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Statement of translational relevance 28 

Napabucasin is an orally administered small molecule currently undergoing clinical evaluation 29 

for treatment of cancer. It has been proposed to exert its anti-cancer activity by inhibiting STAT3 30 

signaling and cancer stemness properties. Here, we show that napabucasin is a quinone that is 31 

bioactivated by oxidoreductases, in particular NAD(P)H:quinone oxidoreductase 1 (NQO1) and 32 

to a lesser extent the Cytochrome P450 oxidoreductase (POR). Bioactivation of napabucasin 33 

generates cytotoxic levels of reactive oxygen species (ROS) resulting in DNA damage-induced 34 

cell death and multiple ROS-induced intracellular events, including a reduction in STAT3 35 

phosphorylation. This better understanding of the mechanism of action of napabucasin will 36 

assist the development of novel, more effective therapeutic combination approaches, and will 37 

also aid in the identification of potential biomarkers of patients likely to respond to napabucasin.    38 
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ABSTRACT 39 

Purpose 40 

Napabucasin (2-acetylfuro-1,4-naphthoquinone or BBI-608) is a small molecule currently being 41 

clinically evaluated in various cancer types. It has mostly been recognized for its ability to inhibit 42 

STAT3 signaling. However, based on its chemical structure, we hypothesized that napabucasin 43 

is a substrate for intracellular oxidoreductases and therefore may exert its anti-cancer effect 44 

through redox cycling, resulting in reactive oxygen species (ROS) production and cell death.  45 

Experimental Design 46 

Binding of napabucasin to NAD(P)H:quinone oxidoreductase-1 (NQO1), and other 47 

oxidoreductases, was measured. Pancreatic cancer cell lines were treated with napabucasin, 48 

and cell survival, ROS generation, DNA damage, transcriptomic changes and alterations in 49 

STAT3 activation were assayed in vitro and in vivo. Genetic knock-out or pharmacological 50 

inhibition with dicoumarol was used to evaluate the dependency on NQO1.  51 

Results 52 

Napabucasin was found to bind with high affinity to NQO1 and to a lesser degree to cytochrome 53 

P450 oxidoreductase (POR). Treatment resulted in marked induction of ROS and DNA damage 54 

with an NQO1- and ROS-dependent decrease in STAT3 phosphorylation. Differential cytotoxic 55 

effects were observed, where NQO1-expressing cells generating cytotoxic levels of ROS at low 56 

napabucasin concentrations were more sensitive. Cells with low or no baseline NQO1 57 

expression also produced ROS in response to napabucasin, albeit to a lesser extent, through 58 

the one-electron reductase POR.  59 

Conclusions 60 

Napabucasin is bioactivated by NQO1, and to a lesser degree by POR, resulting in futile redox 61 

cycling and ROS generation. The increased ROS levels result in DNA damage and multiple 62 

intracellular changes, one of which is a reduction in STAT3 phosphorylation.   63 

64 
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INTRODUCTION 65 

Under physiological conditions, incomplete reduction of oxygen results in the production of 66 

reactive oxygen species (ROS), including hydrogen peroxide (H2O2), the superoxide anion (O2
) 67 

and the hydroxyl radical (OH). To protect molecules from ROS-induced damage, cells 68 

orchestrate a complex network of antioxidants to maintain proper cellular function. This 69 

reduction-oxidation (redox) balance is tightly controlled by several key transcription factors 70 

including nuclear factor erythroid-derived 2-like 2, NFE2L2/NRF2, which regulates the 71 

transcription of a number of target genes encoding components of antioxidant systems, 72 

glutathione synthesis enzymes, proteasome subunits and heat-shock proteins (1-3). Disruption 73 

of this delicate redox balance has long been known to be associated with multiple diseases, 74 

including cancer development and progression (4). Tumors are thought to harbor a unique state 75 

of redox regulatory mechanisms to support their pathological survival and proliferation, 76 

demonstrating a biphasic response. At low levels, ROS are mutagenic and can promote tumor 77 

development by activating signaling pathways that regulate cellular survival, proliferation, 78 

differentiation and metabolic adaptation. However, at high levels, ROS become toxic leading to 79 

oxidative stress and cell death or senescence (1, 5). To compensate for higher levels of intrinsic 80 

ROS, cancer cells have evolved adaptive mechanisms that increase their antioxidant capacity. 81 

NRF2 upregulation has been observed in multiple tumor types and its expression has been 82 

shown to be required for pancreatic and lung cancer development (5-7). Thus, compared to 83 

normal cells, cancer cells with increased oxidative stress are likely more vulnerable to damage 84 

by further ROS insults, making modulation of tumor redox homeostasis an attractive therapeutic 85 

strategy.  86 

 87 

The NRF2 target gene NAD(P)H:quinone oxidoreductase 1 (NQO1) is a two-electron 88 

oxidoreductase involved in the detoxification of quinones using NADH or NADPH to generate 89 

the corresponding hydroquinone derivative (8). Increased expression of NQO1 has been 90 

observed in many solid tumors, has been shown to occur early in tumorigenesis and has been 91 

linked to multiple carcinogenic processes (9-15). For example, increased NQO1 expression is 92 

observed in precursor lesions (pancreatic intraepithelial neoplasia) and further increased 93 

expression occurs in invasive pancreatic ductal adenocarcinoma (13-15). The ability of NQO1 to 94 

generate hydroquinones, combined with its overexpression in many cancers, has been utilized 95 

as a therapeutic strategy and various anti-cancer compounds that are bioactivated by NQO1 96 

have been developed. Hydroquinones can exhibit toxicity through a number of mechanisms, 97 

depending on their chemical reactivity. Bioactivation of anti-tumor quinones such as mitomycin 98 
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C or streptonigrin results in hydroquinone-mediated alkylation of DNA with interstrand 99 

crosslinking (16). In contrast, oxidoreduction of naphthoquinones, such as β-lapachone, results 100 

in an unstable hydroquinone that spontaneously reacts with oxygen to regenerate the original 101 

compound in a two-step back reaction, depleting NAD(P)H and generating substantial amounts 102 

of ROS (17, 18).  103 

 104 

Napabucasin, also known as BBI-608, is an orally administered small molecule that is being 105 

clinically evaluated for the treatment of a variety of cancers, including pancreatic ductal 106 

adenocarcinoma (19, 20). It is mostly recognized for its ability to inhibit signal transducer and 107 

activator of transcription 3 (STAT3)-mediated gene transcription with activity against bulk tumor 108 

cells and cancer stem cells, with inhibition of spherogenesis in vitro and tumor relapse in vivo 109 

