumor cell implantation. IB-DNQ (10 mg/kg) or vehicle 
(20% HPβCD) treatments were started when the tumors reached 3 
to 5 mm in diameter by tail vein injection. IB-DNQ or vehicle was 
given intravenously, every 2 days. Tumor size was measured once 
time a week with a caliper and calculated as tumor volume ¼
length � width2/2. All mouse experiments were performed in ac-
cordance with protocols approved by the Institutional Animal Care 
and Use Committee at the University of Michigan. 

Kaplan–Meier analysis 
Analysis of NQO1, SOD1, SOD2, and CAT antioxidant genes in a 

database of 4,929 patients with breast cancer (including all molec-
ular subtypes) was performed using the Kaplan–Meier plotter 
(http://kmplot.com/analysis/index.php?p¼service&default¼true). 
Selected genes with correlation to patient survival were further 
analyzed using restricted analysis to different molecular subtypes of 
breast cancer. 

Statistical analysis 
All in vitro assays were independently performed at least three 

times unless otherwise specified. Statistical differences between two 
groups were calculated using two-tailed Student t test. Statistical 
differences between three or more groups were calculated using 
one-way ANOVA with Bonferroni correction. Two-way ANOVA 
was used to analyze the extracellular oxygen consumption or tumor 
growth of TNBC cells with different treatments at multiple intervals. 
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All analyses were conducted using GraphPad Prism (version 8.0). 
Unless otherwise indicated, data are presented as the mean ± SEM, 
and a two-tailed value of ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001 and 
∗∗∗∗, P < 0.0001 was considered statistically significant. 

Data availability 
Data supporting the findings of this study are available within the 

article and its Supplementary Material. Raw data are available from 
the corresponding authors upon request. 

Results 
NQO1 and SOD1 are highly expressed in TNBC and are 
associated with poor patient survival 

To identify potential biomarkers predicting treatment responses 
to IB-DNQ, we examined the expression of NQO1 in a large panel 
of patients with TNBC using a tumor tissue array versus two normal 
breast tissues (Fig. 1A), which unveiled that NQO1 is overexpressed 
in more than 90% of TNBC versus normal breast tissues. NQO1 
overexpression in TNBC provides a therapeutic vulnerability ex-
ploitable by NQO1-bioactivatable futile redox cycling from 
NBRCCs (i.e., IB-DNQ), which produces large amounts of super-
oxide (O2

�) and downstream ROS (Fig. 1B). 
Because a high NQO1/CAT ratio in non–small cell lung cancer 

promotes therapeutic efficacy of β-Lap (40), we next examined the 
expression pattern of NQO1 and the related antioxidant enzymes 
including CAT, SOD1, and SOD2 across 13 TNBC cell lines versus a 
nontumorigenic mammary epithelial cell line, MCF10A. NQO1 is 
overexpressed in a large proportion of TNBC cells, with five cell 
lines (Vari068, MDA-MB-453, HCC38, HCC1937, and Hs578t) 
expressing high levels of NQO1 (NQO1hi), three (MDA-MB-157, 
SUM159, and HCC70) expressing medium levels (NQO1med), and 
two (HCC1806 and SUM149) expressing low levels of NQO1 
(NQO1lo) when compared with MCF10A (Fig. 1C). In addition, 
three cell lines (MDA-MB-231, MDA-MB-468, and BT20) displayed 
no detectable NQO1 (NQO1null), presumably due to a ∗2 mutation 
(C609 T) that promotes NQO1 degradation (57, 58). 

Surprisingly, CAT, a H2O2 detoxifying enzyme underexpressed in 
non–small cell lung cancer but highly expressed in benign tissues 
(40), is expressed in TNBC cells, and three TNBC lines have sig-
nificantly elevated CAT expression (Fig. 1C). However, SOD1, a 
cytosolic, copper-containing enzyme, is ubiquitously overexpressed 
across all 13 TNBC cells, whereas SOD2, a superoxide dismutase 
localized in the mitochondria, is either unchanged (6/13) or sup-
pressed (7/13) versus MCF10A (Fig. 1C). These data support the 
notion that a SOD2-to-SOD1 switch occurs during breast onco-
genesis (59). We also examined the overall expression of ALDH1A1/ 
A3, two established BCSC markers. Vari068, SUM149, HCC38, and 
HCC1937 express ALDH1A3 but not ALDH1A1, whereas SUM159, 
a mesenchymal breast cancer cell line, expresses ALDH1A1 but not 
ALDH1A3 (Fig. 1C). The identification of NQO1+ TNBC cells 
expressing ALDH1A1/A3 provides suitable cell models to evaluate 
the potential of IB-DNQ in targeting ALDH+ CSCs. 

As NQO1 and SOD1 are overexpressed in TNBC versus the 
normal mammary epithelial cell, we next determined if the ex-
pression of these antioxidant enzymes correlate with disease pro-
gression across different breast cancer subtypes. Kaplan–Meier 
analysis of a publicly available database of 4,929 patients with breast 
cancer (60) revealed that high NQO1 expression correlates with low 
recurrence-free survival in the whole breast cancer cohort (Fig. 1D), 
and in the luminal A (Supplementary Fig. S1A), luminal B 

(Supplementary Fig. S1B), HER2+ (Supplementary Fig. S1C), and 
basal (Fig. 1E) breast cancer cohorts, suggesting a universal role of 
NQO1 in promoting cancer progression. High SOD1 expression 
also correlates with low recurrence-free survival in the whole 
(Supplementary Fig. S1D) and basal breast cancer (Supplementary 
Fig. S1E) cohort. By contrast, CAT (Supplementary Fig. S1F and 
S1G) or SOD2 (Supplementary Fig. S1H and S1I) expression did not 
correlate with patient survival in the whole and basal breast cancer 
cohort. These studies suggest that NQO1 and SOD1, but not CAT 
or SOD2, may play more significant roles in breast cancer 
progression. 

NQO1 is highly expressed in TNBC CSCs 
ALDH+ CSCs are endowed with elevated NRF2 antioxidant de-

fenses (37). Double labeling immunofluorescence of TNBC tissues 
using specific antibodies against NQO1 and ALDH1 revealed that 
NQO1 is highly expressed in ALDH1+ CSCs and bulk tumor cells 
(Fig. 1F). As tumorspheres enrich for CSCs, we compared the ex-
pression of NQO1 and its related antioxidant enzymes (NRF2, CAT, 
SOD1, and SOD2) in TNBC cells cultured as three-dimensional 
spheroids versus two-dimensional adherent cells. NQO1, NRF2, 
CAT, SOD1, and SOD2 are all overexpressed in spheroid cells of 
different TNBC lines (Fig. 1G). 

To validate if CSCs in different E/M states exhibit elevated NQO1 
expression, we used SUM159 to sort ALDHhi CSCs as well as 
ALDHmed and ALDH� bulk breast cancer cells (Fig. 1H) and ex-
amined NQO1 expression. NQO1 is elevated in ALDH+ (ALDHhi 

and ALDHmed) cells versus ALDH� bulk breast cancer cells (Fig. 1I). 
Using basal breast cancer cells, SUM149 that harbor CSCs in distinct 
E/M states, we sorted ALDH+ E- and ALDH�CD24�CD44+ M-CSCs 
and ALDH�CD24+CD44� differentiated cells and examined their 
relative NQO1 expression. Both E- and M-CSCs from SUM149 
display elevated NQO1 expression versus differentiated breast 
cancer cells (Fig. 1J). This elevated NQO1 expression in CSCs may 
render them vulnerable to NQO1-bioactivatable futile redox 
cycling. 

