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Abstract 
 

 

Increased levels of reactive oxygen species (ROS) have been observed in multiple cancer 

types, where they are crucial for tumor biology. Concomitantly, tumor cells also have 

enhanced expression of antioxidant pathway proteins to detoxify excess ROS. Thus, a 

challenge for anti-cancer therapeutics is to fine-tune this delicate balance from ROS 

protection, to ROS production while sparing normal tissue from toxicity. The phase II 

detoxification enzyme, NAD(P)H:quinone oxidoreductase-1, NQO1, is dramatically 

overexpressed in many solid tumor types, including pancreatic ductal adenocarcinoma (PDA) 



 

and non-small cell lung cancer (NSCLC). The Boothman laboratory has demonstrated that 

NQO1 bioactivates a unique class of quinones, such as ß-lapachone (ß-lap) and 

deoxyniboqunine (DNQ), through a futile redox cycle to generate massive levels of 

superoxide radical to induce extensive DNA oxidative base damage, single strand breaks and 

poly(ADP-ribose) polymerase 1 (PARP1)-driven depletion of intracellular NAD+. However, 

tumor cell NADPH and glutathione (GSH) biogenesis can attenuate the efficacy of this class 

of drugs by blunting the ROS formation produced from the futile redox cycle. Therefore, it is 

increasingly important to identify and target tumor specific antioxidant defenses to sensitize 

cancer cells, but not normal tissue, to NQO1 bioactivatable drugs. The data presented in the 

first half of this dissertation demonstrate that targeting glutamine dependent transamination 

reactions depletes antioxidant defenses in PDA and sensitizes tumors, but not normal tissue, 

to ß-lap-induced programmed necrosis in vitro and in vivo. Downstream of ROS formation, 

another mechanism by which tumors can attenuate ß-lap efficacy is through the repair of 

DNA lesions, specifically through base excision repair (BER).  The latter half of this thesis 

focuses on inhibiting BER in combination with ß-lap as a mechanism to drive PARP1 

hyperactivation and synergistic killing of NQO1-expressing PDA, but not associated normal 

tissue.  
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CHAPTER ONE 
 

Introduction 
 
 

EXPANDING ANTITUMOR THERAPEUTIC WINDOWS BY TARGETING  
 

CANCER-SPECIFIC NADPH BIOGENESIS PATHWAYS 
 

Abstract 

 

NAD(P)H biogenesis is an essential mechanism by which both normal and cancer 

cells maintain redox balance.  While antitumor approaches to treat cancers through elevated 

reactive oxygen species (ROS) are not new ideas, depleting specific NAD(P)H biogenesis 

pathways that control recovery and repair pathways are novel viable approaches for cancer 

therapy.   However, to elicit efficacious therapies exploiting NAD(P)H biogenic pathways, it 

is crucial to understand and specifically define the roles of NAD(P)H biogenesis pathways 

used by cancer cells for survival or recovery from cell stress. It is equally important to select 

NAD(P)H biogenic pathways that are expendable or not utilized in normal tissue to avoid 

unwanted toxicity. Here, we address recent literature that demonstrates specific tumor-

selective NADPH-biogenesis pathways that can be exploited using agents that target specific 

cancer cell pathways normally not utilized in normal cells. Defining NAD(P)H-biogenesis 

profiles of specific cancer types should enable novel strategies to exploit these therapeutic 

windows for increased efficacy against recalcitrant neoplastic disease, such as pancreatic 

cancers.  Accomplishing the goal of using ROS as a weapon against cancer cells will also 

require agents, such as NQO1 bioactive drugs, that selectively induce ROS in cancer cells, 
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but not normal tissue. This chapter will focus on tumor-specific NADPH-biogenesis 

pathways, methods to predict such pathways in different cancer types and a discussion of 

ROS-inducing anti-cancer agents, with an emphasis on NQO1-bioactivatable drugs. 

 

1.1 Introduction 

Reduced nicotinamide adenine dinucleotide phosphate (NADPH) is a necessary 

cofactor for anabolic reactions, such as lipid and nucleic acid synthesis. Additionally, 

NADPH provides reducing power to oxidation-reduction reactions necessary for protecting 

cancer cells against the build-up of reactive oxygen species (ROS) produced during rapid 

cellular proliferation (Schumacker 2006). 

While increased ROS in cancer cells may be an important initiating event in 

carcinogenesis, excessive levels of ROS can be toxic and lead to cell death by causing 

irreversible damage to DNA, lipids and proteins (Behrend, Henderson, and Zwacka 2003, 

Wu 2006, Schumacker 2006). Many chemotherapeutic agents act by inducing excessive ROS 

damage in cancer cells, but lack the ability to differentiate between normal and tumor tissue, 

leading to a narrow therapeutic window (Trachootham, Alexandre, and Huang 2009, Gorrini, 

Harris, and Mak 2013). In addition, some cancers in advanced stages may have become 

resistant to intrinsic oxidative stress and can upregulate canonical antioxidant defenses to 

protect against ROS inducing agents. Reduced glutathione (GSH) and thioredoxin (TRX) are 

essential ROS scavenging molecules in cancer and in normal cells (Fruehauf and Meyskens 

2007). GSH and TRX are necessary for peroxidases, thioreductases and peroxiredoxins to 

detoxify ROS. GSH and TRX rely on continuous reduction from NADPH to sustain their 
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function as ROS scavengers (Fruehauf and Meyskens 2007). Therefore, strategies to inhibit 

NADPH biogenesis may dramatically alter the ROS scavenging abilities of cancer cells and 

sensitize them to oxidative damage. However, to achieve therapeutic selectivity, NADPH 

must be modulated through tumor-specific NADPH-biogenesis pathways that are necessary 

for cancer cells, but expendable in normal cells. To this end, this review attempts to 

characterize cancer-selective alterations in NADPH-biogenesis, define potential therapies 

that exploit these pathways to sensitize cancer to ROS damage and provide a method to 

predict cancer-specific NADPH-biogenesis profiles. We will not focus on pharmacological 

modulation of de novo glutathione and/or thioredoxin pathways, as these topics have been 

comprehensively reviewed elsewhere (Balendiran, Dabur, and Fraser 2004, Traverso et al. 

2013, Mahmood et al. 2013). 

 

1.2 NADPH Biogenesis Pathways in Normal vs Cancer Cells 

1.2.1 Oxidative Pentose Phosphate Pathway 

A key mechanism of NADPH generation in normal cells is through the oxidative arm 

of the pentose phosphate pathway (PPP).  The PPP consists of two phases: the oxidative 

phase and the non-oxidative phase. The non-oxidative phase produces ribose from glucose, 

while the oxidative phase generates two NADPH molecules for every glucose entering the 

pathway (Fig. 1.1) (Kruger and von Schaewen 2003). NADPH produced from the oxidative 

PPP is essential for protection against radical damage arising from mitochondrial respiration, 

ionizing radiation, and various xenobiotic agents (Nathan and Ding 2010). In this pathway, 

glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase 
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(6PGD) reduce NADP+ to NADPH while oxidizing glucose-6-phosphate (G6P) and 

carboxylating 6-phosphogluconate (6PG), respectively (Fig. 1.1) (Tian et al. 1998, Patra and 

Hay 2014). 

Pyruvate kinase (PK) is an essential glycolytic enzyme for conversion of phosphoenol 

pyruvate (PEP) to pyruvate (Fig. 1.1). The M2 isoform of PK (PKM2) is found in many 

cancer cells and self-renewing cells, but is expressed in an inactive state in normal adult 

tissues (Zwerschke et al. 1999). In many human cancers, PKM2 can be inactivated by ROS, 

which diverts glycolytic flux back into the oxidative PPP to generate NADPH and detoxify 

ROS (Fig. 1.1) (Anastasiou et al. 2011). After ROS stress, PKM2 is essential in cancer, but 

not normal, cells to maintain cell viability via redox scavenging, providing a potential 

therapeutic window for ROS-inducing agents (Anastasiou et al. 2011).  PKM2 

overexpression ensures that rapidly proliferating cancer cells create enough NADPH to 

match oxidative metabolism-generating ATP production, protecting the cell from attack by 

oxidative damage (Schneider et al. 2002), (Cerwenka et al. 1999) and (Nathan and Ding 

2010).  

The tumor suppressor, p53, can also regulate flux into the oxidative PPP. During 

genotoxic stress, p53 induces TIGAR (TP53-induced glycolysis and apoptosis regulator), 

which encodes a protein that degrades fructose-2,6-bisphosphate (Fig. 1.1) (Bensaad et al. 

2006). Low fructose-2,6-bisphosphate levels inhibit the activity of phosphofructokinase 1 

(PFK1), a rate-limiting enzyme in glycolysis that leads to shuttling of earlier glycolytic 

metabolites into the oxidative PPP to generate NADPH. Overexpression of TIGAR was 

observed in colon, breast and glioblastoma cancers (Cheung et al. 2013, Sinha et al. 2013, 
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Won et al. 2012). Consistent with the enzyme’s role in redox balance, TIGAR knockdown 

dramatically sensitized glioma cells to ionizing radiation (Pena-Rico et al. 2011). 

In cancers that overexpress PKM2, activating PKM2 with ML202, ML203, or other 

PKM2 activators will block inhibition of PKM2 from ROS-inducing agents and decrease flux 

of glucose through the oxidative PPP, thereby attenuating production of NADPH during 

oxidative damage, thereby sensitizing cancer cells. In contrast, normal cells that have 

inactive PKM2 are not sensitized to ROS-inducing agents (Walsh et al. 2010, Anastasiou et 

al. 2012, Anastasiou et al. 2011). Alternatively, the FDA-approved G6PD inhibitor, 6-

anicotinamide (6-AN), may be utilized in cancers with PKM2 or TIGAR overexpression, 

thus directly inhibiting NADPH production via the oxidative PPP pathway, sensitizing these 

cancers to ROS-inducing agents (Fig. 1.1) (Belfi et al. 1999). The utility of this latter strategy 

needs to be empirically determined as G6PD is also a major NADPH source in normal cells 

as well.  

 

1.2.2 Serine Catabolism 

Serine-driven, one-carbon metabolism has recently been shown to be a major source 

of NADPH in dividing cells (Fan et al. 2014). Serine is metabolized in the cytoplasm or 

mitochondria to methylene-tetrahydrofolate (methylene-THF) by serine 

hydroxymethyltransferase (SHMT) 1 or 2 (cytoplasmic and mitochondrial, respectively), 

which then forms 10-formyl-THF via methylenetetrahydrofolate dehydrogenase (MTHFD) 1 

or 2 (cytoplasmic and mitochondrial, respectively). Flux through MTHFD generates NADPH 

in the cytoplasm or mitochondria. 10-formyl-THF is essential for purine biogenesis and 
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MTHFD’s most important function was thought to solely facilitate purine biosynthesis. 

However, the NADPH generated from this reaction is an integral source of cellular reducing 

power in dividing cells (Fig. 1.2) (Fan et al. 2014).  

Recently, it was reported that this serine catabolism pathway can regulate 

mitochondrial redox control during hypoxia in Myc-driven cancers (Ye et al. 2014). 

Specifically, it was shown that SHMT2 was essential in maintaining mitochondrial NADPH 

and reduced glutathione levels during hypoxia.  SHMT2 expression was transcriptionally 

regulated by coordinate activity of Myc and HIF-1α. Indeed, knockdown of SHMT2 in 

neuroblastoma cell lines significantly decreased growth in vitro under hypoxic conditions, 

and in a xenograft model of neuroblastoma (Fig. 1.2) (Ye et al. 2014). Additionally, the 

authors demonstrated that high SHMT2 levels correlated with a poorer prognostic outcome in 

neuroblastoma patients, providing a clinical context for targeting this pathway. While 

SHMT2 is a source of NADPH in normal dividing cells, inhibiting SHMT2 in normal cells 

should not significantly alter NADPH biogenesis, since normal cells have robust 

compensatory mechanisms for redox balance, unlike cancer cells (Fan et al. 2014). 

In Myc-driven neuroblastoma, inhibiting SHMT2 or MTHFD2 would decrease 

NADPH biogenesis derived from one-carbon serine catabolism. While there are currently no 

known specific inhibitors of SHMT2 or MTHFD2, targeting production of serine’s obligate 

reaction partner, THF, may offer a strategy to decrease NADPH production from serine 

catabolism in a tumor-selective manner. For example, inhibiting dihydrofolate reductase 

(DHFR) with the anti-folate, methotrexate, will decrease THF production, thereby decreasing 

flux through SHMT2 and MTHFD2, and attenuating NADPH levels specifically in cancer 
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cells with elevated SHMT2 expression (Fig. 1.2). Indeed, methotrexate exposure leads to 

cytostasis in overactive inflammatory cells seen in autoimmune diseases by decreasing GSH 

production, presumably due to decreased NADPH biogenesis (Phillips, Woollard, and 

Griffiths 2003, Sung et al. 2000).   Alternatively, the new-generation anti-folate, pemetrexed, 

can also attenuate NADPH production from THF/serine catabolism by inhibiting both 

thymidylate synthase (TS) and DHFR, enzymes essential in THF synthesis (Fig. 1.2) (Adjei 

2004). Utilizing anti-folate drugs in SHMT2 overexpressing cancers in combination with 

ROS-inducing agents may provide a therapeutic window for these agents.  

 

 

1.2.3 Malic Enzymes 

Another source of cellular NADPH is the NADP-dependent family of malic enzymes. 

This family of enzymes catalyzes the oxidative decarboxylation of malate to generate CO2 

and pyruvate, while reducing NAD+ or NADP+ to NADH or NADPH in the process (Fig. 

1.3) (Baggetto 1992). Three isoforms have been identified in mammalian systems: cytosolic 

NADP+ -dependent (ME1), mitochondrial NAD(P)+-dependent (ME2), and mitochondrial 

NADP+ -dependent malic enzyme (ME3) (Pongratz et al. 2007). 

A recent report demonstrated the requisite of the cytosolic malic enzyme (ME1) in 

utilizing glutamine as an upstream metabolite to generate NADPH and to maintain redox 

balance in KRAS-mutated pancreatic ductal adenocarcinomas (PDAC), but not normal 

pancreatic tissue (Fig. 1.3) (Son et al. 2013). The canonical metabolism of glutamine 

generates αKG via the upstream activity of glutamate dehydrogenase (GLUD1) to drive 
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anapleurosis and replenish the TCA cycle (DeBerardinis et al. 2008). However, in KRAS-

mutated PDAC, glutamine flux is primarily driven through mitochondrial aspartate 

transaminase (GOT2) to generate mitochondrial αKG and aspartate from glutamate and 

oxaloacetate (OAA). This aspartate is shuttled to the cytoplasm and then acted on by 

cytosolic aspartate transaminase (GOT1) and is converted back to OAA (Fig. 1.3). OAA is 

then converted to malate by malate-dehydrogenase 1 (MDH1) and then to pyruvate and 

NADPH by ME1 (Fig. 1.3). Depletion of ME1 in these PDAC cancer cells suppressed cell-

line growth and tumor growth in vivo by ROS accumulation from loss of NADPH (Son et al. 

2013). Furthermore, inhibition of these enzymes in normal pancreatic cells did not 

significantly alter NADPH concentrations. Intriguingly, KRAS mutated PDAC were shown 

to dramatically decrease glucose flux into the oxidative PPP, suggesting this non-canonical 

glutamine pathway is compensated for decreased NADPH production from the oxidative PPP 

(Ying et al. 2012). In PDAC with activating KRAS mutations (which is ~90% of all PDAC), 

inhibiting ME1 would decrease the utilization of glutamine for NADPH production 

sensitizing cells to oxidative damage. While there are currently no known ME1 inhibitors, 

inhibiting the upstream utilization of glutamine via glutaminase 1 (GLS1) with BPTES, 

Compound 968, CB-839 or other GLS1 inhibitors would sensitize KRAS-mutated PDAC to 

ROS inducing agents in a tumor specific manner (Fig 1.3) (Elhammali et al. 2014, Shukla et 

al. 2012, Gross et al. 2014). 