(21-23). However, the mechanism by which napabucasin mediates these effects is not 110 

understood. In this report, we sought to further elucidate its mechanism of action based on the 111 

notion that napabucasin is a naphthoquinone (2-acetylfuro-1,4-naphthoquinone). We show that 112 

napabucasin is a substrate for NQO1, and to a lesser degree for the one-electron reductase 113 

Cytochrome P450 reductase (POR). Bioactivation of napabucasin results in ROS generation, 114 

inducing oxidative stress and DNA damage with multiple ROS-induced intracellular events 115 

including, but not limited to, a reduction in STAT3 phosphorylation.  116 

 117 

METHODS 118 

Cell lines  119 

Cell lines were obtained from ATCC or generated from established human organoids as 120 

previously described (24) and cultured in DMEM (10-013-CV, Fisher Scientific) or RPMI (10-121 

040-CV, Fisher Scientific) containing 10% FBS. All cells were cultured for no more than 20 122 

passages and tested negative for mycoplasma using the MycoAlert Mycoplasma Detection Kit 123 

(LT07-318, Lonza). Cell line authentication was not performed. 124 

 125 

NQO1 knock-out CRISPR clones from MiaPaCa2 and AsPc1 cell lines were generated as 126 

previously described using Lenti_sgRNA_EFS_GFP (LRG) plasmids (Addgene #65656) (25, 127 

26). sgRNAs targeting unique locations at the NQO1 locus were designed, cloned and validated 128 

by Sanger sequencing. Non-targeting sgRosa was used as a control. Cas9- expressing cells 129 

were infected and sorted for GFP expression on the FACSAria cell sorter (BD). For NQO1 130 

knock-out in FaDu cells, the parental cell line was transfected with ribonucleoprotein (RNP) 131 

complexes composed of sgRNA and Cas9NLS protein using manufacturer’s instructions 132 

Research. 
on September 29, 2019. © 2019 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on September 16, 2019; DOI: 10.1158/1078-0432.CCR-19-0302 

http://clincancerres.aacrjournals.org/


 6 

(Thermo Fisher Scientific). In brief, functional sgRNA was generated by annealing tracrRNA and 133 

crRNA. A 1:1 ratio of sgRNA and Cas9NLS protein was mixed with LipoCas9 plus reagent and 134 

incubated for 5 minutes at room temperature to produce an RNP complex. The RNP complex 135 

was then mixed with Lipofectamine CRISPRMAX transfection reagent and added to the parental 136 

cell cultures. Following overnight incubation, the culture medium was replenished, and cells 137 

were expanded until a sufficient quantity of genomic DNA could be extracted. Successful gene 138 

editing was verified by heteroduplex analysis. Potential NQO1 knock-out clones were selected 139 

and complete NQO1 knock-out was verified by Western blot. For expression of NQO1 in Panc1 140 

cells, NQO1 was introduced by transfection of cDNA (Origene, RC200620) using XtremeGENE 141 

9 (Roche, 06365787001) according to manufacturer instructions. Functional assays were 142 

performed 36 hours post transfection with a CMV-driven GFP expressing plasmid as control. In 143 

MDA-MB-231 cells, NQO1 was introduced using lentiviral transduction followed by blasticidin 144 

selection as directed by the manufacturer (GenTarget). 145 

 146 

Expression and purification of NQO1  147 

The coding sequence for human NQO1 was synthesized and cloned into pET15b (Novagen) 148 

using BamHI and NdeI restriction sites (Genewiz), along with an N-terminal hexahistidine affinity 149 

tag and thrombin cleavage site (MGSSHHHHHHSSGLVPRGSH). BL21(DE3)pLysS Escherichia 150 

coli (Promega) were transformed with plasmid and grown at 37oC in Luria-Bertani medium 151 

supplemented with 100 µg/mL ampicillin to an optical density at 600 nm of 0.8. Cultures were 152 

then chilled to 18oC, and protein expression was induced overnight with 0.5 mM isopropyl β-D-153 

1-thiogalactopyranoside. Cells were harvested, and lysate was loaded onto Ni-NTA affinity resin 154 

equilibrated in 50 mM HEPES (pH 7) supplemented with 0.15 M sodium chloride. Resin was 155 

washed extensively, and protein was eluted with buffer plus 0.25 M imidazole. NQO1 was 156 

further purified with a Hiload 16/600 Superdex200 pg column (GE Healthcare); protein purity 157 

was judged to be >95% by SDS-PAGE. NQO1 was flash frozen for subsequent analysis.  158 

 159 

Cell-free assays 160 

Initial rates of NQO1 substrate digestion (0.4–25 µM) were monitored using an assay in which 161 

the oxidation of NADPH to NADP+ was quantified at 340 nm at 30oC using Spectramax 5 162 

(Molecular Devices). Reactions of 0.02 µM NQO1, 800 µM NADPH in 50 mM potassium 163 

phosphate (pH 7.4), and 5% DMSO with or without 5 mM dicoumarol were initiated by addition 164 

of NADPH. Wells were monitored every 3 seconds for 2 minutes to obtain an initial linear signal 165 

that was converted to “µM NADPH per minute per µM NQO1” using a standard curve. 166 
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Michaelis-Menten curves were generated with GraphPad Prism 5. Reactions were performed in 167 

triplicate. Similar reactions were carried out with purified NADPH:cytochrome P-450 reductase 168 

(POR) (C8113, Sigma), carbonyl reductase 1 (CBR1) (ab85336, Abcam), and thioredoxin 169 