IB-DNQ is more potent and specific than β-Lap in killing TNBC 
cells in an NQO1-dependent fashion 

We compared the potency of IB-DNQ versus β-Lap, a highly 
studied NBRCC, in killing Vari068 TNBC cells developed from a 
primary tumor xenograft (37), which highly expresses NQO1 
(Fig. 1C). IB-DNQ kills Vari068 cells (24 hours treatment) with 50% 
lethal dose (LD50) of 63 nmol/L, which is 60-fold more potent than 
β-Lap (LD50 at 3.8 µmol/L). Interestingly, cell lethality elicited by 
IB-DNQ but not β-Lap is fully rescued by dicoumarol (DIC, an 
NQO1 specific inhibitor; Fig. 2A–C). Similar studies were con-
ducted in SUM159 (Supplementary Fig. S2A–S2C) and MDA-MB- 
157 (Supplementary Fig. S2D and S2E), confirming the high potency 
and specificity of IB-DNQ versus β-Lap in targeting TNBC cells 
overexpressing NQO1. We also tested the potency of IB-DNQ 
versus β-Lap in HCC1806 cells that express low levels of NQO1 
when compared with MCF10A. IB-DNQ kills HCC1806 cells with 
LD50 of 405 nmol/L, which is significantly more potent than β-Lap 
(LD50 >5 µmol/L), and cell lethality elicited by IB-DNQ and β-Lap 
in HCC1806 cells are both rescued by DIC (Supplementary Fig. S2F 
and S2G). 

The MTT assay used to measure cell viability is based on mito-
chondrial dehydrogenase activity, which may be a direct target of 
NBRCCs. We made a comparison using CCK8 (which involves 
most of the dehydrogenase activity in the cell) versus MTT assay on 
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Figure 1. 
NQO1 and related antioxidant enzyme expression in TNBC tissues, cell lines, and CSC populations. A, Immunofluorescent labeling of NQO1 in a human TNBC 
tissue array (columns 1 to 7) vs. two normal mammary tissues (column 8). Scale bar, 2 mm. B, NQO1-catalyzed futile redox cycle from IB-DNQ. GSH, glutathione; 
TXN, thioredoxin. C, NQO1 and related antioxidant enzyme expression in 13 TNBC cell lines vs. MCF10A. D and E, NQO1 expression predicts poor recurrence-free 
survival in a patient cohort containing all breast cancer subtypes (D) and basal breast cancer (E). F, Double labeling of TNBC tissues using specific antibodies 
against NQO1 and ALDH1. Bar, 50 µm. G, NQO1 and its related antioxidant enzyme expression in tumorspheres vs. two-dimensional adherent cells. H and I, 
ALDHhi, ALDHmed, and ALDH� bulk tumor cells were sorted based on ALDEFLUOR assay (H) and examined by immunoblotting with ALDH1A1 and NQO1 
antibodies (I). J, NQO1 expression in ALDH+ and ALDH�CD24�CD44+ CSCs vs. bulk tumor cells of SUM149. 
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Figure 2. 
IB-DNQ is more potent and specific than β-Lap in killing TNBC cells, and genetic or pharmacologic inhibition of SOD1 synergistically enhances IB-DNQ–elicited 
lethality. A and B, LD50 of IB-DNQ (A) vs. β-Lap (B) in Vari068 breast cancer cells treated with or without DIC (n ¼ 6 wells). C, Vari068 cells treated with Mock, 
DIC (10 µmol/L), IB-DNQ (25 and 100 nmol/L), or IB-DNQ plus DIC (10 µmol/L) for 24 hours and examined by light microscopy. Scale bar, 50 µm. D, IB-DNQ LD50 

in 13 TNBC cells (n ¼ 2). E–G, NQO1 expression in NQO� MDA-MB-231 (E) renders these cells sensitive to IB-DNQ (n ¼ 6 wells; F) with LD50 <50 nmol/L (G). 
****, P < 0.0001 vs. NQO� cells (n ¼ 2, unpaired Student t test). H–J, Dox-inducible KD of NQO1, CAT, SOD1, and SOD2 in Vari068 validated by immunoblotting 
with respective antibodies (H), and relative survival curve (n ¼ 6 wells; I) and IC50 (J) of Vari068 cells with KD of NQO1, CAT, SOD1, or SOD2 vs. SCR cells 
following IB-DNQ treatment. ****, P < 0.0001 vs. shSCR (n ¼ 2, unpaired Student t test). K and L, Relative survival of SUM149 treated with 3-AT (K) or ATN224 
(L) at different doses for 24 hours (n ¼ 6 wells). M and N, Relative survival of SUM149 cells treated with IB-DNQ alone or together with ATN224 or 3-AT (n ¼ 6 
wells; M) and combination index of ATN224 (5 µmol/L) with IB-DNQ from 12.5 to 200 nmol/L in SUM149 (N). O and P, Relative survival of SUM159 cells treated 
with IB-DNQ alone or with ATN224 (n ¼ 6 wells; O) and combination index of ATN224 with IB-DNQ from 12.5 to 200 nmol/L in SUM159 (P). 
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SUM159 breast cancer cells treated with IB-DNQ. This revealed that 
IB-DNQ at different doses resulted in the same degree of cytotox-
icity determined by MTT versus CCK8 assay (Supplementary Fig. 
S2H). We further tested the relative survival of SUM159 breast 
cancer cells treated with IB-DNQ in media containing high 
(25 mmol/L) versus low (5.5 mmol/L) concentrations of glucose 
(Supplementary Fig. S2I). This confirms that the sensitivity of 
TNBC cells to IB-DNQ is independent of glucose concentrations. 

We systemically measured the LD50 of IB-DNQ in 13 TNBC cell 
lines and found that the killing potency of IB-DNQ is correlated 
with NQO1 protein expression levels (Fig. 2D). NQO1hi Vari068 
and MDA-MB-453 display the highest sensitivity, whereas NQO1null 

cell lines are resistant to IB-DNQ at doses <500 nmol/L. As 
NQO1null TNBC cells are resistant to IB-DNQ, we next measured 
LD50 of IB-DNQ in isogenic MDA-MB-231 cells with NQO1+ 

(expressing wild-type hNQO1) or NQO1� (expressing NQO1 ∗2 
mutation) gene expression. hNQO1 expression (Fig. 2E) confers 
high sensitivity of NQO1� cells to IB-DNQ with LD50 <50 nmol/L 
(Fig. 2F and G). 