A recent report demonstrated that a subset of lung tumors overexpress ME2 relative 

to normal lung tissue. A similar overexpression of ME2 was observed in melanoma vs. 

normal skin, suggesting an important role for ME2 in these cancer types (Ren et al. 2014). 



9 

 

Indeed, when ME2 was knocked down in the A549 lung cancer cell line, the cellular 

NADPH/NADP+ decreased 3-fold compared to non-targeting control, indicative of a pro-

oxidant state in the absence of ME2.  

It was recently shown that ME1 and ME2 are negatively regulated by wild-type p53, 

and that the absence of a functional p53 led to a dramatic upregulation of ME1/2 expression 

(Jiang et al. 2013). Consistent with this finding, the authors demonstrated that ME1/2 were 

essential for NADPH maintenance in the absence of 9unctional p53 (Jiang et al. 2013). In the 

context of cancer, this is an important observation as p53 is a commonly mutated tumor 

suppressor and loss of its function may lead to a cancer cell-specific mechanism of NADPH/-

biogenesis via ME1/2 de-repression.  

 

1.2.4 Isocitrate Dehydrogenases  

NADPH production can also be driven by the conversion of isocitrate to α-

ketoglutarate (αKG) by the NADP+-dependent cytosolic isocitrate dehydrogenase 1 (IDH1) 

and mitochondrial isocitrate dehydrogenase (IDH2) (Nekrutenko et al. 1998) and (Leonardi 

et al. 2012). While NADPH generation has well known roles in reduction of ROS, αKG also 

detoxifies ROS, such as by scavenging H2O2 through non-enzymatic decarboxylation to form 

water and succinate (Mailloux et al. 2009, Fedotcheva, Sokolov, and Kondrashova 2006). 

IDH1 and IDH2 are mutated in approximately 80% of cases of adult glioma and 

secondary glioblastoma, and in 30% of cases of acute myeloid leukemia (AML) (Mardis et 

al. 2009, Ichimura et al. 2009). It was originally believed that these mutants led to enzymatic 

loss of function through dominant-negative inhibition of wild-type IDH 1 and IDH2 (Balss et 
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al. 2008, Ichimura et al. 2009) (Parsons et al. 2008). However, it is now believed that IDH1 

and IDH2 mutants confer these enzymes the ability to convert αKG to the novel 

oncometabolite, 2-hydroxyglutarate (2-HG) (Ward et al. 2010). 

This change causes mutated IDH1 and IDH2 enzymes to consume NADPH instead of 

producing NADPH, altering the cellular redox balance and leading to a pro-oxidant state in 

the cancer cell (Bleeker et al. 2010, Atai et al. 2011). Additionally, overexpression of the 

IDH1 mutant protein in glioma cell lines sensitizes these cells to the ROS-inducing effects of 

ionizing radiation (Li et al. 2013). 

 

Glioma patients with IDH1R132 mutations have prolonged survival compared to 

patients with wild-type IDH1 (Balss et al. 2008, Yan et al. 2009, Bleeker et al. 2010). A 

hypothesis for this observation could be that IDH1 mutants are defective in generating 

protective concentrations of NADPH to maintain reduced glutathione and thus are more 

sensitive to oxidative damage. Thus, glioma or AML patients with the R132 mutation might 

benefit from ROS inducing agents early in the course of treatment. 

 

1.2.5 NAMPT  

NADPH generation can be driven through the NAD+ salvage pathway via 

nicotinamide phosphoribosyltransferase (NAMPT), which catalyzes the transfer of the 

phosphoribosyl group from 5-phosphoribosyl-1-pyrophosphate to nicotinamide, forming 

nicotinamide mononucleotide (NMN), and pyrophosphate (Fig. 1.1) (Garten et al. 2009). 

NAD+ generation can then be coupled with NAD+ kinase (NADK) activity to generate 
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NADP+ that can then be reduced to NADPH through the enzymes discussed above (Fig. 1.1) 

(Ying 2008). 

 

Increased NAMPT expression has been reported in colorectal, non-small cell lung 

(NSCL), prostate and pancreatic cancer (Wang et al. 2011, Srivastava, Khurana, and Sugadev 

2012, Hufton et al. 1999, Bi et al. 2011, Chini et al. 2014). In these contexts, NAMPT has 

been shown to be an important source of reducing equivalents for redox balance within the 

cancer cell (Wang et al. 2011). In fact, knockdown of NAMPT sensitized prostate and head 

and neck cancer cell lines to the ROS induction from ionizing radiation (Cerna et al. 2012, 

Wang et al. 2011, Kato et al. 2010, Okumura et al. 2012). 

 

NAMPT inhibitors are undergoing clinical trials as a single agent therapy, but recent 

results have not been promising (von Heideman et al. 2010). The NAMPT inhibitors, FK866 

and GMX1778, may have the greatest efficacy when combined with ROS-inducing agents 

that take advantage of the pro-oxidant state of NAMPT inhibited tumors. Indeed, pre-clinical 

studies have validated this strategy utilizing GMX1778 to sensitize breast cancer against the 

ROS production from ionizing radiation therapy, FK866 to sensitize prostate cancer against 

H2O2 and FK866 to sensitize neuroblastoma against cisplatin (Cerna et al. 2012, Wang et al. 

2011, Travelli et al. 2011).  To enhance the selectivity of these NAMPT inhibitors, NQO1 

bioactivatable drugs can be used in combination resulting in a specific antitumor activity in 

cancer cells overexpressing NADPH:quinone oxidoreductase 1 (NQO1) (Moore et al. 2015), 

such as in pancreatic, Non-Small Cell Lung, breast, prostate and head and neck cancers. 
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1.3 Predicting tumor-specific NAD(P)H-biogenesis profiles from publically available 

datasets  

Known NAD(P)H-biogenesis pathways can be useful when combined with publically 

available cancer gene expression and patient outcomes data to generate hypotheses for 

tumor-specific NADPH biogenesis profiles.  

Here, we present a conservative set of criteria for determining candidate genes (Fig. 

1.5): 

 

1. Determine if genes of interest are significantly up-regulated in patient 

tumor tissue vs associated normal tissue in two or more independent 

datasets for the cancer type in question. Only genes with p-value< 1x10-4 

in each dataset will be considered for further analyses. 

2. Of the up-regulated genes found in #1, determine which genes 

significantly predict poor outcomes in patients after radiation treatment.  

3. Of the candidates from #2, determine if genes in the same NADPH-

biogenesis pathway as the candidate gene are coordinately up-regulated. 

Only positive correlation values of 0.5 and above will be considered for 

further analysis.  

4. Determine if common oncogenic drivers of the tumor type in question 

drive genes from #3. 
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Utilizing these criteria, we attempted to assess the NADPH-biogenesis profile of 

NSCLC. Using the Oncomine webtool (www.oncomine.com) we first determined which 

NADPH-biogenesis related genes were overexpressed in NSCLC tissue vs associated normal 

tissue from patient samples. To ensure robustness of our results, a gene was only considered 

a potential hit if it was found to be up-regulated in two or more datasets with a p-value 

<1x10-4 in each dataset. This narrowed our initial list of 10 genes down to 4 potential genes 

(Fig. 1.6 and 1.7A). Next, to determine if our potential targets were clinically relevant in the 

context of ROS-inducing therapy, we used the KMPLOT software and stratified NSCLC 

patients into high and low expressers of our genes of interest and compared overall survival 

outcomes between these groups after radiation therapy (Fig. 1.7A and 1.8C) (Gyorffy et al. 

2013).  

 

From this analysis, we selected genes whose high expression in NSCLC patients led 

to significantly decreased survival after radiation therapy, suggesting that these genes may 

confer tumor protection from radiation-induced ROS, presumably through enhanced NADPH 

biogenesis (Diehn et al. 2009). Using this cutoff, we were able to narrow down our gene list 

to PKM2, which regulates NADPH biogenesis via the oxidative PPP, and MTHFD2, which 

generates NADPH from serine catabolism (Fig. 1.7B). We next wanted to determine if these 

genes were coordinately up-regulated with other enzymes in their respective NADPH 

biogenesis pathways. Utilizing the R2 Genomics Analysis platform’s (r2.amc.nl) co-

expression analysis feature in NSCLC patient samples, we found that G6PD was 

coordinately up-regulated with PKM2 in patient samples with a correlation value of 0.26 and 
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that TS and SHMT2 were co-expressed with MTHFD2 with correlation values of 0.63 and 

0.64, respectively (Fig. 1.7B and 1.8D). Given that we defined our correlation cutoff at 0.5 

and above, we considered MTHFD2 as our top candidate for NSCLC (Fig. 1.7B and 1.8D).  

Next, we wanted to determine if mutant-KRAS, the most common oncogenic driver 

in NSCLC (Roberts and Stinchcombe 2013), might regulate MTHFD2, as this might give us 

insight into regulatory mechanisms of MTHFD2 and additional therapeutic targets. For this 

we utilized publically available gene expression datasets from the NCBI Gene Expression 

Omnibus (GEO). To determine if mutant-KRAS regulates MTHFD2, we analyzed mRNA 

expression-profiling data from a transgenic mouse model of NSCLC expressing doxycycline-

inducible KRASG12D in the respiratory epithelium (GSE40606) (Fisher et al. 2001). When fed 

doxycycline, the mice develop lung tumors that are dependent on constitutive KRASG12D 

expression. Within 48 h of doxycycline withdrawal, KRASG12D expression was extinguished 

and whole-genome gene expression analyses of lung tumors were performed. Expression 

levels of MTHFD2 were significantly up-regulated when KRASG12D was induced vs 48 h 

after KRAS extinction with doxycycline withdrawal, indicating a positive regulatory role for 

mutant-KRAS in MTHDF2 expression (Fig. 1.7C and 1.8E).  

If this hypothesis is validated through RNAi and redox balance studies, this may 

suggest that utilization of serine catabolism inhibitors such as methotrexate or pemetrexed 

may provide an effective therapeutic strategy to target NADPH-biogenesis specifically in 

KRAS-mutated NSCLC. This analysis also reveals that more than one NADPH-biogenesis 

pathway may also be regulating NADPH as observed from the PKM2 data. However, 
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validation experiments will need to be conducted to determine which pathway predominates 

in NSCLC.  

 

1.4 Modulating NAD(P)H-biogenesis as a mechanism to potentiate NQO1-bioactivatble 

drugs  

To exploit these metabolic vulnerabilities with ROS-inducing agents in a tumor 

specific manner, we believe that NQO1-bioactivatable drugs represent an ideal class of 

agents to combine with the aforementioned inhibitors. NQO1 is an inducible phase II 

detoxifying enzyme overexpressed in breast, lung, pancreatic and colon cancers and is 

capable of reducing quinones by forming stable hydroquinones of the parent quinone(Cao et 

al. 2014, Awadallah et al. 2008). ß-lapachone (ß-lap, in clinical trials as ARQ761), IB-DNQ 

and other NQO1-bioactivatable drugs are unique quinones that are metabolized by NQO1 

into an unstable hydroquinone that spontaneously oxidizes back to the parental compound, 

generating a futile redox cycle in which one mole of ß-lap generates ~120 moles of 

superoxide within two minutes, consuming >60 moles of NAD(P)H (Bey et al. 2013a, Pink, 

Wuerzberger-Davis, et al. 2000).  The superoxide (O2
.-) radicals formed are quickly 

metabolized by superoxide dismutase (SOD) into hydrogen peroxide (H2O2) (Tagliarino et al. 

2001, Bey et al. 2013a). This H2O2 pool leads to extensive oxidative DNA damage that 

hyperactivates poly(ADP-ribosyl) polymerase 1 (PARP1) resulting in a dramatic loss of the 

intracellular NAD+/ATP pools, leading to DNA repair inhibition (Bentle et al. 2007, 

Boothman, Greer, and Pardee 1987, Boothman, Trask, and Pardee 1989) and caspase-

independent apoptosis (Bey et al. 2013a). Cancer cells with >100 units of NQO1 enzyme 
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activity are sensitive to ß-lap toxicity, while normal tissues that lack, or express low levels of, 

NQO1 are spared (Li et al. 2011). While this class of drugs represents an attractive anti-

tumor strategy, dose-limiting methemaglobinemia caused by non-specific ROS generation at 

high ß-lap doses may limit the efficacy of ß-lap in monotherapy (L. P. Hartner LR 2007).  

Strategies for increasing cancer cell cytotoxicity while maintaining NQO1 specificity could 

greatly enhance the feasibility of ß-lap for use in solid cancers that overexpress NQO1. In 

this context, tumor specific NADPH pathways limit the efficacy of this class of drugs by 

producing anti-oxidants that can suppress ROS generation from NQO1-treated cells. To this 

end, we believe that combining ß-lap with agents targeting cancer-specific NADPH pathways 

that are under clinical investigation, such as FK866, CB-839, 6-AN, pemetrexed and 

methotrexate, may expand the therapeutic window for this class of drugs in the clinic.  

 

1.5 Part 1 Conclusion  

Rapidly proliferating cells, such as cancer cells, require NADPH for macromolecular 

biosynthesis and redox balance. However, given this dual role, when cellular NADPH 

demand is high, as in proliferation, minor alterations in NADPH production for lipid and 

nucleotide biosynthesis threaten the maintenance of cellular redox balance (Vander Heiden, 

Cantley, and Thompson 2009). Thus, cancer cells need to tightly regulate NADPH 

biogenesis to protect against oxidative damage. To sustain protective levels of NADPH, 

cancer cells rely on various NADPH biogenesis pathways such as the oxidative PPP, serine 

catabolism, glutamine metabolism and NAD+ salvage pathways (Fig. 1.1,1.2, 1.3). Strategies 

to inhibit NADPH biogenesis may dramatically alter the ROS scavenging abilities of cancer 
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cells and sensitize them to oxidative damage. However, to achieve therapeutic selectivity, 

NADPH must be modulated through tumor specific NADPH-biogenesis pathways that are 

necessary for cancer cells but are expendable in normal cells. Thus, by rigorously studying 

these unique pathways in the context of a specific cancer, we will be able to create novel 

therapeutic strategies that exploit the ROS balances of tumor tissue while sparing normal 

tissue in the process. Here we have summarized the current understanding of known cancer-

specific NADPH-biogenesis pathways, drugs to specifically target these pathways, and an 

example of using publically available databases to predict cancer-type specific NADPH-

biogenesis genes. It is our belief that studying these pathways and comprehensively profiling 

tumors based on this understanding will be an essential step forward in designing cancer-

specific ROS combination therapies, such as the use of NQO1-bioactivatable drugs.  
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Figure 1.1 NAD+ salvage pathway and oxidative pentose phosphate pathway 
 
Oxidative PPP highlighting usage of glucose to generate NADPH via glucose-6-phosphate 
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD). G6PD is inhibited 
by the FDA approved, 6-aminoactinomide (6-AN). NADP+ is generated through the NAD+ 
salvage pathway in which nicotinamide is converted to nicotinamide mononucleotide (NMN) 
via NAMPT, which is eventually converted to NADP+ by NAD+ -kinase (NADK). FK866 
and GMX1778 can inhibit NAMPT to block the production of NADP+ and therefore 
NADPH. In the face of ROS stress, p53 positively regulates TP53-induced glycolysis and 
apoptosis regulator (TIGAR) to shunt glycolytic flux into the oxidative PPP. Pyruvate kinase 
2 (PKM2), which is overexpressed in many cancers, is inhibited in the presence of ROS, 
allowing glycolytic flux to be shuttled into the oxidative PPP for NADPH generation. The 
small molecule compounds ML-202/203/265 can positively modulate PKM2, thereby 
decreasing glycolytic flux into the oxidative PPP and blunting NADPH-biogenesis in the face 
of ROS.  
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Figure 1.2 One-carbon serine catabolism pathway 
 
Mitochondrial one-carbon serine metabolism pathway highlighting production of NADPH 
from serine and folic acid through mitochondrial methylene tetrahydrofolate dehydrogenase 
(MTHFD2). Tetrahydrofolate (THF) is produced from dihydrofolate (DHF) via folic acid 
through the enzyme dihydrofolate reductase (DHFR), which is inhibited by both pemetrexed 
(PEM) and methotrexate (MTX). Additionally DHF can be generated from deoxyuridine 
monophosphate (dUMP) via thymidylate synthase (TS), which is also inhibited by PEM. 
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Figure 1.3 Kras-reprogrammed glutamine metabolism 
 