(TRX1) (ab51064, Abcam). 170 

 171 

Napabucasin dose-response curves  172 

Cells were plated at ~70% confluency and increasing concentrations of napabucasin (range 173 

0.01 – 5 µM) as single agent or combined with the antioxidant N-acetylcysteine (NAC), the ROS 174 

scavenger EUK-134 (Sigma) or the NQO1 inhibitor dicoumarol (Selleckchem) were added in 175 

triplicate 24 hours after plating and normalized to DMSO. Cell viability was assessed following 6 176 

hours of treatment using CellTiter-Glo® (Promega). Dose-response curves were generated 177 

using GraphPad Prism 5.   178 

 179 

Measurement of ROS generation  180 

ROS generation with simultaneous assessment of cell viability or changes in total to oxidized 181 

glutathione ratios following napabucasin treatment were determined by the ROS-GloTM H2O2 182 

(Promega) or GSH/GSSG-Glo™ assay (Promega), respectively, as per manufacturer’s 183 

instructions. In brief, cells were seeded in 96-well plates the day prior to treatment such that 184 

drug treatment was added when cells were 50–80% confluent. For ROS-GloTM H2O2 assays, 185 

culture medium was replaced with 100 µL medium containing 25 µM H2O2 substrate plus the 186 

desired drug concentration. After incubating for 6 hours at 37°C, 50 µL of supernatant were 187 

transferred to a new 96-well plate containing an equal volume of ROS detection reagent. A total 188 

of 50 µL CellTiter-Glo® reagent (Promega) was added to the 96-well plate containing the 189 

remaining 50 µL of culture. For GSH/GSSG-Glo™ assays, cells were treated for 6 or 24 hours. 190 

Following treatment, medium was removed, and cells were washed with Hank’s Balanced Salts 191 

and lysed with either total or oxidized glutathione reagent. Cell lysis was followed by luciferin 192 

generation and detection after which luminescence was read.  193 

 194 

Measurements of GSH and GSSG in snap-frozen tumor samples was done by adapting the 195 

procedures described by Moore et al (27).  Briefly, snap-frozen tissue specimens were lysed, 196 

incubated for 45 minutes at room temperature to allow derivatization of GSH to GSH-NEM after 197 

which supernatant was collected. For GSH measurements, 5 µL of derivatized sample was 198 

mixed with 50 µL of GSH-NEM standard ([13C2,15N]-glutathione, 200 µM), vortexed and 199 

transferred into autosampler glass vials. Similarly, sample extracts were added to an equal 200 
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volume of GSSG internal standard solution ([13C4,15N2]-glutathione disulfide) for GSSG 201 

measurements. Samples were randomized in order to avoid bias due to machine drift and 202 

processed blindly. LC-MS analysis was performed using a Q Exactive HF mass spectrometer 203 

coupled to a Vanquish Horizon UHPLC system (Thermo Fisher Scientific). The acquired spectra 204 

were analysed using XCalibur Qual Browser and XCalibur Quan Browser software (Thermo 205 

Fisher Scientific). Absolute quantification was performed by interpolation of the corresponding 206 

standard curve obtained from serial dilutions of commercially available standards run with the 207 

same batch of samples. 208 

 209 

For ROS measurement by chloromethyl H2DCFDA, cells were washed with PBS, labeled with 5 210 

µM CM-H2DCFDA (ThermoFisher) for 30 min and analyzed by flow cytometry.  211 

 212 

In vivo subcutaneous transplantation 213 

Nude mice were purchased from Charles River Laboratory (stock number 24102242) and 20l 214 

of 5.0x105 MiaPaCa2 Rosa26 or MiaPaCa2 NQO1-71 cells mixed within an equal volume of 215 

PBS and Matrigel were injected subcutaneously. Tumor-bearing mice with a tumor volume of 216 

150 mm3 (0.5 x length x width2) were enrolled on a randomized basis to start treatment with 217 

either napabucasin dissolved in 0.5% methylcellulose or 0.5% methylcellulose. Mice were 218 

dosed once daily by oral gavage at 200 mg/kg for 24 days with monitoring of tumor volume 219 

every 3 days. All animal procedures were conducted in accordance with the Institutional Animal 220 

Care and Use Committee at Cold Spring Harbor Laboratory (CSHL). 221 

 222 

Western blot analysis 223 

Whole cell lysates were prepared at baseline or following 2 hours of drug treatment in a lysis 224 

solution of 20 mM HEPES, 300mM NaCl, 5mM EDTA, 10% Glycerol and 20% Triton X-100, pH 225 

7.5, supplemented with protease Mini-complete protease inhibitors (11836170001, Roche) and 226 

a phosphatase inhibitor cocktail (4906845001, Roche). Standard procedures were followed for 227 

Western blotting using the following primary antibodies: Actin (8456, Cell Signaling Technology), 228 

STAT3 (9139, Cell Signaling Technology), pSTAT3 (9145, Cell Signaling Technology), pJAK1 229 

(3331, Cell Signaling Technology), JAK1 (MAB42601-SP, R&D), pJAK2 (3771, Cell Signaling 230 

Technology), JAK2 (3230, Cell Signaling Technology), NQO1 (3187, Cell Signaling 231 

Technology), POR (ab13513, Abcam), β-Tubulin (2148, Cell Signaling Technology), Catalase 232 

(12980, Cell Signaling Technology) and NRF2 (ab62352, Abcam). Proteins were detected using 233 

HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). 234 
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 235 

Immunofluorescence 236 

Cells were fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton-X100, blocked with 237 

0.1% BSA and incubated for 1 hour at room temperature with phospho-histone H2A.X antibody 238 

(9718, Cell Signaling Technology) followed by Alexa488 or Alexa647-labelled secondary 239 

antibody and DAPI as counterstain. Imaging was performed with a Leica TCS SP8 laser 240 

scanning confocal microscope (Boulder Grove Il).  241 

 242 

RNA-sequencing and analysis  243 

Following 2 hours of treatment with 0.5 M napabucasin or DMSO, cells were lysed using 244 

TRIzol Reagent (15596-018; Thermo Fisher Scientific) and RNA was extracted with a PureLink 245 