Genetic or pharmacologic inhibition of SOD1 enhances 
IB-DNQ–elicited cell lethality 

To validate the roles of NQO1, CAT, SOD1, and SOD2 in reg-
ulating IB-DNQ–elicited killing of TNBC cells, we used the TRIPZ 
lentiviral vectors to establish Dox-inducible KD of NQO1, CAT, 
SOD1 and SOD2 in NQO1hi Vari068, NQO1med HCC70, and 
NQO1lo SUM149 breast cancer cells. Dox-induced KD of NQO1 in 
Vari068 (Fig. 2H–J) and HCC70 (Supplementary Fig. S2J–S2L) 
renders these cells resistant to IB-DNQ, whereas the cells expressing 
an SCR remain sensitive. Surprisingly, Dox-induced KD of CAT in 
Vari068 and HCC70 had no appreciable effect on IB-DNQ sensi-
tivity. By contrast, Dox-induced KD of SOD1, but not of SOD2, 
markedly enhanced IB-DNQ sensitivity in Vari068 and HCC70. 
This increased IB-DNQ sensitivity upon KD of SOD1, but not of 
CAT, was also observed in NQO1lo SUM149 cells (Supplementary 
Fig. S2M–S2O). As SOD1 provides major superoxide dismutase 
activity in breast cancer cells catalyzing H2O2 generation from O2

�

(59), our data suggest the ROS effector responsible for IB-DNQ– 
elicited killing is actually O2

� rather than H2O2, which is thought to 
mediate β-Lap–induced tumor cell killing by inducing single- 
stranded DNA breaks and PARP1 hyperactivation, promoting the 
depletion of NAD+ and ATP to trigger programmed necrosis (40). 

The limited availability of TRIPZ-inducible shRNA clones for 
NQO1 and SOD1 make it hard to assess the specificity of these 
shRNAs. To address this issue, we obtained SMARTvector Dox– 
inducible lentiviral shRNA clones for NQO1 and SOD1 and made 
additional KD cells against NQO1 and SOD1 in SUM159. After Dox 
induction, SUM159 breast cancer cells expressing three different 
NQO1 shRNAs (shNQO1-1/2/3) all had significantly reduced 
NQO1 expression, with shNQO1-2 and shNQO1-3 displaying the 
best KD efficiency (Supplementary Fig. S3A, inset). KD of NQO1 
with shNQO1-2 or shNQO1-3 rendered SUM159 breast cancer cells 
more resistant to IB-DNQ (Supplementary Fig. S3A), consistent 
with the studies using TRIPZ-inducible NQO1 shRNA. Similar 
studies were done in SUM159 cells using the SMARTvector lenti-
viral shRNA clones for SOD1 (shSOD1-1/2), which unveiled that 
Dox-induced KD of SOD1 with shSOD1-2 but not with shSOD1-1 
significantly reduced SOD1 expression (Supplementary Fig. S3B, 
inset), leading to significantly increased IB-DNQ sensitivity. 

Having genetically validated NQO1 and SOD1 as two therapeutic 
targets exploitable by IB-DNQ futile redox cycling, we next asked if 

pharmacologic inhibition of SOD1 versus CAT enhances the killing 
efficacy of IB-DNQ in NQO1lo TNBC cells. SUM149 treated with a 
CAT inhibitor 3-AT (Fig. 2K) or SOD1 inhibitor ATN224 alone 
(Fig. 2L) at different doses for 24 hours did not significantly affect 
tumor cell survival. However, treatment with IB-DNQ together with 
ATN224 but not 3-AT markedly enhanced IB-DNQ–induced killing 
of SUM149 breast cancer cells (Fig. 2M). Calculation of the com-
bination index of ATN224 at 5 µmol/L with sublethal doses of IB- 
DNQ from 12.5 to 200 nmol/L confirmed that ATN224 generates 
strong synergy (combination index <0.15) with IB-DNQ at each 
dose examined (Fig. 2N). Similar synergistic effect of ATN224 with 
IB-DNQ in killing TNBC cells was observed in NQO1lo HCC1806 
(Supplementary Fig. S3C and S3D) and NQO1med SUM159 (Fig. 2O 
and P). By contrast, MCF10A treated with IB-DNQ (50–300 nmol/L) 
plus distinct inhibitors of SOD1, including ATN224 (Supplementary 
Fig. S3E) or LCS1 (a SOD1 inhibitor without copper-chelating 
activity; Supplementary Fig. S3F) failed to generate synergistic 
killing effect. LCS1 (1 µmol/L) with IB-DNQ from 12.5 to 200 
nmol/L also synergistically increased IB-DNQ–elicited killing of 
SUM149 and SUM159 breast cancer cells (Supplementary Fig. 
S3G–S3I). 

IB-DNQ abrogates sphere-forming ability of NQO1-expressing 
TNBC cells at sublethal concentrations, and SOD1 inhibition 
potentiates this effect 

Using tumorsphere formation at clonal density, an assay that is 
widely used to assess CSC activity, we observed that IB-DNQ at 25 
to 50 nmol/L severely suppressed sphere-forming capacity, exem-
plified by significantly reduced numbers of spheres and smaller 
sphere sizes, in Vari068 (Fig. 3A; Supplementary Fig. S4A) and 
SUM159 (Fig. 3B; Supplementary Fig. S4B) breast cancer cells that 
overexpress NQO1. In contrast to significantly inhibited tumor-
sphere formation, Vari068 (Fig. 3C) and SUM159 (Fig. 3D) cells 
grown at two-dimensional adherent culture containing IB-DNQ at 
25 to 50 nmol/L for 2 weeks only modestly inhibited tumor cell 
survival. 

We next examined if Dox-induced KD of NQO1, CAT, SOD1, or 
SOD2 alters IB-DNQ suppression of sphere-forming capacity 
(Fig. 3E and F). Vari068 breast cancer cells expressing an SCR 
exhibit a dose-dependent inhibition of tumorsphere formation in 
the presence of IB-DNQ (10 or 20 nmol/L) and Dox (0.5 µg/mL), 
whereas Dox-induced KD of NQO1 renders Vari068 cells resistant 
to IB-DNQ. Dox-induced KD of CAT does not alter IB-DNQ in-
hibition of tumorsphere formation, whereas Dox-induced KD of 
SOD1, but not of SOD2, significantly enhances IB-DNQ suppres-
sion of tumorsphere formation. Dox-induced KD of SOD1, but not 
of NQO1, CAT, or SOD2, slightly but significantly decreases sphere- 
forming ability of Vari068 cells, suggesting a role of SOD1 in 
maintaining CSC activity. As observed in Vari068 cells, NQO1lo 

SUM149 breast cancer cells expressing an SCR exhibited signifi-
cantly inhibited sphere-forming activity when treated with IB-DNQ, 
and Dox-induced KD of CAT did not affect SUM149 sphere- 
forming ability or significantly alter IB-DNQ inhibition of tumor-
sphere formation (Supplementary Fig. S4C). In contrast to CAT KD, 
Dox-induced SOD1 KD severely inhibited SUM149 sphere-forming 
ability, and SOD1 KD together with 20 nmol/L of IB-DNQ com-
pletely abrogated SUM149 tumorsphere formation (Supplementary 
Fig. S4C). SOD2 KD also had an inhibitory effect on SUM149 
tumorsphere formation, which failed to enhance IB-DNQ inhibition 
of sphere-forming ability. 
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Figure 3. 
IB-DNQ treatment preferentially inhibits CSC activity in TNBC cells expressing NQO1. A–D, Tumorsphere formation of Vari068 (A) and SUM159 (C) breast cancer 
cells in medium containing control (DMSO) or IB-DNQ of various doses, and relative survival of Vari068 (B) and SUM159 (D) cells grown in adherent culture 
with IB-DNQ for 14 days, n ¼ 6 wells. E and F, Sphere formation of Vari068 cells subjected to Dox-induced KD of NQO1, CAT, SOD1, or SOD2 and IB-DNQ 
treatment (E) and the impact of KD on IB-DNQ suppression of sphere-forming capacity (F). G–N, Vari068 (G–J) and SUM149 (K–N) cells were treated 
with indicated compounds for 20 hours and examined for the content and absolute number of ALDH+ and CD24�CD44+ CSCs. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001 vs. control or indicated by brackets. n ¼ 3, one-way ANOVA for A, C, F, G–J, and K–N. 
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We determined if pharmacological inhibition of SOD1 is syner-
gistic with IB-DNQ in suppressing CSC activity. SUM149 breast 
cancer cells treated with 2.5 µmol/L of ATN224 or 50 nmol/L of IB- 
DNQ each exhibited significantly inhibited sphere-forming capacity, 
and cotreatment with ATN224 and IB-DNQ completely blocked 
tumorsphere formation (Supplementary Fig. S4D). In SUM159 
breast cancer cells, an increased concentration of ATN224 is re-
quired to inhibit tumorsphere formation, and ATN224 together 
with IB-DNQ generated a strong synergy, inhibiting sphere-forming 
capacity (Supplementary Fig. S4E). 