In KRAS-mutant pancreatic cancer, mitochondrial glutamine flux is reprogrammed to 
predominantly flux through mitochondrial aspartate transaminase (GOT2) instead of the 
canonical glutamate dehydrogenase 1 (GLUD1). The aspartate (Asp) produced from this 
reaction is shuttled to the cytoplasm to eventually produce pyruvate and NADPH from 
malate via cytosolic malic enzyme (ME1). TCA cycle derived malate can also produce 
NADPH from mitochondrial malic enzyme (ME2). Wild-type p53 inhibits both ME1 and 
ME2. BPTES and CB-839 are non-competitive small molecule inhibitors of mitochondrial 
glutaminase 1 (GLS1). G6P = glucose-6-phosphate; 6PG = 6-phosphogluconate; R5P = 
ribulose-5-phosphate F16BP = fructose-1,6-bisphosphate; PEP = phosophoenolpyruvate; 
GLS1 = glutaminase 1; MDH1 = malate dehydrogenase 1; GOT1 = cytosolic aspartate 
transaminase. 
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Figure 1.4 Agents targeting NADPH-biogenesis 
 
 

 
  

Agent NADPH Pathway Targeted Specificity Status Ref 
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Figure 1.5 Screen Setup 
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Figure 1.6 Cancer specific NADPH-biogenesis screen  
 
Overexpression status of NADPH-biogenesis genes of interest assessed using Oncomine in 
NSCLC patients. Datasets used are described (Landi et al. 2008, Hou et al. 2010, Talbot et al. 
2005). 
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Figure 1.7 Cancer specific NADPH-biogenesis screen continued 
 
(A) Prognosis after radiation therapy in NSCLC patients. Dataset used is described (Gyorffy 
et al. 2013) (B) Correlation of genes of interest with upstream NADPH-biogenesis pathway 
members (C) Mutant KRAS-dependence of MTHFD2 in mouse model of NSCLC. 
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Figure 1.8 Screen results for MTHFD2 in NSCLC patients 
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CHAPTER TWO 
 
 

MATERIALS AND METHODS 

 
2.1 AP-site detection 

AP sites measured by aldehyde reactive probe. AP site assay was done with aldehyde 

reactive probe reagent (Dojindo Molecular Technologies, Inc., Gaithersburg, MD) as 

previously described (20). Briefly, DNA (15 µg) extracted from cells with or without drug 

treatment was incubated with 1 mmol/L aldehyde reactive probe at 37°C for 10 min. After 

precipitation with 100% ethanol, DNA was washed and resuspended in Tris-EDTA buffer 

[10 mmol/L Tris-HCl, 1 mmol/L EDTA (pH 7.2)]. DNA was heat denatured at 100°C for 5 

min, quickly chilled on ice, and mixed with an equal amount of ammonium acetate (2 

mol/L). The ssDNA was then immobilized on a BAS-85 NC membrane (Schleicher & 

Schuell, Dassel, Germany) using a vacuum filter device (Schleicher & Schuell). The NC 

membrane was incubated with streptavidin-conjugated horseradish peroxidase (BioGenix, 

San Ramon, CA) at room temperature for 30 min. After NC membrane was rinsed with 

washing buffer containing NaCl (0.26 M), EDTA (1 mmol/L), Tris-HCl (20 mmol/L), and 

Tween 20 (1%), aldehyde reactive probe-AP sites were visualized with enhanced 

chemiluminescence reagents (Amersham). 

 

2.2 Chemicals and Reagents 
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We synthesized and purified ß-lap and prepared a stock solution at 50 mM in DMSO. 

Methoxyamine, dicoumarol, rucaparib and BAPTA-AM were purchased from Sigma-Aldrich 

(St Louis, MO).  

 

Cell Culture  

Cell lines were obtained from ATCC. They were grown in DMEM (Life Technologies, 

Carlsbad, CA) containing 10% FBS (Fisher Scientific, Waltham, MA) in a 37° incubator 

with 5% CO2. Cells were tested monthly to confirm absence of mycoplasma contamination. 

Lipofectamine RNAiMAX (Life Technologies) was used for siRNA transfections. Cells were 

transfected with one of two siRNAs purchased from Sigma-Aldrich to target OGG1 (OGG1 

#1: SASI_Hs02_00340191, OGG1 #2: SASI_Hs02_00340192), or a non-targeting control 

siRNA). After 48 h of incubation with RNAiMax and siRNA in OptiMEM (Life 

Technologies), cells were detached with trypsin/EDTA (Life Technologies) and seeded for 

treatment assays or lysed for analysis of knockdown efficiency. For combination drug 

treatments, cells were co-treated with ß-lap and 12 mM MeOX for 2 h in complete media. 

Two h after treatment, the drug-containing media was removed and replaced with fresh 

media.  

 

Clonogenicity 

After ß-lap, MeOX, or combination treatment at 60% confluency, cells were trypsinized, 

counted with a Coulter Counter, and diluted in single cell suspension. Cells were then seeded 

at 100, 500, or 1000 cells per plate on 60mm plates and allowed to proliferate for seven days. 
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Plates were washed in PBS and cells were fixed and dyed with methanol/crystal violet. 

Colonies of fifty or more cells with normal appearance were counted and results were 

normalized to the colonies formed without drug treatment.  

 

Nucleotide Assays 

CellTiter-Glo (Promega, Madison, WI) was used for cell viability assays (24 h after 

treatment) and ATP assays (at indicated time points during or after ß-lap treatment) 

NAD/NADH-Glo assay was also purchased from Promega. CellROX 

Green was obtained from Life Technologies. Unless otherwise noted, all raw luminescent 

values for treatment conditions were normalized to the signal from untreated cells (T/C). 

Standard curves were generated to ensure linearity.   

 

Immunoblotting 

Cells were lysed in ice-cold RIPA with protease and phosphatase inhibitors (Santa Cruz, 

Dallas, TX). Whole-cell extracts were prepared by centrifugation at 14,000 x g for 15 min. to 

remove insoluble components. Protein concentration was determined by BCA assay (Thermo 

Scientific, Waltham, MA) and loading volume was normalized. Extracts were run on 8% or 

4-20% (Bio-Rad, Hercules, CA) gradient acrylamide SDS-PAGE gels and transferred to 

PVDF membrane. Primary antibodies for protein detection included: phospho-H2A.X 

(JBW301, Millipore, Billerica, MA), PARP1 (F-2, Santa Cruz), PAR (Trevigen, 

Gaithersburg, MD), Actin (C-2, Santa Cruz), XRCC1 (mouse monoclonal, Abcam, 

Cambridge, UK), small subunit calpain (EPR3324, Abcam). Primary hybridization was 
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carried out in Sigma casein blocking buffer at 4° overnight. Secondary HRP conjugated 

antibodies were incubated for 1 h at room temperature, followed by detection with 

SuperSignal West Pico (Thermo Scientific). Bands were quantified by mean intensity in 

ImageJ and normalized to the actin band intensity to control for loading variation. 

 

 

 

Glucose consumption and lactate production 

Cells were co-treated with ß-lap and methoxyamine for 2 h in complete media. After co-

treatment, media was replaced with low glucose, phenol free DMEM (Invitrogen) with 5% 

FBS and collected at indicated times for analysis with a BioProfile Automated Analyzer 

(Nova Biomedical, MA).  

 

Flow Cytometry 

For TUNEL analysis, cells were co-treated with ß-lap and MeOX for 2 h. Drug-containing 

media was removed and cells were incubated in fresh complete media for 48 h. Cells were 

trypsinized, and both adherent and floating cells were collected and washed in 1% BSA in 

PBS. After fixing cells in 70% ethanol, cells were washed and resuspended in BSA/PBS 

buffer containing propidium iodine and saponin. Cells were analyzed on a FACSAria (BD 

Biosciences, San Jose, CA) and cell cycle distribution was calculated in FlowJo.  

 

Mouse tumor studies 
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Nu/Nu nude mice were obtained commercially (Harlan). Subcutaneous tumors were 

generated by injecting 2 × 106 MiaPaca2 cells subcutaneously in 50 µL PBS/Matrigel into 6-

week-old Nu/Nu mice. Tumors were measured at the indicated times with digital calipers 

(Fisher Scientific), and tumor volumes were calculated (length × width2 × 0.5). Treatment 

was initiated when the subcutaneous tumors reached an average size of 100 mm3. Mice were 

treated with MeOX by IP, ARQ761 by IV (retro-orbital) or both or with vehicle (HPßCD; 

1:9, v/v; Sigma-Aldrich) as control. The treatment regimen consisted of a total of 5 doses of 

drug given every other day. Mice bearing subcutaneous tumors were treated with 150 mg/kg 

MeOX and/or 25 mg/kg ARQ761. Mice bearing subcutaneous tumors were sacrificed when 

tumors reached 2,000 mm3. Mice were weighed 3 times per week during the drug-treatment 

period and afterward. All animal studies were performed under protocols approved by the 

Institutional Animal Care and Use Committee of UT Southwestern Medical Center. 

 

Statistics  

Unless otherwise noted, graphs are plotted as mean with error bars denoting standard 

deviation. Curve fitting and calculation of IC50 values, ANOVA, and two-tailed Student t-

tests for statistical significance with Holm/Sidak multiple comparison correction were 

performed in GraphPad Prism 6. 
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CHAPTER THREE 
 
 
 
 
 

TARGETING GLUTAMINE METABOLISM SENSITIZES PANCREATIC CANCER 

TO PARP1-DEPENDENT METABOLIC CATASTROPHE INDUCED  

BY ß-LAPACHONE 

 
Abstract 

Activating mutations in KRAS, which occur in 95% of pancreatic ductal adenocarcinoma 

(PDA), have been shown to activate a glutamine-dependent pathway of cytosolic NADPH 

production for redox homeostasis.   Enzymes required for this pathway (GLS1, GOT1 and 

GOT2) are highly upregulated in PDA with a high GOT:GLUD1 ratio being a predictor of 

poor survival in PDA patients. Although inhibiting this pathway with GLS1 inhibitors is an 

emerging therapeutic strategy, such approaches alone will be cytostatic, provide a narrow 

therapeutic window and lack durable benefit in controlling advanced disease. Here, we report 

that reducing NADPH pools by genetically or pharmacologically (BPTES or CB-839) 

inhibiting glutamine metabolism in mutant-KRAS PDA sensitizes tumors to high levels of 

reactive oxygen species (ROS) from the futile redox cycling of the NQO1 bioactivatable 

drug, ß-lapachone (ß-lap, clinical form ARQ761). This results in extensive DNA damage and 

rapid PARP1-mediated NAD+ consumption in NQO1 overexpressing PDA tumors, but not in 

NQO1 deficient associated normal pancreatic tissue. This treatment strategy simultaneously 

decreases tumor anti-oxidant defenses and induces supra-physiological ROS formation, 



32 

 

lowering required doses of both agents in vitro and in vivo. The non-overlapping specificities 

of GLS1 inhibitors and ß-lap for PDA tumors afford high tumor-selectivity, while sparing 

normal tissue.  

 

3.1 Introduction  

Pancreatic ductal adenocarcinoma (PDA) is a recalcitrant cancer in which patients have <6% 

5-year survival rates. Mortality from this disease is predicted to be the second leading cause 

of cancer-related death by 2020 (Hidalgo 2010). PDAs are highly resistant to conventional 

chemotherapies (Hidalgo 2010), and activating mutations in KRAS are present in >95% of all 

cases (Bryant et al. 2014).  An emerging therapeutic approach is to target PDA’s altered 

metabolism (Bryant et al. 2014, Kong et al. 2013, Lyssiotis et al. 2013, Kamphorst et al. 

2015). PDA cells generate the bulk of the ribose used for de novo nucleotide biosynthesis 

through the non-oxidative arm of the pentose phosphate pathway (Ying et al. 2012). This 

KRAS-driven reprogramming of glucose metabolism bypasses the NADPH-generating 

oxidative arm. To compensate for this decoupling, PDAs utilize glutamine through GLS1 

(mitochondrial glutaminase), GOT2 (mitochondrial glutamic-oxaloacetic transaminase 2) and 

GOT1 (cytoplasmic glutamic-oxaloacetic transaminase 1) to support cellular redox balance 

(NADPH and GSH biogenesis) in the face of rapid proliferation and growth (S3.2B) (Bryant 

et al. 2014, Son et al. 2013, Shanware et al. 2011). This is in contrast to the metabolism of 

glutamine through GLUD1 (glutamate dehydrogenase 1) to supply a carbon backbone for the 

TCA cycle. In an attempt to leverage increased tumor-cell reliance on glutamine, small 

molecule inhibitors of GLS1 were developed (e.g., BPTES, CB-839, Compound 968) 
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(Shukla et al. 2012, Gross et al. 2014, Stalnecker et al. 2015). GLS1 catalyzes the conversion 

of glutamine to glutamate, the substrate for GOT2 and a necessary metabolite for 

NADPH/GSH biogenesis in PDA (Son et al. 2013). Importantly, inhibitors of GLS1 have 

relatively minor effects on tumor growth in preclinical cancer models, are cytostatic, drive 

compensatory metabolic resistance pathways in the tumor and may result in systemic 

toxicities (Emadi et al. 2014, Zhdanov et al. 2014, Le et al. 2012, Seltzer et al. 2010, Cheng 

et al. 2011).  

 

To increase the specificity and efficacy of GLS1 inhibition in PDA, we combined BPTES or 

CB-839 with ß-lapachone (ß-lap), a targeted cancer therapeutic that causes tumor-selective 

reactive oxygen species (ROS) formation in an NADPH:quinone oxidoreductase 1 (NQO1)-

specific manner (Bey et al. 2007). ß-Lap is a substrate for two-electron oxidoreduction by 

NQO1, a Phase II quinone-detoxifying enzyme. The resulting hydroquinone form of ß-lap is 

highly unstable and spontaneously reacts with oxygen to revert back to the parent compound, 

generating two moles of superoxide per mole NAD(P)H used in the process (Bey et al. 

2007).  

 

This results in a futile cycle that occurs rapidly in NQO1-overexpressing cells, resulting in 

massive ROS formation, oxidative DNA damage and single-strand DNA breaks resulting 

from H2O2 generated from the futile redox cycle. In an attempt to repair this damage, PARP1 

becomes hyperactivated, generating extensive free branched poly(ADP ribose) (PAR) 

polymer levels. Hyperactivated PARP1 substantially depletes intracellular pools of NAD+ 
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and adenosine triphosphate (ATP), thereby inhibiting subsequent repair of ß-lap-induced 

DNA lesions. NQO1 is highly expressed in many types of cancer, and the therapeutic 

window provided by NQO1 bioactivation of ß-lap has advanced its use to phase I and Ib 

clinical trials (ARQ761) (L. P. Hartner LR 2007). Elevated NQO1 expression (≥10-fold) has 

been identified in ~90% of patient tissue from pancreatic ductal adenocarcinoma (PDA), 

making pancreatic cancer an especially appealing target for therapy using NQO1 

bioactivatable drugs, such as ß-lap (Awadallah et al. 2008, Bey et al. 2007, Lyn-Cook et al. 

2006, Lewis et al. 2005). 

 

Unfortunately, dose-limiting methemoglobinemia caused by nonspecific ROS generation at 

high ß-lap doses somewhat limits the efficacy of ß-lap as monotherapy (L. P. Hartner LR 

2007). Strategies for increasing cancer cell cytotoxicity, while maintaining NQO1-specificity 

could further enhance efficacy of ß-lap for therapy against PDAs.  

 

ß-Lap and GLS1 inhibition have distinct, but highly complementary mechanisms of action. 