RNA mini kit (12183018A; Thermo Fisher Scientific). Libraries were prepared using a KAPA 246 

mRNA HyperPrep Kit for Illumina sequencing (Roche, KR1352–v4.17) according to 247 

manufacturer’s instructions and single-end RNA-sequencing was performed on an Illumina 248 

NextSeq500. All RNA-sequencing data are available at the Gene Expression Omnibus (GEO) 249 

under the accession number GSE135352.    250 

 251 

Differential gene expression analysis was performed using Bioconductor package DESeq2 (28), 252 

with a pre-filtering step to remove genes that have no reads or reads only in one sample. Only 253 

genes with an adjusted p-value<0.05 and a log2 fold change >=1 were retained as significantly 254 

differentially expressed. Gene Set Enrichment Analysis (GSEA) (29) was performed to evaluate 255 

napabucasin-mediated alterations in the HALLMARK IL6-JAK-STAT3 geneset specifically. 256 

Additional functional enrichment analysis was performed by creating protein-protein and 257 

Reactome pathway-protein interaction networks using Search Tool for Retrieval of Interacting 258 

Genes/Proteins (STRING) version 11.0 (30), stringApp version 1.4.2 (31) and Cytoscape 259 

version 3.7.1 (32).  260 

 261 

RNA interference 262 

Synthetic, small-interfering RNA (siRNA) oligos targeting NQO1, NQO2, POR, Ferredoxin 263 

Reductase (FDXR), Cytochrome B5 Reductase 1 (CYB5R1), Cytochrome B5 Reductase 3 264 

(CYB5R3), Cytochrome B5 Reductase 4 (CYB5R4), Carbonyl Reductase 1 (CBR1), and 265 

Thioredoxin Reductase 1 (TXNRD1) were obtained from Ambion. Cells were transfected with 266 

siRNA using Lipofectamine RNAiMAX (Invitrogen) and assayed at 72 hours post-transfection.  267 

 268 
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qPCR analysis 269 

Samples were lysed with TRIzol Reagent, with homogenization for snap frozen tumor samples, 270 

and RNA was extracted with a PureLink RNA mini kit (12183018A; Thermo Fisher Scientific) 271 

followed by reverse transcription of 1 g RNA using TaqMan reverse transcription reagents 272 

(N808-0234; Applied Biosystems). qPCR was performed using gene-specific TaqMan probes 273 

(Applied Biosystems) and master mix (4440040; Applied Biosystems). Gene expression was 274 

normalized to HPRT or ACTIN. siRNA knock-down was verified by qPCR with RT2 qPCR 275 

primers (Qiagen) and iTaq universal SYBR green supermix (Bio-Rad) on CFX connect real-time 276 

system (Bio-Rad).  277 

 278 

RESULTS 279 

Napabucasin activity and ROS generation 280 

Given that napabucasin was originally hypothesized to target cancer cells and cancer stem cells 281 

by reduction of STAT3 signaling (20, 21), we first determined whether these activities were also 282 

observed in a panel of pancreatic cancer cell lines. When cells were treated for 6 hours with 283 

increasing concentrations of napabucasin, differential cytotoxicity was observed (Fig. 1A). 284 

Reductions in the active, phosphorylated form of STAT3, as well as phosphorylated JAK1 and 285 

JAK2, were observed, but to a different degree for each cell line (Fig. 1B). Based on its 286 

naphthoquinone structure (Supp. Fig. 1A), we hypothesized that napabucasin may function as a 287 

ROS generator through NQO1-mediated redox cycling, and that reduced JAK/STAT signaling 288 

may be a downstream effect of napabucasin-mediated ROS production. Indeed, treatment with 289 

napabucasin increased ROS levels and reduced cell viability (Fig. 1C, D, E, F), which was 290 

mitigated by the addition of the antioxidant N-acetylcysteine (NAC) (Fig. 1G). Of note, cells in 291 

which relative levels of napabucasin-induced ROS were higher (MiaPaCa2 and AsPc1) were 292 

found to be more sensitive to napabucasin compared to those with less napabucasin-induced 293 

ROS generation (Suit2 and Panc1), although higher concentrations of napabucasin were 294 

required for AsPc1 cells (Fig. 1D, E). Nevertheless, generation of ROS, as measured by a 295 

change in the ratio of the antioxidant glutathione (GSH) to its oxidized species (GSH disulfide 296 

[GSSG]), in response to a fixed, low, dose of napabucasin (0.5 M), correlated with response 297 

(Fig. 1F). Similar observations were made in colon and lung cancer cells (Supp. Fig. 1B), with a 298 

rescue in cell viability when napabucasin was combined with the ROS scavenger EUK-134 299 

(Supp. Fig. 1C).  300 

 301 

Napabucasin is an NQO1 substrate 302 
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To determine whether napabucasin can act as a substrate for NQO1-mediated reduction using 303 

NADPH, we assessed NQO1 substrate digestion in a cell-free system in which we quantified the 304 

oxidation of NADPH to NADP+ when NQO1 was incubated with either napabucasin or the 305 

known NQO1 substrate β-lapachone as a control (18, 33). Napabucasin was shown to directly 306 

bind to human NQO1 with high catalytic activity. This effect was blocked by dicoumarol, a 307 

specific NQO1 inhibitor that competes with NADH/ NADPH substrate binding (Fig. 2A). 308 

Moreover, compared to β-lapachone, napabucasin had tighter NQO1 binding affinity (KM) and 309 

better catalytic efficiency (kcat/KM) (Fig. 2A), suggesting that napabucasin is a more potent 310 

substrate of NQO1.  311 

 312 

We next evaluated NQO1 expression in a panel of pancreatic cancer cell lines (Fig. 2B) and 313 

whether pharmacological inhibition of NQO1 could reverse the napabucasin-mediated effects. 314 

Combined treatment of napabucasin and dicoumarol rescued cell viability in MiaPaCa2, AsPc1, 315 

and organoid-derived pancreatic cancer cell lines (Fig. 2C, Supp. Fig. 2A). In contrast, 316 

combination treatment did not rescue viability in Suit2 or Panc1 cells (Fig. 2C), due to the 317 

undetectable levels of NQO1 protein in these cells (Fig. 2B). To determine whether dicoumarol 318 

also prevented napabucasin-mediated ROS production, we measured H2O2 levels and the 319 