NQO1 and SOD1 maintain ALDH+ E-CSCs and CD24−CD4+ 

M-CSCs, respectively, and SOD1 inhibition augments IB-DNQ 
redox cycling to abrogate both E- and M-CSCs 

IB-DNQ treatment of Vari068 (Fig. 3G and H) and SUM159 
(Supplementary Fig. S5A and S5B) breast cancer cells dose- 
dependently decreased the percentage and absolute cell number of 
ALDH+ CSCs, which were rescued by DIC. Despite that IB-DNQ 
preferentially targets ALDH+ CSCs in TNBC cells overexpressing 
NQO1, it failed to reduce the proportion of CD24�CD44+ M-CSC- 
like cells in Vari068 (Fig. 3I) and SUM159 (Supplementary Fig. 
S5C), although the absolute number of M-CSC–like cells in Vari068 
(Fig. 3J) and SUM159 (Supplementary Fig. S5D) were significantly 
reduced, which were rescued by DIC. Although Dox-induced KD of 
NQO1 in Vari068 breast cancer cells renders ALDH+ CSCs (Sup-
plementary Fig. S5E and S5F) and bulk tumor cells (Supplementary 
Fig. S5G) resistant to IB-DNQ, NQO1 KD in Vari068 significantly 
reduces the proportion and absolute number of ALDH+ CSCs, 
supporting a role of NQO1 for the maintenance of ALDH+ 

CSCs (61). 
We next tested if SOD1 inhibition augments IB-DNQ redox 

cycling to abrogate E- and M-CSCs in TNBC expressing low/modest 
levels of NQO1. IB-DNQ treatment of SUM149 breast cancer cells 
had a differential effect on distinct CSC states, with the proportion 
and absolute number of ALDH+ E-CSCs slightly increased (Fig. 3K 
and L), but with the proportion and absolute number of CD24�-
CD4+ M-CSCs significantly decreased (Fig. 3M and N). These dif-
ferential responses of E- and M-CSCs to IB-DNQ reflect the fact 
that modest levels of ROS produced by IB-DNQ in NQO1lo 

SUM149 breast cancer cells do not harm but promote ALDH+ 

E-CSCs. By contrast, ROSlo M-CSCs are sensitive to even modestly 
increased ROS, which induces their transition to a ROShi E-CSC 
state (37). Although IB-DNQ at sublethal doses is not sufficient to 
decrease ALDH+ E-CSCs in SUM149, cotreatment with IB-DNQ 
plus ATN224 significantly reduced the percentage and absolute 
number of E-CSCs (Fig. 3K and L). ATN224 also potentiates the 
effect of IB-DNQ in abrogating the absolute number of CD24�-
CD44+ M-CSCs, despite the percentage of these cells being not 
further decreased (Fig. 3M and N). 

As a copper-chelating inhibitor of SOD1, ATN224 may have 
off-target effects by inhibiting other copper-containing proteins, 
confounding a specific role of SOD1 inhibition in synergizing IB- 
DNQ redox cycling targeting CSCs. To address this issue, we exam-
ined the efficacy of IB-DNQ targeting ALDH+ E- and CD24�CD4+ 

M-CSCs in SUM149 breast cancer cells expressing Dox-inducible 
shSOD1 or SCR. In Dox-treated SUM149 breast cancer cells 
expressing an SCR, distinct CSC states exhibited differential re-
sponses to IB-DNQ, with the percentage and absolute number of 
ALDH+ E-CSCs increased (Supplementary Fig. S5H and S5I), but 
CD24�CD4+ M-CSCs significantly decreased in a dose-dependent 
fashion (Supplementary Fig. S5J and S5K). Although IB-DNQ at 

sublethal doses failed to abrogate but promoted ALDH+ E-CSCs in 
SUM149 expressing SCR, Dox-induced KD of SOD1 markedly en-
hanced the efficacy of IB-DNQ to reduce the percentage (Supple-
mentary Fig. S5H) and total number (Supplementary Fig. S5I) of 
ALDH+ CSCs. Dox-induced SOD1 KD also potentiates the effect of 
IB-DNQ in abrogating the absolute number of CD24�CD4+ 

M-CSCs (Supplementary Fig. S5K). Notably, Dox-induced KD of 
SOD1 in SUM149 selectively decreased the proportion and absolute 
number of CD24�CD4+ M-CSCs (Supplementary Fig. S5J and S5K) 
but not ALDH+ E-CSCs (Supplementary Fig. S5H and S5I), sug-
gesting a specific role of SOD1 in maintaining M-CSCs. In SUM159 
breast cancer cells, cotreatment with IB-DNQ and ATN224 also 
synergistically enhances the depletion of ALDH+ CSCs, and this 
effect was rescued by DIC (Supplementary Fig. S5L and S5M). 

IB-DNQ triggers apoptosis of ALDH+ CSCs, and SOD1 
inhibition potentiates this effect in TNBC expressing low/ 
modest levels of NQO1 

To explore the nature of cell death elicited by IB-DNQ, we first 
treated NQO1hi Vari068 TNBC cells with sublethal doses of IB-DNQ 
for 20 hours, which were then labeled with Annexin V and DAPI to 
assess the cells undergoing early (DAPI�Annexin V+) or late 
(DAPI+Annexin V+) apoptosis (Supplementary Fig. S6A). IB-DNQ 
induces both early and late apoptosis of Vari068 breast cancer cells in 
a dose-dependent manner (Fig. 4A). To confirm if IB-DNQ directly 
induces apoptosis of ALDH+ CSCs, we examined IB-DNQ–treated 
Vari068 cells by ALDH1A3 and TUNEL (apoptotic marker) dual 
immunofluorescence. Vari068 breast cancer cells treated with IB- 
DNQ (0.1 µmol/L) versus vehicle exhibit significantly increased 
TUNEL+ labeling in ALDH1A3+ CSCs (arrows; Fig. 4B), confirming 
that IB-DNQ at sublethal doses eradicates ALDH+ CSCs in TNBC 
overexpressing NQO1 through apoptotic death. 