ß-Lap induces tumor-selective ROS generation specifically in PDA cells that express high 

levels of NQO1. GLS1 inhibition primes PDA cancer cells for cell death by lowering anti-

oxidant pools derived from glutamine, sensitizing the cell to ROS damage. Here, we show 

using an in vivo pre-clinical model of PDA that the increased dependence of PDA cells on 

glutamine is specifically targeted by exposure to both drugs. Use of ß-lap with GLS1 

inhibitors results in synergistic NQO1- and PARP1-dependent cancer cell death, allowing use 

of lower doses and shorter treatment times for both agents.  



35 

 

 

3.2 Results 

Inhibiting glutamine metabolism sensitizes PDA to ß-lap.  

Genes necessary for glutamine metabolism, GLS1, GOT1/2, and ME1 were significantly 

upregulated in PDA compared to 17 other cancers in addition to NQO1 (Fig. 3.1A) (Son et 

al. 2013). This was apparent in both cell lines and tumor samples. However, GLUD1 was not 

upregulated in PDA relative to other cancer types (Fig. 3.1A). Additionally, glutamine 

metabolic enzymes, NQO1, and GLUD1 were found to be significantly upregulated in PDA 

relative to normal pancreatic tissue (Fig. 3.1A). To determine the clinical relevance 

associated with the PDA glutamine metabolic pathway relative to other enzymes in 

glutamine metabolism, we evaluated the association of individual gene expression levels with 

overall survival in the data set that contained clinical follow-up information (Zhang et al. 

2012). Kaplan-Meier analysis did not show a significant difference in outcome when patients 

were separated into high and low expression levels of the respective genes of interest (data 

not shown). However, when GOT1 and GOT2 were normalized to GLUD1 expression, we 

found that a high GOT1:GLUD1 or GOT2:GLUD1 ratio was significantly associated with 

poor outcome (Fig. 13.B and SF3.1B). These data suggest that gene expression of 

transamination enzymes are generally elevated in PDA and have prognostic and functional 

significance relative to expression of GLUD1.  

 

Given the reliance of glutamine metabolism for redox balance in PDA, we hypothesized that 

glutamine deprivation of NQO1-overexpressing PDA cells would sensitize them to 
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subsequent ß-lap exposure by lowering the cell’s anti-oxidant defenses, thereby increasing 

NQO1-induced ROS damage. MiaPaca2 cells were grown in Gln-free or Gln-containing (2 

mM) media for 16 h, then exposed to ß-lap for 2 h. Short-term Gln deprivation did not 

significantly alter clonogenic survival on its own (Fig. 3.1C), but did sensitize MiaPaca2 

cells to ß-lap, at normally sub-lethal and higher doses of the drug (Fig. 3.1C). To confirm 

these results, we repeated this experiment in 5 other PDA cell lines: ASPC1, MPanc96, 

HPAFII, SW1990 and DAN-G (Fig. 1D-H). Additionally, we demonstrated that the observed 

cytotoxicity was NQO1-dependent, as addition of the potent NQO1 inhibitor, dicoumarol 

(DIC), spared cells from lethality (Cao et al. 2014, Bey et al. 2013a, Bey et al. 2013b).  

 

Next, RNAi-mediated knockdown of glutamine metabolism enzymes (Fig. 3.1I) revealed that 

knockdown of genes associated with glutamine transamination, GLS1, GOT1 and ME1 

dramatically sensitized MiaPaca2 and ASPC1 PDA cell lines to ß-lap relative to the non-

targeting control (siScr) (Fig. 3.1J,K). Intriguingly, knockdown of GLUD1, had no effect on 

ß-lap sensitivity (Fig. 3.1K). Sensitization of ß-lap-treated MiaPaca2 cells by GLS1 

knockdown was rescued by replenishing metabolic substrates for glutamine transamination: 

oxaloacetate (OAA), the product of GOT1 or cell-permeable dimethyl malate the substrate 

for ME1 (Fig. 3.1L,M). These data indicate that PDA cells have an increased reliance on 

glutamine in the presence of ß-lap-induced ROS stress. 

 

 

GLS1 inhibition by BPTES sensitizes PDA to ß-lap in an NQO1-dependent manner.  
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To pharmacologically mimic ß-lap sensitization to transamination inhibition, MiaPaca2 cells 

were treated with a sublethal dose of the mitochondrial GLS1 inhibitor, BPTES (500 nM, 48 

h Fig. 3.2A), and then exposed to various doses of ß-lap (µM, 2 h), ± DIC (Fig. 3.2B).  While 

BPTES delayed growth of MiaPaca2 cells at nanomolar concentrations with 72 h treatment, 

48 h pretreatment had no effect on cell viability (SF3.2A). BPTES pretreatment in 

combination with ß-lap significantly reduced clonogenic survival vs ß-lap alone, while 

addition of DIC spared the lethality (Fig. 3.2B). To confirm that our results were due to 

transamination inhibition and not a general inhibition of all cellular glutamine metabolism, 

we pre-treated MiaPaca2 cells with epigallocatechin gallate (EGCG), an inhibitor of GLUD1 

(Choo et al. 2010) for 48 h and then exposed them to ß-lap. Consistent with our RNAi studies 

(Fig. 3.1K), we found that GLUD1 inhibition by EGCG had no effect on ß-lap sensitivity 

(Fig. 3.2C). Furthermore, normal human IMR-90 embryonic lung fibroblasts, which have 

low NQO1 levels (Bey et al. 2013b) were not affected by ß-lap, with or without BPTES 

treatments (Fig. 3.2D). Replenishing the NADPH-producing transamination pathway with 

the addition of OAA or dimethyl-malate rescued BPTES-dependent hypersensitivity to ß-lap 

in MiaPaca2, ASPC1 and HPAFII PDA cells (Fig. 3.2E).  

 

Given recent literature that suggests mutant KRAS reprograms glutamine metabolism to drive 

transamination (Fig. SF3.2B) (Bryant et al. 2014, Son et al. 2013), we wanted to determine if 

other mutant KRAS cancer types were sensitive to this pharmacological combination strategy. 

BPTES pretreatment sensitized a variety of NQO1-expressing, KRAS mutant cancer cell lines 

to ß-lap, including lung, triple-negative breast, and additional pancreatic cancer cell lines. 
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NQO1-deficient KRAS mutant lines remained resistant to ß-lap, whether or not BPTES was 

added (Fig. 3.2F). However, pretreatment with 500nM BPTES for 48 h did not increase the 

sensitivities of ß-lap-responsive NQO1-expressing, KRAS wild-type lung, breast and 

pancreatic cancer cell lines, consistent with reported literature (Saqcena et al. 2014, Son et al. 

2013) 

  

 

 

GLS1 inhibition attenuates antioxidant defenses and increases susceptibility to ß-lap-

induced DNA damage.  

We observed a dose-dependent increase in NADP+/NADPH ratios, a proxy for the cell’s 

oxidative state, in MiaPaca2 cells exposed to ß-lap alone, reaching 4-fold higher levels 

versus baseline NADP+/NADPH ratios found in untreated cells (Fig. 3.3A). BPTES 

pretreatment (500 nM, 48 h) significantly lowered reduced-glutathione (GSH) levels >2-fold 

in MiaPaca2 cells compared to DMSO vehicle alone (SF3.3A). With BPTES pretreatment, 

we noted a 7-fold increase in NADP+/NADPH ratios in ß-lap-exposed cells vs baseline level 

in untreated MiaPaca2 cells (Fig. 3.3A), an ~2-fold higher level than in cells exposed to ß-lap 

alone. Extracellular H2O2 production was dramatically increased after BPTES + ß-lap 

treatment in a time- and dose-dependent manner (Fig. 3.3B, SF3.3B). We observed a 

decrease in the minimum time to death for ß-lap-induced lethality in MiaPaca2 with BPTES 

pretreatment in line with H2O2 productions kinetics  (Fig. 3.3C).  The antioxidant reduced 

diethyl-ester GSH dramatically rescued clonogenic survival of ß-lap-exposed MiaPaca2, 
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ASPC1, HPAFII and MPanc96 cells after 48 h pre-treatment with BPTES  + 2 h ß-lap (Fig. 

3.3D). Pre-treatment with  BPTES  followed by exposure to ß-lap synergistically increased 

total DNA lesions in ASPC1 assessed using alkaline comet assay immediately after 2 h 

treatment and DNA double strand break formation in MiaPaca2 cells as monitored by 53BP1 

foci formation 24 h after treatment (Fig. 3.3E,F,G). Pre-treatment with BPTES followed by 

treatment with ß-lap dramatically increased PARP1 hyperactivation noted by concomitant 

NAD+ depletion and PAR formation, which was blocked with the addition of the PARP1 

inhibitor, Rucaparib (AG014699), in MiaPaca2 cells compared to either treatment alone (Fig. 

3.3H,I). These data indicate that PDA cells become reliant on glutamine to supply the 

transamination pathway as a mechanism to generate NADPH and glutathione, protect cells 

from ß-lap-induced DNA damage, and prevent PARP1-driven metabolic catastrophe. 

 

GLS1 inhibition sensitizes pancreatic cancer to ß-lap in vivo.  

To determine whether pharmacologic inhibition of GLS1 in combination with ß-lap would 

lead to synergistic inhibition of PDA tumor growth in vivo, we utilized the clinical 

formulation of ß-lap (ARQ761), HPßCD-ß-lap, and the orally available GLS1 inhibitor, CB-

839, manufactured by Calithera Biosciences. Both of these compounds are in separate 

PhaseI/II clinical trials for a variety of cancer types (NCT01502800, NCT02071862, 

NCT02071888 and NCT02071927) (Gross et al. 2014). We switched from BPTES to CB-

839 due to BPTES’s poor metabolic stability and low solubility in vivo, problems that have 

been overcome with CB-839 (Gross et al. 2014). We confirmed that CB-839 pre-treatment 

also sensitized PDA cell lines in vitro to ß-lap similar to BPTES in the MiaPaca2 and ASPC1 
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lines (Fig. 4.4A).  We generated subcutaneous tumors from human MiaPaca2 cells injected 

into the right hind limb in Nu/Nu female athymic mice and allowed the tumors to grow to a 

volume of 100 mm3 before beginning treatment. Mice were sacrificed when tumor volumes 

reached 1,000 mm3. 

 

Animals received either vehicle (HPßCD) or CB-839 (200 mg/kg) by oral gavage twice a day 

for 10 days, with or without a sub-efficacious dose of ß-lap (25 mg/kg) administrated 

intravenously (IV) every other day (Fig. 4.4B, arrows) (Li et al. 2011). After only one 

regimen of treatment (10 days), we found that animals treated with CB-839 + ß-lap displayed 

significantly delayed tumor growth compared to either agent alone through day 60. 

Importantly, we noted that neither CB-839 (200mg/kg) nor ß-lap (25 mg/kg) administered 

alone significantly altered tumor growth (Fig. 4.4B). Additionally, combination treatment did 

not decrease mouse weights when compared to vehicle treated mice (Fig. SF4.4A).  

 

Mice were sacrificed when their original body weight dropped by one third, tumor volume 

exceeded 1000 mm3 or when tumors began to ulcerate or impede normal motion as per 

IACUC policies. Kaplan-Meier curves showed a significant antitumor effect of the drug 

combination (Fig. 4.4C). Treatment with a sub-efficacious dose of ß-lap (25 mg/kg) resulted 

in a median survival of 49 days, while the vehicle-treated group displayed a median survival 

time of 39.5 days (Fig. 4.4C). Treatment with a sub-efficacious dose of CB-839 resulted in a 

median survival time of 42 days. Treatment with ß-lap + CB-839 resulted in a median 
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survival of 64 days, significantly extending median survival by 24.5 days compared to the 

vehicle treated group (Fig. 4.4C). 

 

Importantly, to ensure that the anti-tumor efficacy we observed was due to on-target effects 

of both drugs and by the same mechanism of action observed in vitro, we analyzed the 

pharmacodynamics profile of each agent alone and in combination. Briefly, MiaPaca2 tumor-

bearing mice received either vehicle (HPßCD) alone or 200 mg/kg CB-839 by oral gavage 

twice a day for 4 days, with or without a single sub-efficacious dose of ß-lap at 25 mg/kg IV 

on day 4.  After the last dose of CB-839 and 30 min after ß-lap injection, mice were 

sacrificed and tumor tissue was harvested.  Tumor glutamate levels were measured from 

multiple animals for each treatment condition (Fig. SF4.4C). CB-839 and CB-839 + ß-lap 

treated mice displayed significantly lower overall tumor glutamate levels when compared to 

vehicle or ß-lap alone treatments, consistent with GLS1 inhibition in vivo (Fig. SF4.4C). 

 

We then immunoblotted tumor tissue lysates for poly(ADP-ribose) (PAR) polymer formation 

as a proxy for PARP1 hyperactivity and gH2AX to assess DNA double strand breaks (DSBs) 

(Li et al. 2011) (Fig. 4.4D). Consistent with our results in vitro, we found that animals treated 

with the combination of ß-lap + CB-839 displayed dramatically increased PAR and gH2AX 

formation relative to all other groups (Fig. 4.4D).  Additionally, we harvested surrounding 

pancreas and liver (“Normal Tissue” in Fig. 4.4D) from the combination-treated mice and 

found no change in PAR formation or gH2AX formation, consistent with a lack of response 

to ß-lap in NQO1-deficient, normal tissues (Cao et al. 2014, Li et al. 2011).  
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Next, to determine the redox status of tumors after treatment, we measured the GSH:GSSG 

ratio of tumor lysate after vehicle alone or CB-839, with or without 30 min ß-lap treatment 

(Fig. 4.4E). Interestingly, we found that the GSH:GSSG ratio was significantly decreased in 

CB-839 or ß-lap-treated mice (Fig. 4.4E). Moreover, the combination treatment resulted in an 

even greater decrease in the oxidized glutathione, monitored by the GSH:GSSG ratio (Fig. 

4.4E). Taking our pharmacodynamics observations and anti-tumor studies together, these 

data demonstrate that modulating glutamine transamination in PDA in vivo results in a 

significantly decreased anti-oxidant defense state that specifically sensitizes NQO1-

expressing tumors, but not associated normal tissue, to ROS-induction from ß-lap, leading to 

DNA damage, PARP1 hyperactivation and tumor-selective death.  

 

Discussion  

Tumor cells display unique metabolic alterations that impact the biological behavior of the 

tumor and have therapeutic implications (Hanahan and Weinberg 2011, Cheong et al. 2012).  

A well-documented example of such an alteration is the increased utilization of glutamine in 

a variety of human tumors, including lung, prostate lymphoma and PDA (Brunelli et al. 

2014, Fendt et al. 2013, Son et al. 2013, Le et al. 2012).  Glutamine has pleiotropic roles in 

the cell that include the regulation of autophagy, signal transduction, anabolic growth and 

redox balance (Shanware et al. 2011). In particular, pancreatic cancers, 95% of which are 

mutant KRAS (Sousa and Kimmelman 2014b, Bryant et al. 2014, Sousa and Kimmelman 

2014a, Collins and Pasca di Magliano 2013, Wang et al. 2013, Roberts and Stinchcombe 
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2013), utilize glutamine through a KRAS-dependent, transamination pathway driven by 

GOT1 and GOT2 instead of the pathway catalyzed by GLUD1 (Son et al. 2013). This 

transamination pathway is necessary to maintain redox balance in PDA via NADPH/GSH 

biogenesis (SF3.2C) (Bryant et al. 2014, Son et al. 2013, Shanware et al. 2011). While this 

understanding provides insight into PDA metabolism, how to most appropriately target this 

metabolic vulnerability remains to be determined. Targeting this pathway alone may be 

cytostatic, drive compensatory metabolic resistance pathways in the tumor and/or result in 

systemic toxicities.  