GSH:GSSG ratio in cells treated with napabucasin and/or dicoumarol. The dicoumarol-mediated 320 

rescue in cell viability inversely correlated with changes in the levels of ROS generation: 321 

napabucasin-mediated increases in ROS levels were inhibited by dicoumarol in MiaPaCa2, 322 

AsPc1, and organoid-derived cell lines, but not in the NQO1-deficient Suit2 or Panc1 cell lines 323 

(Fig. 2D, E, Supp. Fig. 2B). 324 

 325 

To further assess the dependency of napabucasin activity on NQO1, we used CRISPR/Cas9 to 326 

knock-out NQO1 in the pancreatic cancer cell lines MiaPaCa2 and AsPc1 (Fig. 3, Supp. Fig. 3A, 327 

B, C), as well as DU145 cells, a metastatic prostate cancer cell line (Supp. Fig. 3D, E) and 328 

FaDu cells, a hypopharynx squamous cell carcinoma cell line (Supp. Fig. 3D, F). NQO1 ablation 329 

made cells more resistant to napabucasin (2.5 – 3.5 fold) and to a lesser degree to -lapachone 330 

(1.5 fold) (Fig. 3A, B and Supp. Fig. 3A). The reduced activity of napabucasin in NQO1-ablated 331 

cells was associated with decreased ROS induction, as measured by H2O2 levels (Fig. 3C) and 332 

a shift in the GSH:GSSG ratio (Fig. 3D). Similar observations were made in subcutaneous 333 

xenografts, with intra-tumoral ROS generation, as detected by reduced GSH:GSSG ratios, in 334 

MiaPaCa2 Rosa26 xenografts treated with napabucasin but not in tumors derived from NQO1 335 

knock-out cells (Supp. Fig. 3B, C). The NQO1-dependency of napabucasin was also observed 336 
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in DU145 and FaDu cells (Supp. Fig. 3D, E, F). Similarly, ectopic expression of NQO1 in the 337 

NQO1-negative Panc1 and a NQO1-negative breast cancer cell line MDA-MB-231, sensitized 338 

these cells to napabucasin with an associated increase in ROS production (Fig. 3E, F and 339 

Supp. Fig. 3G).   340 

 341 

Taken together, these results show that napabucasin induces ROS in human tumor cells in an 342 

NQO1-dependent manner, and suggest that napabucasin-mediated cytotoxicity may be 343 

dependent on both ROS and NQO1 expression. 344 

 345 

Napabucasin activity and changes in STAT3 signaling 346 

Given the role of NQO1 and ROS in napabucasin-mediated cytotoxicity, and the observed 347 

decrease in phosphorylation of STAT3 (pSTAT3) upon napabucasin treatment (Fig. 1B), we 348 

sought to determine whether NQO1 expression and ROS generation were required to inhibit 349 

activation of the STAT3 pathway. In MiaPaCa2 cells, with high baseline pSTAT3, we found that 350 

NQO1 knock-out predominantly restored pSTAT3 expression in napabucasin treated cells, as 351 

did the addition of the NQO1 inhibitor dicoumarol (Fig. 3G). However, in AsPc1 cells that have 352 

much lower basal levels of pSTAT3 (Fig. 1B), napabucasin treatment did not diminish pSTAT3 353 

levels in an NQO1-dependent manner (Supp. Fig. 3H). Similarly, while there were no changes 354 

in pSTAT3 upon treatment of the NQO1-deficient MDA-MB-231 breast cancer cells with 355 

napabucasin, the re-introduction of NQO1 to MDA-MB-231 cells was sufficient to restore the 356 

ability of napabucasin to diminish pSTAT3 levels (Supp. Fig. 3G). Additionally, treatment with 357 

H2O2 was sufficient to reduce pSTAT3 expression in all pancreatic cancer cell lines (Fig. 3H, 358 

Supp. Fig. 3I), and pSTAT3 levels were partially restored in MiaPaCa2 cells when napabucasin 359 

was combined with NAC (Fig. 3H). These data indicate that napabucasin mediated inhibition of 360 

STAT3 activity is a secondary effect from the treatment-induced high levels of ROS, which is, in 361 

part, dependent on NQO1 expression.  362 

 363 

Napabucasin-induced transcriptomic changes 364 

Based on the notion that napabucasin induces ROS in an NQO1 dependent manner, resulting 365 

in ROS-driven intracellular signaling modifications, we further evaluated the transcriptomic 366 

changes following 2 hours of treatment with napabucasin in MiaPaCa2 cells, two NQO1 knock-367 

out clonal lines (NQO1-71 and NQO1-163) and the respective Rosa26 control. In the parental 368 

MiaPaCa2 cells a total of 158 genes were differentially expressed, with the majority of genes 369 

being upregulated following treatment with napabucasin (Supp. Fig. 4A, Supp. Table 1). Of 370 

Research. 
on September 29, 2019. © 2019 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on September 16, 2019; DOI: 10.1158/1078-0432.CCR-19-0302 

http://clincancerres.aacrjournals.org/


 13 

those 158 genes, 24 showed an NQO1-dependent differential expression, including many 371 

genes known to be induced upon cellular stress (Fig. 4A). Surprisingly, there was no significant, 372 

NQO1-dependent enrichment of the JAK-STAT signaling pathway, with only three genes from 373 

the JAK-STAT geneset significantly enriched in the napabucasin treated parental MiaPaCa2 374 

cells (HMOX1, MAP3K8, SOCS3; FDR corrected p=0.02; Supp. Fig. 4B). Heme oxygenase 375 

(HMOX1) is a well-known NRF2 target gene, which expression is known to be induced by ROS 376 

to protect cells against oxidative damage by catalyzing the breakdown of heme molecules and 377 

sequestering the redox-active Fe2+ (3, 34, 35). HMOX1 expression was strongly induced upon 378 

treatment with napabucasin in an NQO1-dependent manner, both in vitro and in vivo, with 379 

increased expression of HMOX1, as well as other NRF2 target genes, in the NQO1 positive 380 