To verify if IB-DNQ alone or together with ATN224 triggers 
apoptotic death in NQO1lo TNBC cells, we treated SUM149 cells 
with 25 to 100 nmol/L of IB-DNQ alone or together with ATN224 
(5 µmol/L) for 20 hours. Following treatment, SUM149 cells were 
harvested, labeled with Annexin V–APC and DAPI, and analyzed by 
flow cytometry (Fig. 4C, left). Although IB-DNQ (25–100 nmol/L) 
or ATN224 (5 µmol/L) alone did not generate detectable apoptosis, 
the addition of ATN224 plus 25 to 100 nmol/L of IB-DNQ markedly 
induced early and late apoptosis of SUM149 breast cancer cells 
(Fig. 4C, right). Treatment with a sublethal dose of IB-DNQ in 
combination with ATN224 synergistically induced TUNEL+ apo-
ptotic death in ALDH+ CSCs (arrows) and ALDH� bulk tumor cells 
(Fig. 4D, arrowheads). 

IB-DNQ plus ATN224 synergistically enhances MitoROS 
production and loss of mitochondrial membrane potential 

As NQO1-mediated redox cycling induces tumor cell killing via 
oxidant stress, we next measured the levels of cellular ROS by 
CellROX labeling and MitoROS by MitoSOX labeling with flow 
cytometry. IB-DNQ significantly increased total ROS (Fig. 5A–C) 
and MitoROS (Fig. 5D–F) in a dose-dependent fashion in Vari068, 
SUM159, and SUM149 breast cancer cells. Similar to increased 
levels of total ROS and MitoROS, IB-DNQ significantly increased 
the levels of cellular superoxide in SUM159 (Supplementary Fig. 
S6B) and SUM149 (Supplementary Fig. S6C) breast cancer cells. 
When these cells were treated with sublethal doses of IB-DNQ plus 
ATN224 (5 µmol/L), cellular ROS (Fig. 5A–C), superoxide (Sup-
plementary Fig. S6B and S6C), and MitoROS (Fig. 5D–F; Supple-
mentary Fig. S6D–S6F) were markedly increased when compared 
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Figure 4. 
IB-DNQ induces apoptosis of Vari068 ALDH+ CSCs, and ATN224 enhances IB-DNQ–mediated apoptosis in SUM149 breast cancer cells expressing low/modest levels 
of NQO1. A and B, Vari068 cells treated with IB-DNQ for 20 hours were examined by flow cytometry to assess early and late apoptotic cells (A), or fixed and 
examined by ALDH1A3 and TUNEL dual labeling fluorescent microscopy (B) and percentage of TUNEL+ over total or ALDH1A3+ cells was scored in three different 
areas. C and D, SUM149 cells treated with IB-DNQ alone or together with ATN224 (5 µmol/L) for 20 hours were examined by flow cytometry to detect early and late 
apoptotic cells (C), or fixed and examined by ALDH1A3 and TUNEL dual labeling (D), and percentage of TUNEL+ over total or ALDH1A3+ cells was scored in three 
different areas. ***, P < 0.001; ****, P < 0.0001 vs. vehicle. n ¼ 3, one-way ANOVA for A and C and unpaired Student t test for B and D. Scale bar, 50 µm. 
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Figure 5. 
IB-DNQ in combination with ATN224 synergistically enhances total ROS and MitoROS production, resulting in the loss of mitochondrial membrane potential. A–F, Vari068, 
SUM159, and SUM149 cells were treated with control (DMSO), ATN224 (5 µmol/L), IB-DNQ alone, or IB-DNQ plus ATN224 for 20 hours and examined by CellROX (A–C) or 
MitoSOX (D–F) labeling, followed by flow cytometry. G and H, SUM149 cells treated with IB-DNQ (0–100 nmol/L) alone or together with 5 µmol/L of ATN224 for 20 hours 
were stained with Annexin V–APC plus TMRM-PE and examined by flow cytometry (G), and percentage of TMRM+, TMRM+Annexin V+ and Annexin V+ cells was plotted 
(H). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 vs. control or indicated by brackets; n ¼ 3, one-way ANOVA for A–F and H. 
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with cells treated with IB-DNQ alone, and this increase is more 
prominent in NQO1lo SUM149 breast cancer cells. 

To further explore if increased MitoROS promotes mitochondrial 
oxidative damage, triggering the intrinsic apoptosis pathway, we 
measured mitochondrial membrane potential (by TMRM labeling) 
and apoptosis (by Annexin V labeling) in SUM149 cells treated with 
sublethal doses of IB-DNQ alone, or together with ATN224 (Fig. 5G). 
This revealed that IB-DNQ (25–100 nmol/L) or ATN224 (5 µmol/L) 
alone is not sufficient to induce significant loss of mitochondrial 
membrane potential and apoptosis. However, in the presence of 
ATN224, IB-DNQ induces the loss of mitochondrial membrane po-
tential and increases apoptosis in a dose-dependent fashion (Fig. 5H). 

NQO1 resides in the mitochondrial IMS driving IB-DNQ futile 
redox cycling, leading to excessive levels of MitoROS and 
mitochondrial oxidative damage 

The findings described above suggest that IB-DNQ may directly 
target mitochondria in ALDH+ CSCs to induce apoptosis. Notably, 
SOD1 localizes in the cytoplasm and mitochondrial IMS, where it 
provides major dismutase activity to protect mitochondrial integrity 
of breast cancer cells (59). We hypothesize that a portion of NQO1 
localizes in the mitochondria, where it coresides with SOD1 in the 
mitochondrial IMS. Therefore, SOD1 inhibition, by augmenting 
MitoROS production from IB-DNQ, potentiates mitochondrial 
oxidative injury to activate mitochondrial apoptotic pathway. 

To determine the subcellular localization of NQO1, we purified 
mitochondrial and cytosol fractions from NQO1med (SUM159) and 
NQO1lo (SUM149 and HCC1806) TNBC cells and examined NQO1 
and SOD1 expression in each fraction. In addition to cytosolic lo-
calization, significant portions of NQO1 and SOD1 are both local-
ized to the mitochondria fraction (Fig. 6A). By contrast, the 
mitochondrial protein succinate dehydrogenase complex subunit A 
is exclusively localized to the mitochondrial fraction, whereas 
S-phase kinase-associated protein 1, a cytosolic protein, is exclu-
sively localized in the cytosol fraction (Fig. 6A). We also performed 
cell fractionation using a panel of NQO1hi breast cancer cells, in-
cluding Vari068, MDA-MB-436, MDA-MB-453, MCF7, and ZR-75-1. 
This revealed that, in addition to cytosolic NQO1, a significant 
portion of NQO1 is localized in the mitochondrial fraction in each 
breast cancer cell line examined (Fig. 6B). In contrast to NQO1, two 
mitochondrial proteins succinate dehydrogenase complex subunit A 
and voltage-dependent anion channel are exclusively localized to the 
mitochondrial fraction, whereas S-phase kinase-associated protein-1 
is exclusively localized in the cytosol fraction. Therefore, NQO1- 
mediated futile redox cycling may occur not only in the cytosol but 
also in the mitochondria. 

To assess colocalization of NQO1 and Cyto c, a protein known to 
reside in the mitochondrial IMS, we performed confocal microscopy 
of SUM159 breast cancer cells subjected to dual-color immunoflu-
orescent staining with NQO1 and Cyto c–specific antibodies. This 
revealed that a significant portion of NQO1 colocalizes with Cyto c 
in the mitochondrial IMS (Fig. 6C, a–c). Furthermore, volume assay of 
NQO1 and Cyto c labeling from a specific angle using Volume Viewer 
of the NIS-Elements Viewer software confirmed that NQO1 colocalizes 
with Cyto c in the mitochondria (Fig. 6C, d–f). 