 

Genes involved in the transamination pathway (GLS1, GOT1/2, ME1) and NQO1, but not 

GLUD1, are highly expressed in PDA relative to other cancers, and overexpression of these 

genes is a major feature in the transition from normal cells to tumor. Clinical PDA cases 

expressing a high GOT1:GLUD1 or GOT2:GLUD1 ratio in the tumor have the worst 

outcome. Here, we found that genetic or pharmacological inhibition of this pathway, 

sensitizes PDA to the NQO1 bioactivatable drug, ß-lap. Addition of ß-lap to short-term 

BPTES treatment resulted in enhanced tumor-cell specificity and efficacy in PDA cell lines, 

not typically found with BPTES treatment alone. Consistent with prior reports of differential 

usage of glutamine in mutant KRAS vs wild-type KRAS cancers (Elhammali et al. 2014, 

Saqcena et al. 2014, Son et al. 2013, Kong et al. 2013), we found that mutant KRAS, but not 

wild-type KRAS PDA, lung and breast cancer cell lines were sensitized to ß-lap upon pre-

treatment with BPTES. These data suggest that mutant KRAS cancers other than PDA may 
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also rely on glutamine to supply the transamination pathway to maintain redox balance, but 

future studies to elucidate this mechanism will be needed. 

 

48 h pre-treatment with BPTES followed by 2 h treatment with ß-lap resulted in elevated 

DNA lesions, more extensive NAD+/ATP loss mediated by PARP1, and metabolic 

catastrophe. Mechanistically, addition of BPTES to NQO1-overexpressing cancer cells 

decreased NADPH/GSH anti-oxidant defenses against the ß-lap-induced ROS burst leading 

to enhanced DNA damage and NAD+/ ATP depletion in a near-identical manner to the 

caspase-independent, µ-calpain-mediated cell death pathway induced by lethal doses of ß-lap 

alone (Moore et al. 2015). For our in vivo studies, we utilized the GLS1 inhibitor CB-839, as 

this compound has far greater solubility and stability in animals than BPTES (Gross et al. 

2014). A single regimen of CB-839+ß-lap in tumor bearing mice resulted in durable tumor 

regression and significantly improved survival compared to animals treated with either agent 

alone. Pharmacodynamics analysis revealed that the mechanism of synergy with combination 

treatment was consistent with in vitro results.  

 

When considering the ROS burst generated from NQO1-bioactivatable drugs, as evidenced 

by ß-lap’s H2O2 production profile, cells require an equally robust antioxidant response to 

suppress the build-up of ROS. Thus, one can imagine that a competition between the rates of 

engagement of the antioxidant machinery and the production of ROS determines the fate of 

cancer cells within a tumor following NQO1-bioactivatable drug treatment. Notably, we 

previously reported that catalase (an essential enzyme for the detoxification of 2H2O2 to 
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2H2O + O2) expression was significantly down-regulated in tumor tissue vs normal tissue, 

and that the NQO1:catalase ratio is markedly increased in tumor tissue vs normal tissue and 

the addition of PEGylated-catalase significantly protected breast cancer cell lines from ß-lap-

induced lethality (Bey et al. 2013a). To maintain redox balance, PDA may utilize glutamine 

metabolism to compensate for this decrease in catalase. By suppressing this pathway in PDA, 

the pool of available antioxidants is dramatically diminished, shifting the cellular redox 

balance to a pro-oxidant state. 

 

Novel therapies are desperately needed for patients with PDA. By combining GLS1 

inhibition (e.g., CB-839) and NQO1 bioactivatable drugs (e.g., β-lap, ARQ761) we exploit 

the reliance of PDA on glutamine for redox balance, as well as the tumor-selective 

overexpression of NQO1 through the use of agents that are bioactivated to induce cell death. 

Combination treatment with GLS1 inhibitors+ß-lap addresses issues associated with either 

agent alone. This combination is expected to enhance efficacy at well-tolerated doses of these 

drugs. We noted that CB-839+ß-lap combination treated animals did not display increased 

cytotoxicity in normal pancreatic and liver tissue based on the lack of PAR and DNA damage 

formation that was present in the tumor tissue after combination treatment. Thus, elevated 

NQO1 expression is still required to achieve cell death. Furthermore, the ß-lap and CB-839 

doses used in our studies are relevant to those achievable in patients (NCT01502800, 

NCT02071862, NCT02071888 and NCT02071927) (Savage et al. 2008, Gross et al. 2014). 

These findings illustrate a rational combination strategy to target PDA dependence on 
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glutamine by GLS1 inhibition in combination with an NQO1-bioactivatable drug and we 

hope to further study this strategy in a clinical context.  
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Figure 3.1. ß-Lap inhibits glycolytic and mitochondrial capacity in an NQO1-dependent 

manner (A) NQO1, transamination enzymes and GLUD1 expression assessed in PDA vs 17 

other cancers and PDA vs normal pancreatic tissue (B) Kaplan Meier survival curve of 45 

PDA patients grouped according to high vs low GOT1:GLUD1 expression (C) MiaPaca2 

cells were plated in complete media and allowed to adhere overnight, then depleted of 

glutamine for 16 hours, followed by treatment with ß-lap for 2 hours. This was followed by 

addition of fresh media containing 2mM glutamine and 10mM glucose for 8 days.  Plating 

efficiency with MiaPaca2 was 16% and colony formation after glutamine deprivation did not 
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significantly alter final colony number, though these colonies did appear smaller, they did 

have >50 cells per colony. (D-H) Repeat of the glutamine deprivation experiments in 

ASPC1, MPanc96, HPAFII, SW1990, and DAN-G PDA cell lines (I) GLS1, ME1, GOT1 

and GLUD1 were knocked down in MiaPaca2 cell lines for 48 h using siRNA in OptiMEM 

with Lipofectamine RNAiMAX. Knockdown was assessed by western blot in MiaPaca2 cells 

with tubulin and actin as a loading control (J) (K) GLS1, GOT1, GLS1, GLUD1, and ME1 

MiaPaca2 knockdown cells were treated with 2.5 µM ß-lap for 2 h. Relative survival 

represents means of CellTiter-Glo survival assay 48 h after treatment, percentage 

treated/control (T/C), ±SE from sextuplicate samples.  (L, M) GLS1 was knocked down in 

MiaPaca2 as described, but either 3mM oxaloacetate (OAA) or 3mM dimethyl malate was 

added for 24 h followed by a 2 h treatment with 2.5µM ß-lap. Relative survival represents 

means of CellTiter-Glo survival assay 48 h after treatment, percentage treated/control (T/C), 

±SE from sextuplicate samples.  Data represent clonogenic survival assays in sextuplicate per 

dose of ß-lap. All results were compared using ANOVA unless otherwise stated. As 

indicated, *p<0.05; ***p<0.001; ****p<0.0001. 
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Figure 3.2. GLS1 inhibition by BPTES sensitizes PDA to ß-lap in an NQO1-dependent 

manner (A) Glutamine consumption was measured in MiaPaca2 cells treated ±500nM 

BPTES for 48 h in complete media using the Nova Bioprofile analyzer and normalized to 

cell number. (B) Clonogenic survival assay of MiaPaca2 pretreated with ± 500nM BPTES 

for 48 hours followed by the addition of ß-lap ±50µM DIC for 2 h. Data represent survival 

means ±SE from quadruplicate samples. (C) MiaPaca2 cells treated with 100µM of the 

GLUD1 inhibitor, EGCG, for 48 h followed by 2 h ß-lap dose response. Relative cell 

viability represents mean of CellTiter-Glo survival assay 48 h after ß-lap treatment, 

percentage treated/control (T/C), ±SE from sextuplicate samples. (D) Normal lung fibroblast 



50 

 

cell line, IMR90, pre-treated with ±500nM BPTES for 48 hours followed by 2 hours of ß-lap 

treatment. (E) MiaPaca2, ASPC1 and HPAFII PDA cell lines were pre-treated with ± 500nM 

BPTES for 48 h followed by the addition of either 3mM oxaloacetate (OAA) or 3mM 

dimethyl malate for last 24 h followed by a 2 h treatment with 2.5µM ß-lap. Relative cell 

viability represents means of CellTiter-Glo survival assay 48 h after treatment, percentage 

treated/control (T/C), ±SE from sextuplicate samples. (F) Various cancer cell lines pretreated 

with ± 500nM BPTES (sublethal) for 48 h followed by the addition of 2.5 µM ß-lap for 2 h; 

Mutant KRAS lines: A549 non-small cell lung (NSCL), PL45 PDA, S2-013-NQO1 

expressing (S2+) PDA, MDA-MB-231-NQO1 expressing (231+) triple negative breast, 

H2122 NSCL, S2-013-NQO1 deficient (S2-) PDA and MDA-MB-231-NQO1 deficient (231-

) triple negative breast cancer cells. Wild-type KRAS, lines:  Hs766T PDA, BxPC3 PDA, 

MCF7 breast, as well as NQO1+ H596 NSCL and H661 NSCL cancer cell lines. 
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Figure 3.3. GLS1 inhibition decreases antioxidant defenses and increases susceptibility 

to ß-lap-induced DNA damage. (A) Relative NADP+ to NADPH ratio was determined 

using the Promega NADPH-Glo luminescence assay. MiaPaca2 cells were pretreated with 

ßPTES for 48 hours at 500nM, and then treated with ß-lap for 2 h in a 96 well plate. NADP+ 

and NADPH levels were measured immediately after 2 h treatment (statistical significance 

was calculated with a two-tailed Student’s t-test at every dose). (B) Relative extracellular 

H2O2 was measured through luminescence assay from the media of 4µM ß-lap ± DIC, ± 

BPTES treated MiaPaca2 over a time-frame of 120 minutes, ±SE from sextuplicate samples. 

(C) Clonogenic survival of MiaPaca2 pretreated with ± 500nM BPTES for 48 hours followed 
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by the addition of ß-lap for various incubation times. Data represent survival means ±SE 

from quadruplicate samples. (D) MiaPaca2, ASPC1, HPAFII and MPanc96 pretreated with ± 

500nM BPTES and ± GSH reduced ethyl ester for 48 h followed by the addition of ß-lap for 

2 h. (E,F) Alkaline comet assay of ASPC1 PDA cell lines pre-treated with ±500 nM 

followed by 2 h of ß-lap. (G) Average 53BP1 foci 24 h after treatment conditions in 

MiaPaca2. (H) Western blot for PAR formation with indicated treatment after 15 min. of ß-

lap exposure. (I) Relative NAD+ levels ±BPTES with various doses of ß-lap after 2 h of 

treatment. All results were compared using Student’s t-tests as indicated. *p<0.05; 

**p<0.01; ***p<.001. 
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Figure 3.4. GLS1 inhibition sensitizes pancreatic cancer to ß-lap in vivo 

(A) Clonogenic survival of MiaPaca2 and ASPC1 cells pre-treated with 1 µM CB-839 for 48 

h followed by 2 h of ß-lap dose response. (B) Subcutaneous tumors grown from MiaPaca2 

cells in nude mice were allowed to reach a volume of 100 mm3, after which mice were 

treated every other day with vehicle (HPßCD, n = 6), sub-efficacious dose of CB-839 (oral 

gavage, 200 mg/kg, n= 8), sub-efficacious dose of ß-lap (IV, 25 mg/kg, n= 8) or sub-

efficacious doses of CB-839 in combination with ß-lap (n = 10) for a total of 5 doses 

(arrows). Tumor growth was monitored until tumors reached 1,000 mm3. Error bars, SEM. 

(C) Survival of tumor–bearing mice represented as a Kaplan–Meier plot. Mice were 

sacrificed when tumors reached 1,000 mm3. (D) Western blot quantification of PAR and 



54 

 

yH2AX from a set of tumors harvested 30 min after treatment with ß-lap ± CB-839, n = 3 

tumors per group, same doses as above. Error bars, SEM. (E) Relative GSH/GSSG ratio in 

treated groups normalized to µg of tumor protein. All results were compared using Student’s 

t-tests as indicated. *p<0.05; **p<0.01; ***p<.001. 
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Figure SF3.1. ß-Lap MOA and GOT2:GLUD1 Kaplan-Meier Curve . (A) ß-lap 

mechanism of action. (B) GOT2:GLUD1 Kaplan-Meier curve, n = 45 patients  
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Figure S3.2.  BPTES sensitivity and KRAS-reprogrammed glutamine pathway. (A) 

Sensitivity of MiaPaca2 cells, as monitored by loss of ATP, to short-term (48 h) or long-term 

(96 h) BPTES treatments. (B) Proposed model of KRAS-reprogrammed glutamine 

metabolism in PDA, via flux through GOT2 vs. GLUD1.  
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Figure SF3.3. Combination treatment leads to increased ROS by depleting reduced 

glutathione (A) Relative GSH levels ±500nM BPTES pre-treatment followed by ß-lap 

treatment. (B) Relative H2O2 production with ±500nM BPTES pre-treatment followed by ß-

lap treatment (C) CellROX quantification of total ROS at 15min of ±4µM ß-lap ±DIC, 

±BPTES (48 h pre-treatment). 
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Figure S3.4 CB-839 and ß-lap in vivo validation in MiaPaca2 (A) Mouse weights during 

treatment with ß-lap (IV, 25 mg/kg), CB-839 (IP, 200 mg/kg) or vehicle treatment. (B) 

Change in tumor volumes per animal at day 22 compared to day 1. (C) Tumor glutamate 

levels, n = 3 mice per group. (D) Quantification of relative PAR and  yH2AX from tumor 

tissue lysate.  
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CHAPTER FOUR 
 
 
 
 
 

INHIBITING BASE EXCISION REPAIR SIGNALING SENSITIZES PANCREATIC  
 

CANCER TO PARP1-DRIVEN METABOLIC CATASTROPHE INDUCED BY THE  
 

NQO1 BIOACTIVATABLE DRUG, TO ß-LAPACHONE 
 
 

Abstract 

 

DNA repair inhibitors, including agents that inhibit base excision repair (BER), lack tumor-

selectivity and are plagued by normal tissue toxicity. Here, we use the NAD(P)H:Quinone 

Oxidoreductase 1 (NQO1) bioactivatable drug, ß-lapachone (ß-lap, in clinical form 

ARQ761), to provide tumor-selectivity and enhanced synergistic efficacy with BER 

inhibition.  ß-Lap undergoes NQO1-dependent futile redox cycling, generating massive 

hydrogen peroxide (H2O2) levels and oxidative DNA lesions selectively in cancer cells. This 

results in the hyperactivation of poly(ADP-ribose) polymerase 1 (PARP1), leading to rapid 

intracellular NAD+/ATP depletion and selective antitumor activity through programmed 

necrosis. Inhibiting BER by genetically depleting XRCC1, or using the AP-site-modifying 

drug, methoxyamine (MeOX), in combination with ß-lap led to dramatic increases in PARP1 

hyperactivation and synergistic killing of NQO1-expressing pancreatic ductal 

adenocarcinomas (PDAs). In contrast, depleting the BER sensing enzyme, OGG1 

glycosylase, dramatically spared cells from ß-lap-induced lethality and blunted PARP1 
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hyperactivation. Combined treatment of MeOX + ß-lap increased DNA base lesions, inciting 

dramatic PARP1 hyperactivation-related NAD+/ATP losses with dramatic suppression of 

glycolysis. MeOX + ß-lap treatments potently sensitized a broad range of NQO1-expressing 

cancers, including PDA, breast, lung and head and neck cancer cells. In MiaPaca2-derived 

xenografts, MeOX + ß-lap sensitized tumors, delaying tumor volume growth, enhanced 

PARP1 hyperactivation in tumor tissue, and improved survival of mice. Synergy was 

beneficial to each agent, affording tumor selectivity to DNA repair (BER) inhibition, while 

reducing normal tissue cytotoxicity for ß-lap (ARQ761). 

 

4.1 Introduction 

Pancreatic ductal adenocarcinoma (PDA) will be the second leading cause of cancer-related 

deaths in the US by 2020, with a current 5-year survival rate of <6% (2013). The majority of 

chemotherapies approved for the therapy of PDA include DNA-damaging agents (ionizing 

radiation, cisplatin, irinotecan) or antimetabolites that inhibit DNA synthesis (5-fluorouracil, 

gemcitabine) (Maginn et al. 2014, Cao, Le, and Yang 2013). These agents have very narrow 

therapeutic windows, with tumor selectivity based solely on DNA synthesis rates, and are 

consequently highly toxic to patients. They are often used in combination with one another, 

but despite the selected regimen, dismal response rates and a lack of continuous therapeutic 

efficacy remain a fundamental characteristic of PDA. There is a desperate need to identify 

new therapeutic targets and strategies to specifically target PDA, while sparing normal tissue.
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Novel NQO1 bioactivatable drugs represent a promising new strategy for the treatment of 

PDAs. NAD(P)H:quinone oxidoreductase 1 (NQO1, EC1.6.99.2), was previously reported to 

be elevated, at levels ranging up to 100-fold, in PDA above that of associated normal 

pancreas tissue (Li et al. 2011, Lewis et al. 2005, Awadallah et al. 2008, Lyn-Cook et al. 