MiaPaCa2 and AsPC1 cells (Fig. 4A, B, C) or tumors from MiaPaCa2 xenografts (Fig. 4D), but 381 

not in the NQO1 knock-out MiaPaCa2 cells or xenografts or the NQO1 negative Suit2 and 382 

Panc1 cells Fig. 4 A, C, D).  383 

 384 

Additional protein-protein (Supp. Fig. 4C) and pathway-protein interaction network (Fig. 4B) 385 

analysis with the differentially expressed genes in the parental MiaPaCa2 cells further 386 

highlighted the induction of oxidative stress and DNA damage upon treatment with 387 

napabucasin, with upregulation of the stress response genes ATF3 and ATF4, as well as other 388 

members of the AP1 transcription complex (FOS, JUN) and early response genes involved in 389 

cell cycle arrest in response to DNA damage (CDKN1A, BTG1, BTG2) (Fig. 4B). This ROS-390 

induced stress response upon treatment with napabucasin was seen across cell lines and in the 391 

MiaPaCa2 Rosa26, but not in the MiaPaCa2 NQO1 knock-out, xenografts (Fig. 4D, E).   392 

 393 

Napabucasin and NADPH:cytochrome P-450 reductase (POR) 394 

Based on the observation that napabucasin still has an effect in NQO1-deficient cells, with a 395 

reduction in cell viability and ROS generation, albeit at a lesser degree compared to NQO1- 396 

expressing cells, we hypothesized that the antitumor effects of napabucasin may also be 397 

conferred via NQO1-independent pathway(s). Indeed, there are several non-NQO1 reductases 398 

with the potential to generate ROS from quinones (Supp. Fig. 5A) (36, 37).  To this end, we 399 

examined the interactions between napabucasin (and β-lapachone) and a number of one-400 

electron reductases: NADPH:cytochrome P-450 reductase (POR), carbonyl reductase 1 (CBR1) 401 

and thioredoxin 1 (TRX1). In a cell-free system, both napabucasin and β-lapachone were shown 402 

to be substrates of POR (Fig. 5A). Additional evaluation showed that napabucasin and β-403 

lapachone have different specificities for the other reductases studied. For example, while both 404 
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napabucasin and β-lapachone can be efficiently reduced by NQO1 and POR, β-lapachone can 405 

also be reduced by CBR1, while CBR1 has little activity against napabucasin (Fig. 5B).  406 

 407 

To determine whether POR can substitute for NQO1 as the reductase that acts on napabucasin 408 

in NQO1-deficient cells, we used RNA interference (siRNA) to deplete various reductases in 409 

Panc1 cells, which do not express detectable NQO1 protein but do express POR (Fig. 2B, 410 

Supp. Fig. 5B, C). Of the siRNAs screened, siRNA directed against POR inhibited napabucasin-411 

mediated cell death to the greatest extent (Fig. 5C), with an associated reduction in ROS 412 

generation (Fig. 5D). Interestingly, knock-down of some oxidoreductases sensitized Panc1 cells 413 

to napabucasin, an effect most profoundly observed with knock-down of the NRF2 target gene 414 

thioredoxin reductase 1 (TXNRD1) (Fig. 5C). The increased sensitivity to napabucasin seen 415 

when TXNRD1 was knocked down was accompanied by elevated ROS production (Fig. 5D). 416 

These results highlight the intricate regulation of intracellular oxidative stress and suggest that in 417 

the absence of NQO1, napabucasin may be a substrate for POR, which can generate ROS and 418 

mediate cell death. Conversely, other cellular reductases (e.g. TXNRD1) may function as 419 

antioxidants, inhibiting the cytotoxic activity of napabucasin.  420 

 421 

In conclusion, our data indicate that napabucasin is bioactivated by NQO1, with a role for the 422 

one-electron reductase POR in cells that do not express NQO1. This, in turn, results in 423 

increased ROS generation causing DNA-damage (Fig. 6A, Supp. Fig. 6) and a multitude of 424 

intracellular events including a reduction in STAT3 phosphorylation, stabilization of NRF2 425 

(Supp. Fig. 7) with upregulation of  NRF2 target genes as well as the activation of other stress-426 

induced genes and protective mechanisms in an attempt to counteract the ROS-induced 427 

damage (Fig. 6B). Given the redox difference between cancer cells and normal cells, the high 428 

expression of NQO1 in many cancers, including pancreatic cancer, makes disruption of this 429 

balance by napabucasin an attractive, tumor-specific approach.  430 

 431 

DISCUSSION 432 

Here, we show that the naphthoquinone napabucasin can be bioactivated by the cellular 433 

reductases NQO1 and, to a lesser extent, POR, resulting in the production of ROS and 434 

disruption of the cellular redox balance, resulting in DNA-damage induced cell death. While 435 

traditionally ROS are considered to be toxic molecules causing indiscriminate damage to 436 

proteins, nucleic acids and lipids, it is increasingly recognized that they also play a significant 437 

role as secondary messengers in cellular signaling (37). A number of transcription factors 438 
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contain redox-sensitive cysteine residues at their DNA binding sites, including nuclear factor-B 439 

(NF-B), HIF-1 and p53. In addition, ROS can either inhibit or activate protein function through 440 

altering their phosphorylation status via thiol oxidation of either tyrosine phosphatases or 441 

kinases (1, 38, 39). Similar to previous reports (21-23), we observed a decrease in STAT3 442 

phosphorylation upon treatment with napabucasin in pancreatic and breast cancer cells. 443 

However, the ability to do so appeared to be dependent on NQO1 and ROS generation. Indeed, 444 

STAT3 phosphorylation can be inhibited directly or indirectly by ROS (40, 41) but in the absence 445 

of a reduction in JAK-STAT signaling in response to napabucasin, the functional importance of 446 

the reduction in pSTAT3 expression remains unclear. Instead, the decrease in pSTAT3 is most 447 

likely a secondary event in response to increased ROS and may serve as a pharmacodynamic 448 

biomarker in which high baseline pSTAT3 expression may also be predictive of response. 449 