To test if IB-DNQ futile redox cycling generates mitochondrial 
oxidative damage, we treated NQO1hi Vari068 breast cancer cells 
with 100 nmol/L of IB-DNQ for 0, 2, 4, and 8 hours and determined 
the effect of IB-DNQ on mitochondrial morphology using trans-
mission electron microscopy. Compared with control (DMSO)- 
treated cells, which display typical mitochondrial morphology with 

intact cristae, Vari068 cells treated with IB-DNQ exhibit gradual 
loss of cristae and dilated/vacuolized mitochondria (Fig. 6D), in-
dicative of mitochondrial oxidative damage. Similar transmission 
electron microscopy studies were performed on NQO1lo SUM149 
breast cancer cells treated with mock (DMSO), IB-DNQ (100 nmol/L), 
ATN224 (5 µmol/L), or IB-DNQ and ATN224 for 16 hours. Co- 
treatment with IB-DNQ and ATN224 generates a synergy in pro-
ducing mitochondrial oxidative damage, manifested by the loss of 
cristae and dilated/vacuolized mitochondria, although treatment with 
IB-DNQ alone had no effect (Fig. 6E). Inhibition of SOD1 with 
ATN224 produces mild mitochondrial oxidative damage manifested 
by some degree of cristae loss and mitochondrial vacuolization 
(Fig. 6E), consistent with a previous study (59). 

Given the role of IB-DNQ redox cycling in targeting the mito-
chondria to produce oxidative stress in TNBC cells, we next de-
termined if IB-DNQ impairs mitochondrial oxidative metabolism 
and ATP biosynthesis. Treatment of SUM159 breast cancer cells 
with IB-DNQ (at 300 nmol/L) for 2 hours did not affect cell survival 
(Supplementary Fig. S7A), but significantly inhibited extracellular 
oxygen consumption (Fig. 6F) and intracellular ATP levels 
(Fig. 6G), suggesting a role of IB-DNQ in suppressing mitochon-
drial respiration and ATP production. 

NQO1-mediated futile redox cycling from IB-DNQ results in 
the release of mitochondrial Cyto c and activation of caspase- 
3–mediated apoptosis 

To test if IB-DNQ promotes Cyto c release from mitochondrial 
IMS, initiating the mitochondrial apoptotic pathway (62), we used 
100 nmol/L of IB-DNQ to treat NQO1hi Vari068 breast cancer cells 
for 0 to 12 hours and conducted cell fractionation to isolate the 
mitochondrial and cytosol fractions at each time point. IB-DNQ 
gradually induces the loss of Cyto c from the mitochondria, ac-
companied by increased Cyto c in the cytosol (Fig. 6H). Interest-
ingly, compared with vehicle-treated cells, treatment of NQO1lo 

SUM149 cells with IB-DNQ at 100 nmol/L or ATN224 at 5 µmol/L 
for 16 hours significantly increased mitochondrial Cyto c protein 
expression (Fig. 6I). This suggests that IB-DNQ or ATN224 treat-
ment is sufficient to increase mitochondrial oxidative stress in 
SUM149, leading to mitochondrial antioxidant responses by 
boosting Cyto c expression, as Cyto c itself serves as an antioxidant 
protein (63). However, when SUM149 cells were treated with IB- 
DNQ plus ATN224, the enhanced mitochondrial Cyto c expression 
was lost (Fig. 6I), accompanied by significantly increased Cyto c in 
the cytosol fraction (Fig. 6I). 

We investigated the downstream molecular mechanisms associ-
ated with Cyto c release. Treatment with IB-DNQ dose-dependently 
induced the cleavage of caspase-3 (Casp3), accompanied by the 
cleavage of its substrate PARP, and decreased BCL2 and BCL-XL 
(antiapoptotic); however, increased BIM and p-H2A.X (proapo-
ptotic) expression in NQO1hi Vari068 breast cancer cells (Fig. 6J). 
In NQO1lo SUM149 breast cancer cells, treatment with IB-DNQ 
(100 nmol/L) or ATN224 (5 µmol/L) each had no effect on Casp3 
activation, PARP cleavage, and BCL2/BCL-XL or BIM/p-H2A.X 
expression. However, cotreatment with IB-DNQ and ATN224 
synergistically enhanced Casp3 activation and PARP cleavage, as-
sociated with reduced BCL2/BCL-XL, but increased BIM and 
p-H2A.X expression (Fig. 6K). IB-DNQ treatment of SUM159 
breast cancer cells also triggered Casp3 activation and PARP 
cleavage, associated with reduced BCL2 and increased BIM ex-
pression, and treatment with ATN224 + IB-DNQ significantly 
augmented the efficacy of IB-DNQ in promoting Casp3 and PARP 
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Figure 6. 
NQO1 residing in the mitochondrial IMS drives IB-DNQ redox cycling, promoting mitochondrial oxidative damage, Cyto c release, and activation of Casp3- 
mediated mitochondrial apoptotic pathway. A and B, NQO1med and NQO1lo (A) and NQO1hi (B) TNBC cells were examined for NQO1, SOD1, succinate dehy-
drogenase complex subunit A (SDHA), and S-phase kinase-associated protein-1 (Skp1) expression in the mitochondrial and cytosol fraction. C, SUM159 cells 
labeled with specific antibodies against NQO1 and Cyto c were examined by confocal microscopy. Scale bar, 120 µm. D and E, Vari068 and SUM149 cells treated 
with 100 nmol/L of IB-DNQ for 0 to 8 hours (D) or with vehicle, IB-DNQ (100 nmol/L), ATN224 (5 µmol/L), IB-DNQ plus ATN224 for 16 hours (E) were processed 
and examined by transmission electron microscopy. Bars, 200 (D) and 500 (E) nm. F, SUM159 cells were treated with vehicle or IB-DNQ for 2 hours and 
measured for oxygen consumption based on fluorescent intensity (RFU) of an oxygen-bleaching fluorescent dye in the media covered by mineral oil at 
1.5 minutes intervals for 90 minutes. ****, P < 0.0001 (n ¼ 3, two-way ANOVA). G, ATP levels in the lysates of SUM159 cells treated with vehicle or IB-DNQ for 2 
hours were measured and normalized by protein concentrations. ****, P < 0.0001 with unpaired Student t test (n ¼ 3). H and I, Vari068 and SUM149 cells treated 
with IB-DNQ (100 nmol/L) for 0 to 12 hours (H) or IB-DNQ and ATN224 alone or in combination for 16 hours (I) were used to isolate mitochondrial and cytosol 
fractions and examine Cyto c, SDHA, and Skp1 expression. J and K, Lysates of Vari068 (J) and SUM149 (K) cells treated with IB-DNQ alone or IB-DNQ plus 
ATN224 for 20 hours were subjected to immunoblotting to examine the expression of apoptosis-related proteins. L, A model illustrating the mechanisms of 
action for IB-DNQ–mediated prooxidant therapy targeting TNBC cells including CSCs. MOMP, mitochondrial outer membrane permeability. 
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cleavage, the reduction of BCL2, and induction of BIM expression 
(Supplementary Fig. S7B). Inhibition of Casp3 with Z-DEVD-FMK 
in SUM159 breast cancer cells significantly rescued IB-DNQ– 
induced cell lethality, whereas ferrostatin-1, an inhibitor of ferrop-
tosis, failed to significantly rescue this lethality (Supplementary Fig. 
S7C). Parallel with the rescue of IB-DNQ–induced cell lethality, 
Z-DEVD-FMK partially but significantly rescued the decreased 
proportion of ALDH+ CSCs in SUM159 treated with IB-DNQ 
(Supplementary Fig. S7D). These studies suggest a novel mechanism 
of action for NQO1-mediated futile redox cycling from IB-DNQ in 
killing TNBC cells including CSCs (Fig. 6L), where a significant 
portion of NQO1 and SOD1 both reside in the mitochondrial IMS, 
and SOD1 inhibition synergizes with IB-DNQ redox cycling to 
abrogate CSCs and bulk tumor cells by augmenting mitochondrial 
oxidative injury, resulting in Cyto c release and activation of Casp3- 
mediated apoptosis. 