2006). NQO1 is an inducible phase II detoxifying enzyme capable of detoxifying quinones 

by forming stable hydroquinones, which are then conjugated with glutathione by glutathione 

S transferase and excreted from the cell (Glen et al. 1997). For most quinones, this reaction 

avoids toxic one-electron oxidoreductions in normal cells. However, in recent years our 

laboratory discovered novel quinones that undergo futile redox cycling by NQO1.  The 

NQO1 bioactivatable drug, ß-lapachone (ß-lap, in clinical form, ARQ761), is metabolized by 

NQO1 to form an unstable hydroquinone that spontaneously oxidizes back to the parent 

compound in two one-electron oxidations using two separate oxygen molecules. This 

reaction generates a futile redox cycle in which one mole of ß-lap generates ~120 moles of 

superoxide within two minutes and consumes ~60 moles of NAD(P)H (Bey et al. 2013a, 

Pink, Wuerzberger-Davis, et al. 2000).  Superoxide (O2
.-) radicals are quickly metabolized by 

superoxide dismutase (SOD) into hydrogen peroxide (H2O2) (Tagliarino et al. 2001, Bey et 

al. 2013a). Elevated, cell membrane-permeable H2O2 pools, in turn, lead to extensive 

oxidative DNA lesions that ‘hyperactivates’ poly(ADP-ribosyl) polymerase 1 (PARP1), 

generating extensive free branched poly(ADP-ribose) (PAR) polymers that deplete 

intracellular NAD+ and ATP levels, thereby inhibiting subsequent repair of ß-lap-induced 

DNA lesions (Bentle et al. 2007, Boothman, Greer, and Pardee 1987, Boothman, Trask, and 

Pardee 1989). ß-Lap-exposed, NQO1+ cancer cells die by a unique caspase-independent 
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programmed necrosis pathway termed NAD+-Keresis (Bey et al. 2013a, Moore et al. 2015). 

Few drugs mechanistically act to induce PARP1-mediated programmed necrosis in a tumor-

specific manner at clinically relevant doses (Huang et al. 2013). Most agents known to 

stimulate PARP1-mediated programmed necrosis (e.g., >5 mM MNNG or >200 µM 

hydrogen peroxide) (Zong et al. 2004, Yu et al. 2002) do so at supra-lethal, clinically non-

achievable doses. In contrast, ß-lap stimulates PARP1 hyperactivation at clinically 

achievable doses (L. P. Hartner LR 2007). Cancer cells with >100 units of NQO1 enzyme 

activity are sensitive to ß-lap, while normal tissues that lack, or express low levels of, NQO1 

are spared (Li et al. 2011). 

 

 

We previously demonstrated that a lethal dose of ß-lap (~4 µM) creates a significant level of 

DNA lesions in NQO1-expressing cancer cells immediately after drug exposure (Bentle et al. 

2007). However, when cells were analyzed by neutral comet assays, DNA double strand 

breaks (DSBs) were not detected. In contrast, alkaline comet assays revealed that the 

majority of DNA lesions immediately created in NQO1+ cancers after exposure to ß-lap 

were DNA base lesions and single strand breaks (SSBs) (Bentle et al. 2007). Since PARP1 

can bind to DNA lesions and SSBs (Prasad et al. 2014, Campalans et al. 2013, Khodyreva et 

al. 2010), upstream base excision repair (BER) processes represent possible resistance 

mechanisms that could be targeted to improve NQO1 bioactivatable drugs, such as ß-lap.  

Such a strategy may lower the dose-limiting Methemaglobinemia caused by NQO1 

bioactivatable drugs, while improving the DNA damage-specificity of DNA repair inhibitors. 
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BER is responsible for removing and repairing non-helix distorting base lesions in the 

genome. Unlike nucleotide excision repair (NER), which repairs helix-distorting lesions, 

BER is essential for removing oxidatively damaged bases that can lead to genomic mutations 

through base mispairing or replicative DNA breaks (Krokan and Bjoras 2013). Bases in DNA 

can be damaged by a variety of mechanisms including oxidation, deamination and alkylation. 

One of the most common base lesions resulting from ROS exposure is the oxidation of the 

8th carbon of guanine, forming 8-oxoguanine (8-oxo-G) (Bruner, Norman, and Verdine 

2000).  8-Oxo-G formation can result in the mismatched pairing of guanine to adenine, 

causing G:C to G:A transversions, thus compromising a cell’s genomic integrity leading to a 

pro-oncogenic environment. However, cells have evolved the 8-oxoguanine DNA N-

glycosylase 1 (OGG1) as a dedicated repair enzyme to detect and cleave 8-oxo-G from the 

DNA backbone. Once 8-oxo-G lesions are excised by OGG1, as well as by other albeit less 

avid DNA N-glycosylases, apurinic/apyrimidinic (AP)-sites are generated. PARP1 can bind 

to AP sites, which in turn, stimulates its poly(ADP ribose) polymerase activity generating 

free poly-ADP polymers (PAR) using NAD+ as a substrate. AP-sites can also be substrates 

for AP endonuclease (APE1) or AP lyase, and these enzymatic activities can generate SSBs 

in the DNA backbone (El-Khamisy et al. 2003, Campalans et al. 2013, Prasad et al. 2014, 

Khodyreva et al. 2010, Krokan and Bjoras 2013, Boiteux and Guillet 2004, Izumi et al. 

2003), which are also substrates for PARP1. Through PARylation of downstream proteins, 

PARP1 recruits the BER scaffolding protein, XRCC1, to facilitate the interaction of BER 

complex proteins at the damaged site. Along with auto-PARylation or PARP1, this action 
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acts to facilitate dissociation of PARP1 from the damaged site, allowing DNA repair to 

commence (Campalans et al. 2013, Almeida and Sobol 2007, Horton et al. 2013).  

 

Here, we show that the expression profile of NQO1 and Catalase levels offers an optimal 

therapeutic window for use of NQO1 bioactivatable drug, and in combination with a BER 

inhibitor synergistic antitumor responses result. The massive pools of H2O2 generated from 

NQO1-dependent ß-lap futile redox cycling and the concomitant lowered levels of Catalase 

in PDA tumors, leads to the induction of oxidative DNA lesions, including extensive 8-oxo-

G formation. Extensive base damage signals BER machinery and can attenuate PARP1 

hyperactivation and ultimately ß-lap-induced cytotoxicity. Indeed, we show the roles of both 

OGG1 and XRCC1 in modulating PARP1 hyperactivation and ß-lap efficacy.  

Therapeutically, we demonstrated that addition of the AP site-modifying drug and BER small 

molecule inhibitor, methoxyamine (MeOX), to ß-lap can greatly potentiate antitumor 

efficacy and survival of PDA xenograft-containing mice (Liu and Gerson 2004). The drug 

combination is beneficial to both agents, with ß-lap affording tumor-selectivity to MeOX, 

and MeOX lowering the efficacious dose of ß-lap required for antitumor activity and survival 

of PDA-bearing mice.  

 
 
4.2 Results 
 
 
Tumor versus normal tissue NQO1:Catalase expression ratios offer an exploitable 

therapeutic window for pancreatic cancer. 
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Analyses of mRNA expression data from 59 PDA patient tumor and directly matched 

associated normal tissue showed that NQO1 mRNA levels were elevated 5- to >100-fold 

(Figs. 4.1A,C,F), consistent with prior observations (Awadallah et al. 2008). Importantly, 

however, we also found that Catalase mRNA levels were significantly lower in PDA vs 

associated normal pancreatic tissue, with NQO1:Catalase ratios significantly elevated in 

PDA (Figs. 4.1B,D,G). In contrast, associated normal tissue expressed relatively elevated 

catalase levels with concomitantly low levels of NQO1. Catalase is an important upstream 

resistance mechanism against NQO1 bioactivatable drugs, such as ß-lapachone (ß-lap), given 

the massive levels of H2O2 generated from NQO1-mediated futile redox cycling (Bey et al. 

2013a). Thus, NQO1:Catalase ratios in tumor vs normal tissue offer a significant therapeutic 

window that can be exploited using NQO1 bioactivatable drugs, such as ß-lap.  This is 

particularly true for protection of normal tissue where the lack of NQO1 means extremely 

low level futile redox cycling will occur, while elevated Catalase levels will offer protection. 

 

ß-Lap-induced 8-oxo-Guanine requires OGG1 for PARP1 detection and subsequent 

hyperactivation.   

Prior data from our laboratory demonstrated that a 30-60 min exposure to ß-lap (4 µM) could 

kill NQO1+-overexpressing cancer cells, including MiaPaCa2, through a PARP1 

hyperactivation mechanism regardless of p53, oncogenic driver, or cell cycle status (Bentle et 

al. 2006, Moore et al. 2015, Bey et al. 2007, Huang et al. 2013, Bey et al. 2013b, Li et al. 

2011). Thus, understanding events within this ‘minimum time to death’ period are essential 

for developing novel ways to improve the drug’s therapeutic potential. Since NQO1 and 
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Catalase were the only two enzymes that could potentiate (Pink, Planchon, et al. 2000) or 

partially block (Bey et al. 2013a) ß-lap lethality, respectively, we examined the roles of ROS 

(H2O2)-induced 8-oxo-G formation and removal by Ogg1, and subsequent DNA lesion 

detection by PARP1 (Fig. 4.2A).  Total ROS formation during the first 30 min of ß-lap 

treatment in NQO1-expressing MiaPaca2 PDA cells was monitored using CellROX Green 

dye (Li et al. 2011). Flow cytometry analyses revealed NQO1-dependent, dose-dependent 

ROS formation in MiaPaca2 cells treated with 4 µM ß-lap that was essentially equivalent to 

high dose H2O2 (1 mM, 30 mins) (Fig. 4.2B). Importantly, we showed that cells treated with 

ß-lap (4 µM, a lethal dose in MiaPaca2 cells) displayed a short-term burst in the oxygen 

consumption rate (OCR), indicative of superoxide radical formation after mitochondrial 

inhibition with rotenone and oligomycin (Fig. 4.2C), consistent with an NQO1-dependent 

mechanism of O2 utilization and ROS formation in the cytoplasm where NQO1 is located 

intracellularly. This is consistent with prior data from our lab showing the cytoplasmic 

localization of NQO1 and subsequent initial ROS formation inside the cell (Tagliarino et al. 

2003, Tagliarino et al. 2001). Addition of the noncompetitive NQO1 inhibitor, dicoumarol 

(DIC), abolished ROS formation and the OCR spike in MiaPaca2 cells in response to 4 µM 

ß-lap (Figs. 4.2B,C). Quantification of 8-Oxo-G formation demonstrated dose- and NQO1-

dependency (Fig. 4.2D), mirroring relative ROS levels (Fig. 4.2B). We then silenced 

expression of the 8-Oxo-G repair enzyme, OGG1 DNA N-glycosylase, using specific 

siRNAs and confirming knockdown via Western blotting in MiaPaca2 and ASPC1 PDA cells 

(insets, Figs. 4.2E,F). Since OGG1 detects and cleaves 8-Oxo-G moieties from the DNA 

backbone to generate APE1- or AP lyase-susceptible AP-sites that, in turn, are detected, and 
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bound, by PARP1 (Prasad et al. 2014), we wanted to determine if OGG1 loss reduced ß-lap-

induced PARP1 hyperactivity, NAD+/ATP loss and lethality; Total intracellular ATP levels 

were measured 2 h after ß-lap treatment as a proxy for PARP1 hyperactivity, and the PARP1 

inhibitor, Rucaparib, was used to prevent PARP1 activity (Gartner, Burger, and Lorusso 

2010). Indeed, depletion of OGG1 significantly rescued severe PARP1 hyperactivation-

mediated ATP loss in ß-lap-exposed MiaPaca2 or ASPC1 PDA cells (Fig. 4.2E). 

Consistently, clonogenic survival assays also revealed that OGG1 depletion rescued cells 

from ß-lap-induced cytotoxicity at doses consistent with the ATP depletion data (SF1A). 

 

XRCC1 depletion enhances the efficacy of ß-Lap by increasing DNA damage and 

repressing metabolic recovery.  

To further elucidate the role of BER in ß-lap-induced lethality, we stably knocked down the 

critical BER scaffolding protein, X-ray cross complementing 1 (XRCC1) protein in 

MiaPaca2 cells. XRCC1 acts as an integral node to mediate BER complex signaling at the 

site ofa DNA lesion, typically an AP site or SSB (El-Khamisy et al. 2003). We generated 

several stable shXRCC1 clones varying in XRCC1 expression (shXRCC1#1-8) (inset, Fig. 

4.3A). When MiaPaca2 clones were ranked by relative XRCC1 expression (using actin for 

normalization), stable loss of relative XRCC1 expression strongly correlated with 

hypersensitivity to ß-lap relative to non-targeted control cells (Fig. 4.3A).  XRCC1-depleted 

cells did not display altered baseline growth characteristics compared to parental or shRNA-

NS control cells. Utilizing stable shXRCC1 clone #8, whose levels were depleted >90% by 

Western blotting (inset, Fig. 4.3A), we showed significant hypersensitivity to ß-lap in a 
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dose-dependent manner (Fig. 4.3B). Interestingly, loss of XRCC1 dramatically increased 

DSB formation as measured by gH2AX foci after ~15 min of exposure to ß-lap. DSBs were 

formed in a dose-dependent manner compared to similarly treated stable shScr MiaPaca2 

cells (Fig. 4.3C). Furthermore, stable XRCC1 depletion dramatically sensitized cells to ß-

lap-induced NAD+ and ATP losses (Figs. 4.3D, SF2A), where losses of intracellular NAD+ 

and ATP pools were surrogates for PARP1 hyperactivation (Li et al. 2011, Moore et al. 

2015). These data strongly suggested that loss of XRCC1 promoted ß-lap-induced PARP1 

hyperactivation, consistent with known kinetics and interactions of XRCC1 and PARP1 at 

DNA lesion sites, where XRCC1 aids in the disassociation of PARP1 from damaged sites 

and attenuates further PARylation allowing other BER factors access for DNA repair (SF6) 

(Campalans et al. 2013, El-Khamisy et al. 2003). Interestingly, loss of XRCC1 decreased 

metabolic recovery after PARP1 hyperactivation during ß-lap treatment, as indicated by 

significant decreased ATP recovery over a 4 h period and decreased lactate accumulation (an 

indicator of glycolytic activity) over a 6 h period after a 2 h treatment with ß-lap (Figs. 

4.3E,F). These data suggest that initial NAD+ depletion via hyperactivated PARP1 led to 

intracellular metabolic catastrophe from which cells were unable to recover.  

 

While there are currently no known XRCC1 inhibitors we wondered whether XRCC1 

expression was decreased in PDA tissue compared to associated normal pancreatic tissue in 

patient samples, as this would provide a strategy to exploit a specific cancer vulnerability and 

further increase the tumor selectivity of ß-lap in PDA tissue through the mechanism 

described above.  We compared XRCC1 mRNA expression levels in matched PDA tissue 



69 

 

and associated normal pancreatic tissue isolated from 45 PDA patients (Zhang et al. 2012) 

and discovered that XRCC1 expression was significantly elevated in PDA tissue relative to 

associated normal pancreatic tissue.  These data suggested that PDA may demonstrate a 

robust BER response to ß-lap exposures compared to associated normal tissue (SF2B). While 

the significance of XRCC1 elevations in PDAs are not known, we reasoned that 

pharmacological inhibition of BER in PDA, instead of segregating PDA patients based on 

XRCC1 expression, would be the most practical strategy to enhance the tumor specificity and 

efficacy of ß-lap. 