Consistently, early data has shown improved survival in patients with advanced, pSTAT3-450 

positive colorectal cancer treated with napabucasin compared to placebo (42).  451 

 452 

Redox alterations in cancer cells are complex, in which cancer cells have become adapted to 453 

higher levels of oxidative stress resulting in malignant transformation, metastasis and drug 454 

resistance. Drug-resistant cancer cells may use redox regulatory mechanisms to promote cell 455 

survival and tolerate external insults from anti-cancer agents. Therapeutically increasing ROS 456 

levels by agents such as napabucasin, may cause cells to lose their “stemness”, rendering them 457 

drug sensitive (43). Although this currently is an unexplored area, it is evident that ROS 458 

generation plays a critical role in the anti-tumor activity of napabucasin. The use of NQO1 as a 459 

predictive biomarker for sensitivity to napabucasin, or other quinone anti-cancer drugs, is 460 

appealing. However, NQO1 protein levels are not stable and can for example be induced by a 461 

host of dietary components or environmental factors (16). In addition, we observed a differential 462 

response to napabucasin also within the NQO1 positive cells. In particular, AsPc1 cells required 463 

the highest drug concentration to induce ROS-mediated cell death with temporal changes in 464 

response when cells were treated for a longer period of time (data not shown). Despite of 465 

previous reports indicating expression of the antioxidant catalase as important mechanism of 466 

resistance to β-lapachone in NQO1 positive cells (33, 44), we did not observe such a correlation 467 

with regards the response to napabucasin (Supp. Fig. 7A). Gene and protein expression 468 

analysis however showed marked NRF2 pathway activation after only 2 hours of drug exposure 469 

(Fig. 4, Supp. Fig. 7B) and ROS-induced upregulation of various cytoprotective mechanisms 470 

may play a role in the temporal kinetics of response. Moreover, we observe that cells that do not 471 

express NQO1 are still able to generate ROS following napabucasin treatment, although to a 472 
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lesser degree, through cytochrome P450 oxidoreductase (POR), an oxidoreductase known to 473 

be the source of ROS generation resulting in paraquat-induced cell death (36). The precisely 474 

coordinated, and dynamic regulation of ROS generation and detoxification is further highlighted 475 

by the different effects of napabucasin when expression of various oxidoreductases is reduced 476 

by siRNA. In particular, reduction of the antioxidant thioredoxin reductase 1 (TXNRD1) 477 

enhanced napabucasin activity and concomitantly increased ROS production. Thus, a more 478 

comprehensive “redox-signature” may be better predictive of tumors likely to respond to 479 

napabucasin, rather than the expression of a single protein.  480 

 481 

The thioredoxin system is an important thiol antioxidant, consisting of thioredoxin (TRX) and 482 

thioredoxin reductase, frequently upregulated in cancer (45). To maximally exploit ROS-483 

mediated cell death mechanisms, combining napabucasin with agents that inhibit the 484 

thioredoxin pathway, such as sulfasalazine or auranofin (46, 47), may further enhance its anti-485 

tumor activity. Many conventional cytotoxic cancer drugs can also directly, or indirectly increase 486 

ROS levels in cancer cells and may synergize with napabucasin. Current clinical trials are 487 

testing this hypothesis. For instance, the combination of napabucasin, gemcitabine and nab-488 

paclitaxel is currently being evaluated as a treatment for metastatic pancreatic cancer 489 

(CanStem111P, NCT02993731) (19). However, as with all anti-cancer therapies, identifying 490 

responsive subgroups is paramount in order to significantly improve clinical outcomes. Our 491 

study provides important insights regarding the mechanism of action of napabucasin, which will 492 

assist further biomarker development and research aimed to identify optimal therapeutic 493 

combination approaches with identification of those patients who are most likely to benefit from 494 

napabucasin.  495 

 496 
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FIGURE LEGENDS 645 

Figure 1. Treatment with napabucasin induces ROS  646 

(A) Cell viability of a variety of pancreatic cancer cell lines treated with increasing concentrations 647 

of napabucasin for 6 hours. (B) Western blot analysis of pSTAT3, STAT3, pJAK1, JAK1, pJAK2 648 

and JAK2 expression after 2 hours of treatment with DMSO as vehicle control or 0.5 M 649 

napabucasin for MiaPaCa2 cells, 1.0 M napabucasin for Suit2, and Panc1 cells and 2.0 M for 650 

AsPc1 cells, with Actin as loading control. (C) ROS generation following 6 hours of treatment 651 

with napabucasin measured by CM (chloromethyl)-H2DCFDA staining. Representative images 652 

of 3 biological replicates, with quantification of the mean DCFDA staining, are shown for 653 

indicated cell lines treated with napabucasin at concentrations as in (B). (D) Cell viability and (E) 654 

H2O2 generation in pancreatic cancer cells treated with increasing concentrations of 655 

napabucasin for 6 hours. Results show mean ± SEM of 3 biological replicates. (F) Ratio of 656 

glutathione (GSH) to glutathione disulfide (GSSG) in indicated cell lines treated for 6 hours with 657 

0.5 M napabucasin. Results show mean ± SEM of 4 biological replicates. (G) cell viability of 658 

MiaPaCa2 and AsPc1 cells treated for 6 hours with napabucasin as single agent or combined 659 

with 1.25 mM NAC. Results show mean ± SEM of 3 biological replicates. Unpaired two-tailed t-660 

test *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001. 661 

 662 

Figure 2. Napabucasin is an NQO1 substrate 663 

(A) Cell-free assay measuring depletion of NADPH in the presence of NQO1 plus increasing 664 

concentration of napabucasin as single agent or combined with 5mM dicoumarol or NQO1 plus 665 

increasing concentration of β-lapachone. Results show mean ± SEM of 3 biological replicates, 666 

with quantification showing the mean calculated affinity (KM), rate (Kcat), and enzymatic 667 

efficiency (Kcat/KM) with 95% confidence intervals. (B) Western blot analysis of NQO1 668 

expression in a panel of pancreatic cancer cell lines, with Actin as loading control. (C) Cell 669 

viability and (D) H2O2 generation after 6 hours of treatment with DMSO as vehicle control or with 670 

napabucasin as single agent or combined with the NQO1 inhibitor dicoumarol at 10 M. 671 