IB-DNQ alone or together with SOD1 inhibition inhibits tumor 
growth, metastasis, and tumor-initiating potential of TNBC 
xenografts 

To test the feasibility of using IB-DNQ as an antitumor therapy 
for TNBC cells overexpressing NQO1, we injected Vari068 breast 
cancer cells into the fourth MFP of SCID mice and treated tumor- 
bearing mice with vehicle (20% HPβCD) or IB-DNQ (10 mg/kg, 
i.v.) for 2 weeks as outlined in Fig. 7A. This treatment regime had 
no significant effect on mouse body weight (Fig. 7B), confirming 
low toxicity of IB-DNQ. Monitoring tumor growth after the last 
treatment for 2 weeks indicated that IB-DNQ significantly inhibited 
primary tumor growth (Fig. 7C), and examination of lung histology 
from each group of mice revealed that IB-DNQ treatment markedly 
suppressed lung metastatic tumor nodule formation (Fig. 7D). 
Further IHC staining revealed that IB-DNQ induced Casp3 cleav-
age, whereas Ki67 staining was not significantly changed (Fig. 7E), 
suggesting that IB-DNQ suppresses tumor growth and metastasis 
formation by promoting apoptotic death. 

To further validate the effectiveness of IB-DNQ alone or together 
with SOD1 inhibition on tumor growth and tumor-initiating po-
tential in xenograft models of TNBC expressing low/modest levels 
of NQO1, we injected SUM149 breast cancer cells into the fourth 
MFP of SCID mice and treated tumor-bearing mice intravenously 
with vehicle (20% HPβCD), IB-DNQ (10 mg/kg), ATN224 
(10 mg/kg), and IB-DNQ (10 mg/kg) + ATN224 (10 mg/kg) for 
3 weeks as outlined in Fig. 7F. Single or combination therapy with 
IB-DNQ and ATN224 had no significant effect on mouse body 
weight (Fig. 7G), suggesting that combination of IB-DNQ and 
ATN224 did not generate added toxicity. By monitoring tumor 
growth after treatment initiation for 5 weeks indicated that IB-DNQ 
alone did not significantly inhibit primary tumor growth, whereas 
ATN224 modestly inhibited the growth of SUM149 breast cancer 
cells. In contrast to IB-DNQ or ATN224 alone, combination 
treatment with IB-DNQ plus ATN224 generated a synergistic 
effect in suppressing mammary tumor growth (Fig. 7H). Ex-
amination of tumor weight in each group of mice at the end of 
tumor monitoring confirmed that treatment with IB-DNQ plus 
ATN224 significantly reduced residual tumor weight (Fig. 7I). 
Furthermore, limiting-dilution transplantation studies in sec-
ondary SCID mice using dissociated H2Kd� live tumor cells 
from residual tumors revealed that treatment with ATN224 but 
not IB-DNQ was able to decrease tumor-initiating potential, and 
treatment with ATN224 plus IB-DNQ had the most significant 

effect in reducing tumor-initiating potential of residual tumor 
cells (Table 1). 

As a copper-chelating inhibitor of SOD1, ATN224 may inhibit 
other copper/zinc proteins that are involved in angiogenesis (64–66) 
and mitochondrial oxidative phosphorylation (67), confounding a 
specific role of SOD1 inhibition in synergizing IB-DNQ redox cy-
cling to suppress tumor growth and CSC activity. To address this 
issue, we injected SUM149 breast cancer cells expressing Dox- 
inducible KD (shSOD1) or scrambled control (SCR) into the fourth 
MFP of female SCID mice, and mice bearing mammary tumors 
expressing shSOD1 or SCR were each randomized into two groups 
and subjected to treatment with Dox (200 µg/mL in water) plus 
vehicle (20% HPβCD, i.v.) or IB-DNQ (10 mg/kg, i.v.) for 3 weeks 
as indicated in the treatment regime (Supplementary Fig. S8A). 
Consistent with the study performed with parent SUM149 breast 
cancer cells (Fig. 7H), mice bearing tumor cells expressing the SCR 
did not exhibit significant tumor growth retardation after IB-DNQ 
treatment (Supplementary Fig. S8B). In contrast to the modest effect 
of ATN224 in suppressing SUM149 tumor growth (Fig. 7H), Dox- 
induced KD of SOD1 significantly inhibited tumor growth, and IB- 
DNQ treatment further enhanced tumor growth retardation of 
SOD1 KD cells (Supplementary Fig. S8B). Together, these studies 
suggest that IB-DNQ redox cycling serves as a feasible approach 
targeting TNBC overexpressing NQO1, and SOD1 inhibition greatly 
augments antitumor efficacy of this prooxidant strategy in TNBC 
cells expressing low or modest levels of NQO1. Furthermore, this 
approach is able to target CSCs that are resistant to conventional 
therapies. 

Discussion 
In this study, we examined the antitumor efficacy and mechanism 

of action of IB-DNQ alone or in combination with SOD1 inhibition 
in abrogating CSCs in TNBC expressing different levels of NQO1. 
We demonstrate that a significant portion of NQO1 and SOD1 are 
localized in the mitochondria, and genetic or pharmacologic inhi-
bition of SOD1 synergizes with NQO1-bioactivated redox cycling 
from IB-DNQ to elicit CSC lethality by augmenting mitochondrial 
oxidative injury, leading to Cyto c release and activation of Casp3- 
mediated mitochondrial apoptotic pathway. 

Through the study, we identified two antioxidant enzymes NQO1 
and SOD1 as therapeutic vulnerabilities of ALDH+ E-CSCs and 
CD24�/loCD44+/hi M-CSCs in TNBC. Dox-inducible KD of NQO1 in 
NQO1hi Vari068 preferentially decreases ALDH+ E-CSCs, whereas 
Dox-inducible KD of SOD1 in NQO1lo SUM149 selectively abrogates 
CD24�/loCD44+/hi M-like CSCs. Of note, targeting NQO1 with sub-
lethal doses of IB-DNQ preferentially abrogates ALDH+ E-CSCs in 
TNBC expressing high levels of NQO1 (i.e., Vari068 and SUM159). 
However, for TNBC cells expressing modest/low levels of NQO1 
(i.e., SUM149), the efficacy of IB-DNQ targeting ALDH+ E-CSCs but 
not CD24�CD44+ M-CSCs is significantly decreased because of lower 
sensitivity of E-CSCs (vs. M-CSCs) to the modest levels of ROS eli-
cited by IB-DNQ. We show that SOD1 is highly expressed in all 
TNBC cell lines examined, and genetic or pharmacological inhibition 
of SOD1, but not CAT or SOD2, markedly enhances IB-DNQ– 
elicited MitoROS production and killing of CSCs in both E and M 
states. Thus, SOD1 overexpression provides a therapeutic window for 
CSCs in TNBC with modest/low levels of NQO1 expression. 