 

The AP site modification factor, Methoxyamine (MeOX), sensitizes cancer cells to ß-lap 

in an NQO1-dependent manner  

MeOX covalently binds to aldehydes exposed within AP sites and the subsequent modified 

MeOX-AP site prevents access of BER complexes to the damage (Yan et al. 2007, Guerreiro 

et al. 2013, Montaldi and Sakamoto-Hojo 2013, Fishel et al. 2007, Liu and Gerson 2004). 

Increased levels and prolonged half-lives of AP sites result.  However, it is not known how 

these sites are repaired or whether these sites would promote or prevent PARP1 binding. 

MiaPaca-2 and genetically matched SUIT2-NQO1-deficient and SUIT2-NQO1-proficient 

metastatic pancreatic cancer cells were treated with various doses of ß-lap (µM. 2 h), ± 12 

mM MeOX, and with or without dicoumarol (DIC) for 2 h (Figs. 4.4A,B).  Cells were 

washed and assessed for survival by colony forming ability assays (Li et al. 2011). The 

combination treatment of MeOX + ß-lap led to significant synergistic lethality compared to 

ß-lap alone, but only in NQO1-expressing cells (Fig. 4.4B). The lethality of ß-lap alone (not 
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shown) or the combination of MeOX + ß-lap were rescued by inhibiting NQO1 using DIC 

(Figs. 4A,B). MeOX alone (12 mM, 2 h) did not affect cell viability, plating efficiency or 

overall survival (Fig. 4A). A sublethal dose of ß-lap (2.5 µM, 2 h) in combination with a 

nontoxic dose of MeOX (12 mM) led to a dramatic increase in %TUNEL+ cells compared to 

lethal doses of ß-lap alone (4 µM, 2 h) or H2O2 (1 mM, 30 mins).  The synergistic effect was 

NQO1-dependent, since DIC addition completely blocked lethality of ß-lap alone, or the 

combination of ß-lap + MeOX (Fig. 4.4C). To confirm that MeOX was hitting its target 

within the cell, we monitored AP site formation using a reactive aldehyde probe that 

competes with MeOX for AP site aldehyde binding. In this assay, modified MeOX-AP sites 

are not detected by the probe. Indeed, MeOX co-treatment blocked detection of AP-sites by 

the probe generated from ß-lap treatment in NQO1+ MiaPaca2 cells, consistent with the 

published function of MeOX, (Fig. 4.4D) (Montaldi and Sakamoto-Hojo 2013, Liu and 

Gerson 2004, Liu, Nakatsuru, and Gerson 2002). In contrast, exposure to ß-lap alone 

generated over 5-fold increases in AP sites within a 90 min period (Fig. 4.4D). 

 

We then examined a broad range of NQO1-expressing vs genetically matched NQO1-

deficient cancer cell lines for survival following treatment with ß-lap ± 12 mM MeOX (Fig. 

4.4, Table 4.1) Complete dose-response analyses revealed a consistent LD50 dose 

enhancement ratio (DER) of >1.67 when NQO1+ breast, non-small cell lung, or head and 

neck cancer cell lines cells were exposed to an LD50 of ß-lap (ranging from 1.8-3.0 µM. 2 h, 

depending on cell line) in combination with MeOX (12 mM, 2 h); DER values were 

calculated as the LD50 ratio of cells exposed to ß-lap alone divided by cells treated with ß-
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lap + MeOX (Fig. 4.4, Table 4.1).  For each cell line, lethality caused by ß-lap alone or in 

combination with MeOX was prevented by dicoumarol addition (not shown).  In contrast, 

genetically matched NQO1-deficient cells remain nonresponsive to either ß-lap alone or ß-

lap + MeOx and DER value calculations were not applicable (NA) (Fig. 4.4, Table 4.1). 

 

Methoxyamine potentiates ß-lap-induced PARP1-hyperactivation and downstream 

DSB formation 

Using gH2AX as a proxy for DSB formation, we found that treatment with the combination 

of a sublethal dose of ß-lap (2.5 µM, 2 h) + a nontoxic MeOX dose (12 mM) significantly 

increased gH2AX formation at 15 and 30 min compared to ß-lap (2.5 µM, 2 h) or MeOX (12 

mM, 2 h) alone exposures (Fig. 4.5A). At 30 min, the combination was more efficient at 

inducing DSBs than either a lethal dose of ß-lap (4 µM, 2 h) or a supralethal dose of H2O2 (1 

mM, 15 min) alone.  Using 53BP1 foci as an additional marker for DSB formation, we noted 

that DSB repair was severely impaired in cells exposed to ß-lap (2.5 µM) + MeOX (12 mM) 

for 2 h versus a sublethal dose of ß-lap (2.5 µM) alone, which caused significant damage 

after 2 h of treatment, but DSB repair occurred to basal levels within 9 h.  It is significant that 

the combination of a sublethal ß-lap dose + nontoxic dose of MeOX caused DSB formation 

equivalent to a lethal dose of ß-lap (4 µM, 2 h), and that both treatments caused DSBs that 

were  not repairable over a 24-h time-course (Fig. 4.5B). In contrast, although cells treated 

with a sublethal dose of ß-lap (2.5 µM) or a nontoxic MeOX dose (12 mM, 2 h) alone 

exhibited significant DSBs, these exposed cells were able to resolve their DSBs within 3 h 

post-treatment (Fig 4.5B). Since it was possible that MeOX addition could enhance ROS 
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formation from the ß-lap-induced futile redox cycle, thereby explaining the synergistic 

effects noted, ROS levels were measured in cells using the CellROX dye.  These analyses 

revealed that there was no significant difference in ROS formation in cells exposed to ß-lap 

alone vs ROS levels formed in ß-lap + MeOX-treated MiaPaca2 cells (SF3). 

 

We previously reported that ß-lap-induced lethality was driven by the dramatic loss of NAD+ 

pools as a consequence PARP1 hyperactivation in a broad range of NQO1-expressing cancer 

cell lines (Bey et al. 2007, Moore et al. 2015). To determine the effect of MeOX on ß-lap-

induced DNA threshold levels for PARP1 hyperactivation, we assessed changes in relative 

NAD+ and ATP pools after various doses of ß-lap (µM, 2 h), in the presence or absence of an 

otherwise nontoxic dose of MeOX (12 mM, 2 h). MeOX addition dramatically decreased 

NAD+/ATP pools in MiaPaca2 cells in a dose-dependent manner up to 2 µM ß-lap and 

within 2 h co-treatment compared to ß-lap alone (Figs. 4.5C and SF4A). Assessment of PAR 

polymer formation after 20 min of treatment with various doses of ß-lap ± MeOX revealed 

that PAR formation increased at significantly lower doses of ß-lap when MeOX was added 

compared to ß-lap exposure alone (Fig. 4.5C).  Importantly, addition of a PARP1 inhibitor 

(e.g., Rucaparib) significantly blocked PAR formation after either ß-lap alone or the 

combination therapy (Fig. 4.5D).  These data strongly suggest that the addition of MeOX 

lowered the threshold of DNA damage created by ß-lap for PARP1 hyperactivation (Figs. 

4.5D and SF4E). Importantly, metabolic recovery in the form of ATP pool increases after 

damage was blunted after co-treatment with ß-lap + MeOX versus ß-lap alone (SF4B,C). 

Since endoplasmic reticulum released calcium (Ca+2ER) is required for PARP1 
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hyperactivation after ß-lap treatment (Bentle et al. 2006, Tagliarino et al. 2001, Moore et al. 

2015), we noted significant sparing of ß-lap-induced lethality after addition of BAPTA-AM, 

which chelates intracellular Ca2+ER. Colony formation assays showed that pre-loading cells 

with BAPTA-AM (5 µM, 2 h) rescued cells from ß-lap-induced lethality, with or without 

MeOX co-treatment (Fig. 4.5E). Consistent with a role of PARP1 hyperactivation in ß-lap-

induced NAD+ loss (Fig. 4.5C), addition of the PARP1 inhibitor, Rucaparib, also 

significantly attenuated suppression of glucose utilization in ß-lap-treated MiaPaca2 cells, 

regardless of MeOX addition (Fig 4.5F). Indeed, Rucaparib addition restored glucose 

utilization to all ß-lap-treated cells (SF4E). Note that the combination of a sublethal ß-lap 

dose (2.5 µM, 2 h) + a nontoxic dose of MeOX (12 mM, 2 h) was far superior than ß-lap 

alone in suppressing glucose utilization in MiaPaca2 cells (Fig. 4.5F).  MeOX alone 

treatments had no effect on glucose utilization compared to untreated cells (not shown). 

Overall, these data strongly suggest that chemical modulation of AP-sites by MeOX 

increases the ability of PARP1 to exhaust NAD+ pools in NQO1+ cancer cell after ß-lap 

treatment. Once NAD+ levels are exhausted, and enzyme-inactive PAR-PARP1 is formed, 

BER cannot function properly to repair SSBs induced by ß-lap.  While PARP1 protects ß-

lap-induced AP sites and SSBs early after exposure, once PARP1 activity is exhausted 

through NAD+ loss and PAR-PARP1 PARylation, the resulting SSBs are converted to DSBs 

in a delayed, but efficient manner. Indeed, delayed yH2AX and 53BP1 DSB foci induction 

normally seen with sublethal doses of ß-lap (2.5 µM, 2 h) alone appeared more rapidly in 

MiaPaca2 cells exposed to ß-lap + MeOX (Fig. 4.5A) and the DSBs created were not 

repaired. 
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MeOX + ß-lap provides synergistic antitumor activity against human pancreatic cancer 

xenografts in vivo   

To determine if BER inhibition by MeOX would result in increased antitumor sensitization 

and tumor regression in vivo, we generated subcutaneous xenografts in female Nu/Nu-

athymic mice and treated these animals with one regimen of the drugs. This model was 

chosen since optimal ß-lap treatment regimenare typically minimally efficacious against 

subcutaneous xenografts at doses that are significantly lower than the MTD of 40 mg/kg 

HPßCD-ß-lap, i.v. alone (Cao et al. 2014).  Once MiaPaca2 xenografts were ~100 mm3, 

animals were treated every other day for 10 days with a total of five injections of: (a) sub-

efficacious HPßCD-ß-lap (intravenous (i.v.) 25 mg/kg); (b) intraperitoneal (i.p.) doses of 

MeOX (150 mg/kg); (c) a combination of ß-lap + MeOX at these doses and routes of 

administration; or (d) vehicle (HPßCD) alone as described (Li et al. 2011). Mice were 

sacrificed when tumor volumes reached 1,000 mm3. The combination treatment (MeOX + ß-

lap) significantly delayed tumor growth relative to either treatment alone, but caused no 

significant decrease in mouse weights over time when compared to other treatment 

conditions (Figs. 4.6A,B and SF5A).  Importantly, there was no significant increase in dose-

limiting methemaglobinemia in the combination, which is the key toxicity noted in ARQ761 

preclinically and clinically (D. Gerber et al. 2014). During and well after treatment (up to day 

12), we noted significant tumor regression in 5 of 8 mice following MeOX + ß-lap, where 

regression was not noted after any of the other treatments (Figs. 4.6A,B). Note that none of 

the other treatments (ß-lap or MeOX alone) caused significant antitumor responses alone 
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(Figs. 4.6A,B). For target validation, tumors were harvested 30 min after the treatment 

conditions above and analyzed for PAR-PARP1 (PAR) and yH2AX formation as 

pharmacodynamic (PD) markers of efficacy as described previously (Li et al. 2011, Dong et 

al. 2010, Huang et al. 2013) (Fig. 4.6C). Consistent with our results in vitro, PAR formation 

increased ~150-fold after exposure to the combination of a sub-efficacious dose of HPßCD-

ß-lap + MeOX compared to vehicle alone, and two-fold above HPßCD-ß-lap alone.  

Importantly, DSB formation (monitored by gH2AX levels) were dramatically elevated (>10-

fold) in tumors from mice receiving MeOX + HPßCD-ß-lap (Figs. 4.6C, SF5B) compared to 

HPßCD-ß-lap alone.  

 

Combined treatment of sub-efficacious doses of HPßCD-ß-lap + MeOX significantly 

prolonged the survival of tumor-bearing mice (Fig. 4.6D). Mice were sacrificed when body 

weight dropped by one third of their original values due to tumor-associated cachexia, and 

when tumor volume exceeded 1000 mm3, or when tumors were ulcerated or impeded normal 

motion as per IACUC policies. Treatment with sub-efficacious doses of HPßCD-ß-lap (25 

mg/kg) or MeOX (150 mg/kg) alone resulted in no significant difference in overall survival 

compared to vehicle (HPßCD) alone groups, with a median survival of ~47 days (Fig. 4.6D). 

In contrast, the combined HPßCD-ß-lap + MeOX treatment group had a median survival time 

of 75 days, which was 35 days longer than the median survival of vehicle (HPßCD) alone, or 

MeOX (150 mM) alone or HPßCD-ß-lap (25 mg/kg) alone. Taken together, our observations 

indicate that use of a nontoxic dose of MeOX in combination with a sub-efficacious dose of 

ß-lap (HPßCD-ß-lap) in NQO1-expressing tumors results in increased PARP1 
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hyperactivation, significantly elevated DSB formation, tumor growth delay and regression is 

some animals, and extended survival compared to agents alone. Indeed, ~37% (3 of 8) of 

MiaPaca2-bearing xenograft mice exposed to HPßCD-ß-lap + MeOX exhibited apparent 

cures of their tumors (Fig. 4.6D). 

 

4.3 Discussion 

There is a desperate need for new efficacious therapeutic strategies to treat recalcitrant PDAs. 

The standard-of-care for PDA consists of a series of DNA damaging agents (e.g., 

gemcitabine, Nab-paclitaxel) that lack tumor selectivity, have narrow therapeutic windows, 

and quickly become ineffective due to intrinsic or acquired drug resistance (Maginn et al. 

2014). The NQO1/catalase ratios demonstrated in Fig. 4.1 revealed a dramatic potential 

therapeutic window that can be exploited by NQO1 bioactivatable drugs, such as ARQ761 

(ß-lapachone), currently in clinical trials (NCT01502800). The high NQO1/Catalase ratios in 

pancreatic cancers strongly suggest that NQO1-overexpressing PDA cancer cells will 

respond to NQO1 bioactivatable drugs by producing extremely elevated levels of ROS and 

supra-lethal doses of H2O2. Reasons for elevated levels of NQO1 remain unknown. 

Numerous reports suggest that NQO1 elevation is a by-product of Nrf2 overexpression in 

cancer cells due to increased oxidative stress and inflammation and that NQO1 suppresses 

ROS formation and promotes tumor progression by activating NF-κB signaling through p53 

inhibition (Thapa et al. 2014, Choi et al. 2007, Lyn-Cook et al. 2006, Ahn et al. 2006). 

Lowered catalase expression may indicate elevated 8-oxo-G levels, which promotes genomic 

instability.  
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Concomitant low expression of Catalase should make PDA tumors selectively sensitive to 

NQO1 bioactivatable drugs, with a lack of significant resistance mechanisms.  Even if 

particular PDA tumors express significant Catalase levels, the NQO1-mediated futile redox 

cycle that generates H2O2 can easily swamp endogenous Catalase activities (Cao et al. 2014, 

Bey et al. 2013a). In contrast, the low NQO1 expression and elevated catalase levels in most 

normal tissue, particularly in associated normal pancreas and liver, offer significant 

protection from NQO1 bioactivatable drugs, as noted in ß-lap treatment mice (Fig. 4.6). 

However, current NQO1 bioactivatable drugs cause significant NQO1-independent, dose-

limiting methemaglobinemia in red blood cells that somewhat restricts use of specific 

regimen, limiting efficacy (Blanco et al. 2010, D. Gerber et al. 2014).  Strategies, such as 

using specific DNA repair inhibitors, to lower the efficacious doses of NQO1 bioactivatable 

drugs, thereby significantly reducing risk of methemaglobinemia, are needed. Data presented 

here offer ‘proof of principle’ in achieving superior efficacy of NQO1 bioactivatable drugs 

against recalcitrant NQO1-overexpressing PDA, as well as most other solid cancers. 