Dicoumarol treatment as single agent is shown as control. (E) Ratio of glutathione (GSH) to 672 

glutathione disulfide (GSSG) in napabucasin-treated cell lines cultured in the absence and 673 

presence of 10 M dicoumarol for 24 hours. Napabucasin concentrations used were 0.5 M for 674 

MiaPaCa2, 1.0 M for Panc1 and Suit2 and 2.0 M for AsPc1. Results show mean ± SEM of 3 675 

biological replicates, unpaired two-tailed t-test *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001. 676 
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Figure 3. Activity of napabucasin requires NQO1 678 

(A) Western blot analysis for indicated CRISPR clones confirming knock-out of NQO1 679 

expression in MiaPaCa2 and AsPc1 cells with no changes in expression upon 2-hour treatment 680 

with napabucasin. Actin is shown as loading control. (B) Cell viability of MiaPaCa2 and AsPc1 681 

NQO1 CRISPR clones treated with increasing concentrations of napabucasin for 6 hours. (C) 682 

Cell viability and H2O2 generation in MiaPaCa2 NQO1 CRISPR clones following 6 hours of 683 

napabucasin treatment at the indicated concentrations. (D) Ratio of glutathione (GSH) to 684 

glutathione disulfide (GSSG) in MiaPaCa2 and AsPc1 NQO1 CRISPR clones after 24 hours of 685 

napabucasin treatment at the indicated concentrations. Results show mean ± SEM of 3 686 

biological replicates, unpaired two-tailed t-test *p<0.05, **p<0.01, *** p<0.001, ****p<0.0001. (E) 687 

Western blot analysis of NQO1 expression in Panc1 cells expressing a CMV-GFP control 688 

plasmid and Panc1 cells with ectopic NQO1 expression, treated for 2 hours with 1.0 M 689 

napabucasin. Actin is shown as loading control. (F) Cell viability and H2O2 generation in Panc1 690 

clones as in (E) treated with increasing concentrations of napabucasin for 6 hours. (G) Western 691 

blot analysis of pSTAT3, STAT3 and NQO1 expression in indicated MiaPaCa2 cells or CRISPR 692 

clones treated for 2 hours with 0.5 M napabucasin as single agent or combined with 10 M 693 

dicoumarol, with actin as loading control (H) Western blot analysis of pSTAT3 and STAT3 694 

expression in MiaPaCa2 cells treated for 2 hours with 0.5 M napabucasin, with 200 M H2O2, 695 

napabucasin combined with 1.25 mM NAC or NAC as single agent. DMSO and H2O are used 696 

as respective vehicle controls. Actin is shown as loading control.  697 

 698 

Figure 4. Napabucasin induces ROS and cellular stress 699 

(A) Heatmap showing genes that are significantly differentially expressed (adjusted p-value 700 

<0.05, log2 fold change >=1) in both parental and Rosa26 control MiaPaCa2 cells but not in the 701 

NQO1-71 and NQO1-163 MiaPaCa2 CRISPR clones following 2-hour treatment with 0.5 M 702 

napabucasin or DMSO as vehicle control. (B) Network of pathway-protein interactions from 703 

significantly enriched Reactome pathways in parental MiaPaCa2 cells. (C) qPCR analysis of 704 

NFE2L2/NRF2 and a selection of NRF2 target genes in the indicated cell lines treated for 2 705 

hours with DMSO as vehicle control or 0.5 M napabucasin for MiaPaCa2 cells, 1.0 M 706 

napabucasin for Suit2, and Panc1 cells and 2.0 M for AsPc1 cells. (D) qPCR analysis of snap-707 

frozen tumor samples from MiaPaCa2 Rosa26 xenografts (n=6) and MiaPaCa2 NQO1-71 708 

xenografts (n=6) treated for 24 days with napabucasin or vehicle control for expression of 709 

indicated genes. (E) qPCR analysis of ATF3, ATF4 and CKN1A expression in the indicated cell 710 
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lines treated for 2 hours as in (C). Results in (C), (D) and (E) show mean ± SEM of 3 biological 711 

replicates, unpaired two-tailed t-test *p<0.05, **p<0.01, *** p<0.001, **** p<0.0001. 712 

 713 

Figure 5. Role of additional cellular reductases in the antitumor activity of napabucasin  714 

(A) Cell-free assay measuring depletion of NADPH in the presence of POR plus napabucasin or 715 

β-lapachone with quantification of the reactions performed showing the mean calculated affinity 716 

(KM), rate (Kcat), and enzymatic efficiency (Kcat/KM) with 95% confidence intervals. (B) Cell-free 717 

assay measuring depletion of NADPH in the presence of NQO1, POR, CBR1, or TRX1 and 718 

either napabucasin or β-lapachone. (C) Cell viability of Panc1 cells with siRNA-mediated knock-719 

down of a variety of cellular reductases upon treatment for 6 hours with increasing 720 

concentrations of napabucasin. (D) H2O2 generation in Panc1 cells with siRNA-mediated knock-721 

down of the indicated reductases after 6 hours of treatment with 5 M napabucasin (or DMSO 722 

as vehicle control). Results show mean ± SEM of 3 biological replicates, unpaired two-tailed t-723 

test *p<0.05, **p<0.01, ****p<0.0001.  724 

 725 

Figure 6. Proposed mechanism of action of napabucasin 726 

(A) Representative images of immunofluorescence showing marked induction of H2AX (green) 727 

in MiaPaCa2 Rosa26 cells but not in MiaPaCa2 NQO1-71 and NQO-163 CRISPR clones 728 

treated for 6 hours with 0.5 M napabucasin or DMSO as vehicle control. DAPI (blue) was used 729 

as counter stain. Scale bar 50 m. (B) Cartoon of the proposed mechanism of action of the 730 

naphthoquinone napabucasin.  731 
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