We confirmed in vitro and in TNBC xenograft models that com-
bined treatment with IB-DNQ and SOD1 inhibition renders both 
BCSCs and bulk tumor cells more sensitive to IB-DNQ–elicited 

4278 Cancer Res; 84(24) December 15, 2024 CANCER RESEARCH 

Luo et al. 



D12 D14

IB-DNQ, i.v. 10 mg/kg

7 injections, every other day

D16 D19 D21 D23 D25
T

u
m

o
r 

c
e
ll

in
je

c
ti

o
n

 (
D

0
)

30

25

20

15

2,500

2,000

1,500

1,000

500

0

0 1 2

Weeks after treatment intiation Time after treatment stop (days)

Treatment
start

Treatment
stop

Treatment

start

Treatment

stop

Start

treatment

Stop

treatment

Vehicle

IB-DNQ

Vehicle

6

4

2

0

–2

IB-DNQ

Vehicle

4

15

20

25

30

5 6 7 8 9 10

ATN224

IB-DNQ

Combo

V
e
h

ic
le

A
T

N
2

2
4

IB
-D

N
Q

C
o

m
b

o

Vehicle

ATN224

IB-DNQ

Combo

M
o

u
s
e
 w

e
ig

h
t 

(g
)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

3 4 0 3 7 9 11 13

Treatment schedule in Vari068 xenograft mice

SUM149 xenograft treatment regime 

A

D E

F
G

H
I

B C

D36 D38

IB-DNQ 10 mg/kg, ATN224 10 mg/kg

3 treatments per week, i.v.

D40 D43 D45 D47 D50 D52 D54

V
e
h

ic
le

IB
-D

N
Q

V
e
h

ic
le

Cleaved Casp3 Ki67

IB
-D

N
Q

V
e
h

ic
le

L
u

n
g

 t
u

m
o

r 
n

o
d

u
le

s

(p
e
r 

m
o

u
s
e
)

IB
-D

N
Q

Weeks after tumor cell injection

4 5 6 7 8 9 10

Weeks after tumor cell injection

M
o

u
s
e
 w

e
ig

h
t 

(g
)

2,500250

200

150

100

50

0

2,000

1,500

1,000

500

0

T
u

m
o

r 
w

e
ig

h
t 

(m
g

)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

Figure 7. 
IB-DNQ alone or together with SOD1 inhibition suppresses tumor growth, metastasis, and tumor-initiating potential of TNBC xenografts. A–C, Vari068 mammary tumor 
xenograft mice were randomized and treated with vehicle or IB-DNQ as indicated in A. B and C, Mouse body weight was examined weekly for 4 weeks after treatment 
initiation (B) and mammary tumor growth following the last treatment was monitored for 2 weeks (C). *, P < 0.05 (n ¼ 6). D, Lung histologic sections from each group 
of mice were harvested to examine metastatic tumor nodule formation. *, P < 0.05. E, staining of tumor sections treated with IB-DNQ vs. vehicle using antibodies 
against cleaved Casp3 or Ki67. F and H, SUM149 mammary tumor xenograft mice were randomized into four groups and treated with the regime indicated in F, and 
mouse body weight (G) and mammary tumor growth (H) were examined weekly for 6 weeks. ****, P < 0.0001 (vs. vehicle or IB-DNQ, n ¼ 6). I, Tumor weight for each 
group of mice at the end of tumor monitoring. *, P < 0.05 (vehicle vs. combo, n ¼ 6). C and H, Two-way ANOVA; D and I, two-tailed Student t test. 
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lethality. As CSCs can be generated from bulk tumor cells under 
chemotherapeutic stress through the “dedifferentiation” process, 
simultaneously targeting CSCs and bulk differentiated tumor cells 
by IB-DNQ–based futile redox cycling will be a promising thera-
peutic approach for advanced breast cancer such as TNBC. Our 
data in TNBC xenograft models and a recent study in feline oral 
squamous cell carcinoma (56) suggest that IB-DNQ is well toler-
ated, consistent with other studies showing that β-Lap produced 
only mild toxicity (anemia and possible methemoglobinemia) in a 
phase I clinical trial (52). In addition, the SOD1 inhibitor ATN224 
is orally available and was well tolerated in a phase 1 study of 
patients with advanced solid cancers (68), and a derivative of 
ATN224, tetrathiomolybdate is FDA approved to treat Wilson disease. 
These preclinical and clinical results suggest that combination therapy 
using IB-DNQ and ATN224 or tetrathiomolybdate will be well toler-
ated in patients with TNBC. 

Previous studies from our group and others have demonstrated 
that proliferative ALDH+ CSCs are highly reliant on mitochondrial 
oxidative metabolism (36, 37, 69), providing a rationale for targeting 
mitochondrial vulnerabilities to eradicate this CSC population. We 
show here that targeting NQO1 by IB-DNQ at sublethal doses is 
sufficient to trigger apoptosis of ALDH1A3+ E-CSCs in TNBC 
overexpressing NQO1 and that pharmacologic inhibition of SOD1, 
by enhancing MitoROS production, greatly enhances IB-DNQ– 
induced loss of mitochondrial membrane potential and apoptosis of 
ALDH1A3+ CSCs. These data strongly suggest that IB-DNQ redox 
cycling from NQO1 directly targets mitochondria in ALDH+ CSCs, 
triggering the intrinsic apoptotic pathway. 

As increased ROS stress promotes the conversion of CD24�/loCD44+/hi 

M-CSCs to more proliferative ALDH+ E-CSCs (37), by targeting two 
elevated antioxidant enzymes NQO1 and SOD1 via IB-DNQ mito-
chondrial futile redox cycling, this study provides a novel therapeutic 
strategy effectively targeting CSCs including ALDH+ E-CSCs and 
CD24�/loCD44+/hi M-CSCs in TNBC. By promoting the conversion 
of CD24�/loCD44+/hi M-CSCs to ALDH+ E-CSCs and effectively in-
ducing apoptosis in the later, our prooxidant strategy described in this 
study is able to target CSCs across the EMT–MET continuum. Be-
cause NQO1 and SOD1 are overexpressed in many other malignan-
cies, this CSC-targeting strategy may have wide applicability. 

A limitation of this study is the use of xenograft models of 
TNBC established in immunodeficient SCID mice to validate the 
antitumor efficacy of targeting NQO1 and SOD1 through IB- 
DNQ mitochondrial futile redox cycling. This animal model is 

appropriate to assess the efficacy of this strategy directly on CSCs 
and bulk tumor cells. However, other NBRCC such as β-Lap has 
been shown to play a role in promoting host antitumor immunity 
(55). As the host immune system plays important roles in regu-
lating CSCs and therapeutic responses, future studies are neces-
sary to assess if and how this futile oxidant–generating strategy 
using IB-DNQ alone or together with SOD1 inhibitors eradicates 
CSCs and bulk tumor cells in immunocompetent mouse models. 
This limitation should be considered when interpreting the re-
sults and translating to patients. 
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