 

DNA repair inhibitors have been under development for over 40 years, and all developed 

drugs commonly lack tumor-selectivity, even when combined with focused ionizing radiation 

(IR) therapy. DNA damaging agents that specifically target selectively chosen cancers are 

desperately needed. Our data strongly suggest that NQO1 bioactivatable drugs enable tumor-

selective use of DNA repair inhibitors, such as MeOX.  We demonstrated that combination 

therapy with sublethal doses of ß-lap and a nontoxic dose of MeOX synergistically enhanced 
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cytotoxicity in PDA, NSCLC, breast and head/neck cancers (Fig. 4.4 and Table 4.1). The 

observed synergy was NQO1-dependent as NQO1-deficient cell lines, or addition of 

dicoumarol (DIC), to NQO1-expressing cell lines spared cells from ß-lap-induced lethality, 

including the synergistic lethality brought about by exposing cells to MeOX + ß-lap. 

Mechanistically, the observed synergistic response with ß-lap + MeOX was driven by 

enhanced ß-lap-induced PARP1 hyperactivation due to the prolongation of AP sites modified 

by MeOX (Fig. 4.5). These findings strongly suggest that modification of AP-sites by MeOX 

increases the ability of PARP1 to exhaust NAD+ pools after ß-lap treatment.  Once NAD+ 

levels are exhausted, PARP1 cannot function properly to repair SSBs induced by ß-lap, 

resulting in their rapid conversion to DSBs, as indicated by the dramatic increase in gH2AX 

and 53BP1 foci formation.  Ongoing studies are proceeding in our lab to understand whether 

PARP1 binds with high avidity to MeOX-modified versus unmodified AP sites, and what 

other cofactors (e.g., released intracellular Ca+2
ER) are needed mechanistically for PARP1 

hyperactivation. 

 

The combination treatment developed here using ß-lap + MeOX addresses issues associated 

with both agents alone, most importantly offering broad tumor type-selectivity to MeOX and 

eliminating dose-limiting methemaglobinemia caused by higher ß-lap doses otherwise 

required for efficacy. The antitumor efficacy data presented offer ‘proof of principle’ that the 

combination enhances efficacy at well-tolerated doses of ß-lap and at completely nontoxic 

doses of MeOX.  Furthermore, the ß-lap + MeOX doses used in our animal studies are 

relevant to those achievable in patients (Savage et al. 2008, P. Caimi 2014). A major 
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advantage of ß-lap + MeOX-induced NAD+-Keresis is the lack of resistance mechanisms 

available to cancers to overcome this combination therapy. Metabolically depleting cancer 

cells of NAD+/ATP results in the irreversible loss of glycolytic (Moore et al. 2015) and 

Kreb’s cycle function (unpublished data). This treatment strategy will be pursued in further 

preclinical studies to optimize potential clinical utility, and to further elucidate the pathways 

and mechanisms of NAD+-Keresis (Moore et al. 2015).  
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Figure 4.1. NQO1:Catalase ratios are elevated in PDA tumor vs normal pancreatic tissue. 

(A,B) NQO1 and Catalase log2 mRNA expression in matched PDA tumor versus normal pancreatic 

tissue from 59 patient samples. (C-H) NQO1, catalase and NQO1:Catalase ratio expression 

evaluated in 462 PDA tumor versus normal pancreatic tissue. NQO1 levels in a cohort of 22 PDA 

cancer cell lines are also shown for comparison to primary PDA tumors.  Note that NQO1 levels are 

much higher in PDA cancer cell lines compared to primary PDA tumors.   
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Figure 4.2. OGG1 modulates cellular responses to ß-lap-induced DNA damage, PARP1 

hyperactivation and lethality. (A) ß-Lap-induced lethality is predicted to be caused by DNA base 

(8-oxo-G) and SSB formation, detection of base damage by N-glycosylases (e.g., 8-oxo-G by 

OGG1), and subsequent AP site detection and hyperactivation of PARP1, which results in dramatic 

NAD+ loss, metabolic catastrophe and a form of programmed necrotic cell death referred to as 

NAD+-Keresis. (B) ROS levels, resulting from NQO1-dependent futile redox cycling of ß-lap, were 
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monitored in MiaPaca2 cells after 30 min of treatment using CellRox-Glo.  Values were normalized 

to DMSO-treated control cells. (C) Oxygen consumption rates (OCR) in MiaPaca2 cells treated with 

ß-lap ± DIC after mitochondrial inhibition with oligomycin (O) and rotenone (R). Data suggests that 

OCR and ROS are a distinct result of NQO1 activity. (D) 8-oxo-G levels were monitored after 30 

min of ß-lap treatment using immunofluorescence in MiaPaca2 cells across various doses of ß-lap, 

normalized to DMSO-treated control cells. (E,F) OGG1 levels were depleted in 48 h by specific 

siRNA in MiaPaca2 or ASPC1 cells. Cells were then treated with ß-lap ± Rucaparib (25 µM) for 2 h 

and ATP levels monitored using CellTiter-Glo assays. Results were compared using Student’s t-tests 

(+/- standard deviations).  *p<0.05; **p<0.01; ***p<0.001. 
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Figure 4.3.  XRCC1 depletion enhances efficacy of ß-lap by increasing DNA damage and 

repressing metabolic recovery. (A) Stable shXRCC1 knockdown MiaPaca2 clones were generated 

as assessed by Western immunoblotting (inset). Clonogenic survival assays were used to determine 

LD50 values for each ß-lap-treated MiaPaca2-non-targeting (NS) or shXRCC1 clones in separate 

dose-response studies. Plating efficiencies were not altered by XRCC1 depletion. (B) ß-Lap dose-

response of clone #8 assessed by clonogenic survival assays. (C) DSB formation (Average gH2AX 

foci/nuclei) in MiaPaca2 cells after sublethal (2.5 µM) or lethal (4.0 µM) ß-lap doses in stable 

shXRCC1 versus shScr MiaPaca2 cells. (D) Relative intracellular NAD+ levels in stable shScr or 



84 

 

shXRCC1 knockdown MiaPaca2 cells after exposure with various doses of ß-lap (µM, 2h). (E) 

Cellular recovery (over a 4 h time-period) of ATP levels assessed in ß-lap-treated (4 µM, 2 h) stable 

shScr versus shXRCC1 knockdown MiaPaca2 cells monitored by CellTiter-Glo assays. (F) Lactate 

production normalized to cell number in media of ß-lap-treated (4 µM, 2 h) stable shScr or 

shXRCC1 knockdown MiaPaca2 cells over a 6 h period. All indicated results were compared with 

Student’s t-test (+/- standard deviation).  *p<0.05; **p<0.01; ***p<0.001. 
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Figure 4.4. The AP site modification factor, Methoxyamine (MeOX), sensitizes cancer cells to 

ß-lap in an NQO1-dependent manner. (A,B) Clonogenic survival of MiaPaca2 or SUIT2-013-

NQO1(+) versus SUIT2-013-NQO1(-) cells treated with ß-lap, ± 12 mM MeOX, and with or without 

50 µM DIC for 2 h. Data represent survival means ± SE from sextuplicate samples. (C) 

Quantification of TUNEL+ MiaPaca2 cells after ß-lap ± 12 mM MeOX, with or without 50 µM DIC 

after 2 h. (D) AP sites monitored in MiaPaca2 cells exposed as in ‘C’ using a reactive aldehyde 

probe over time. Note that MeOX-modification of AP sites hides AP site measurements using the 

reactive aldehyde probe.  Table 1. MeOX enhances the lethality of ß-lap in a broad range of 

NQO1+ versus NQO1- cells. Genetically matched NQO1-overexpressing (NQO1+) versus NQO1-
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deficient (NQO1-) cancer cells were screened for sensitivity to ß-lap alone, MeOX alone or the ß-lap 

+ MeOX combination. All results were compared using Student’s t-tests (+/- SD).  *p<0.05; 

**p<0.01; ***p<0.001. 
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Figure 4.5. MeOX sensitizes cells to ß-lap by potentiating DNA damage and PARP1 

hyperactivation. (A) MeOX enhances DSB formation in ß-lap-treated cells. Average gH2AX 

foci/nuclei were assessed in ß-lap-treated (µM, 2 h) MiaPaca2 cells, + MeOX (12 mM) at 15 and 30 

min during exposure. H2O2 (0.5 mM, 15 min) was used as a positive control. (B) Average 53BP1 

foci/nuclei in ß-lap-treated (µM, 2 h) MiaPaca2 cells, ± 12 mM MeOX over time (h). Graph 

represents average foci of three separate experiments.  (C) Relative NAD+ levels in MiaPaca2 cells 2 

h after treatment with ß-lap, ± 12 mM MeOX, and with or without Rucaparib (15 µM) in 

sextuplicate, means ± SEM.  (D) Western blot quantification of relative PAR-PARP1 formation 

(using a-tubulin for loading) in MiaPaca2 cells 20 min after exposure to various doses of ß-lap ± 12 
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mM MeOX, with or without 50 µM dicoumarol (DIC). (E) Clonogenic survival of MiaPaca2 cells 

pre-treated with 5 µM BAPTA-AM (Ca2+ chelator) for 30 min followed by treatment with ß-lap 

(µM, 2 h), ± 12 mM MeOX. Data represent survival means ±SEM from quadruplicate samples. (F) 

Glucose consumption assessments from media of MiaPaca2 cells treated with Rucaparib (25 µM) for 

2 h prior to 2 h exposure to ß-lap ± 12 mM MeOX. Data represent means ±SEM from triplicate 

samples. All results were compared using Student’s t-tests (+/- standard deviation) unless otherwise 

stated.  *p<0.05; **p<0.01; ***p<0.001. 
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Figure 4.6.  MeOX enhances the lethality of ß-lap against subcutaneous human pancreatic 

xenografts to ß-lap in vivo. (A,B) Subcutaneous xenograft tumors grown from MiaPaca2 cells in 

athymic nude mice were grown to 100 mm3, after which mice were treated every other day with 

vehicle alone (HPßCD, n = 10), a nontoxic dose of MeOX (IP, 150 mg/kg in saline, n= 10), a sub-

efficacious dose of ß-lap (IV, 25 mg/kg, n= 5) or a nontoxic dose of MeOX + ß-lap (IV, 25 mg/kg, n 

= 8) for a total of 5 doses over ten days (arrows). Tumor volumes were monitored by direct caliper 

measurements as described in ‘Materials and Methods’. Note regression of tumors in three mice 

from the MeOX + ß-lap combination therapy. (A). Tumor growth was monitored until tumors 

reached 1,000 mm3, where necrotic tissue, restricted movement and weight loss warranted sacrifice. 
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Error bars: means, + SEM (B). (C) Immunoblot quantification of relative PAR and yH2AX levels 

(with respect to a-tubulin loading) from tumors harvested 30 min after treatment with HPßCD 

vehicle alone, ß-lap alone, MeOX alone or ß-lap + MeOX at doses indicated in ‘B’; n = tumors from 

3 mice per group; Error bars: means, + SEM. (E) Kaplan-Meier survival plot of tumor–bearing mice 

treated with conditions described in A-C. Mice were sacrificed when tumors reached 1,000 mm3 as 

per IACUC-approved animal protocol. 
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Figure SF4.1. (A) OGG1 depletion makes MiaPaca2 cells partially resistant to ß-lap-induced 

cytotoxicity. 
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Figure SF4.2. (A) Relative intracellular ATP levels in stable shScr versus shXRCC1 MiaPaca2 cells 

treated with various doses of ß-lap for 2 h. (B) Relative XRCC1 mRNA expression in normal vs 

matched PDA tissue from 45 pancreatic cancer patients (GSE28735). 
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Figure SF4.3. (A) Relative ROS levels in MiaPca2 with ß-lap ± 12 mM MeOX cells determined by 

CellROX dye during 30 min. Data were from experiments performed in sextuplicate.  Show are 

means, ± SEM. 
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Figure SF4.4. (A) Relative intracellular ATP levels in MiaPaca2 cells after treatment with various 

doses of ß-lap (µM), ± 12 mM MeOX for 2 h. (B,C) Time-course of glucose consumption and 

lactate production over a 6 h period in media of MiaPaca2 cells after a 2 h treatment with ß-lap, ± 12 

mM MeOX. (D) Relative ATP recovery assessed over a 4 h time period by CellTiter-Glo assay 

measured in MiaPaca2 cells after 2 h treatment with ß-lap, ± 12 mM MeOX. (E) Immunoblot image 

of relative PAR-PARP1 formation in MiaPaca2 cells after 20 min after treatment with various doses 

of ß-lap, ± 12 mM MeOX. 
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Figure SF4.5. (A) Mouse weights during treatment with ß-lap (IV, 25 mg/kg), MeOX (IP, 150 

mg/kg) or vehicle treatment. (B,C) Immunoblot image of relative PAR-PARP1 and gH2AX 

formation in tumor tissue from animals treated as indicated. 
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Figure SF4.6. (A) NQO1-dependent futile redox cycling of ß-lap demonstrating production of 

superoxide radical with NAD(P)H used as an electron donor. (B) Model of BER after oxidative 

DNA damage. (C) Interaction of MeOX with an AP site in DNA.  
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CHAPTER FIVE 
Conclusions and Future Work 

 
 

5.1 Conclusions 

In summary, we found that the ROS generating agent ß-lap synergizes with two 

dramatically different therapeutic strategies, GLS1 inhibition (CB-839 and BPTES) and 

BER inhibition (MeOX), in pancreatic cancer through distinct mechanisms of action to 

induce PARP1 hyperactivation-dependent NAD+ depletion. Importantly, the 

combinations did not affect associated NQO1-deficient, normal pancreas or liver, 

demonstrating that this synergism is selective for PDA. Inhibiting GLS1 genetically or 

pharmacologically in PDA resulted in tumors with decreased intracellular antioxidant 

defenses specifically in KRAS mutated cancer cells due to PDA’s reliance on glutamine-

dependent transamination reactions for cytoplasmic NADPH biogenesis and redox 

balance. Mechanistically, glutamine metabolism inhibition left cells hypersensitive to the 

ROS burst derived from ß-lap-induced NQO1-dependent futile redox cycling. Next, we 

demonstrated that ß-lap induced extensive oxidative DNA base damage that required the 

BER machinery for repair.  Using the AP-site modifier MeOX in combination with ß-lap  

led to a lower threshold of PARP1 hyperactivation and NAD+ depletion. Mechanistically, 

we believe that this may be due to increased affinity of PARP1 to MeOX-bound-AP sites, 

however further studies are needed to completely define the mechanism.  
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To further study biological pathways that attenuate ß-lap cytotoxicity in an unbiased 

manner, a genome wide RNAi screen in combination with ß-lap is warranted in NQO1 

expressing cancer cells and NQO1 deficient normal cells. A gene will not be considered a 

potential “hit” if knockdown leads to cell death without ß-lap treatment or sensitizes 

normal, NQO1 deficient cells to off-target effects of ß-lap. Based on data from my 

dissertation, this screen would have “built-in” positive control genes such as GLS1, 

GOT1, GOT2, ME1 and XRCC1 that when knocked down sensitize cancer cells to ß-lap.  

This genetic screen will give mechanistic insight into pathways that attenuate ß-lap 

efficacy. Once a list of validated genes and their associated pathways are identified, a 

subsequent low-through put screen can be conducted with pharmacological agents that 

have been described to target these pathways. Once a series of compounds are proved to 

synergize in vitro, in vivo xenograft studies should immediately commence to determine 

the pharmacokinetic and pharmacodynamics profile of the novel combination.  To 

increase the translational applicability of the secondary compound screen, the list of 

agents can be limited to drugs that are in late stage clinical trials or are already FDA 

approved. Overall, understanding the mechanism involved in these combinations will 

advance scientific knowledge of how the action of NQO1 bioactivatable drugs could be 

augmented in PDA and NSCLC models. Moreover, this information could be used for the 

development of effective clinical trials combining NQO1 bioactivatable drugs with other 

anticancer agents.  
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