Chapter 10
NQO1 Bioactivatable Drugs Enhance
Radiation Responses
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Abstract Inhibitors of cancer-specific pathways can selectively kill off tumor cells.
However, heterogeneity of neoplastic tissue often allows other cancer cells to repop-
ulate the tissue area, leading to regeneration of resistant disease. f-Lapachone is a
novel bioactivatable drug that relies specifically on tumor-directed upregulated lev-
els of NAD(P)H:quinone oxidoreductase 1 (NQO1) to kill most solid cancers, such
as 90 % of pancreatic and non-small cell lung, 60 % of breast, colon, and prostate, as
well as 50 % of head and neck cancers. Once f-lapachone is bioactivated by the
NQOI1 enzyme, massive levels of hydrogen peroxide are produced that, in turn,
damage the DNA of cancer cells, while associated normal tissues, which lack NQO1,
are protected by high levels of catalase. If tumors are irradiated prior to applying
f-lapachone, the drug (clinical form, ARQ761) can work in combination with the
vast spectrum of DNA lesions created by ionizing radiation, particularly DNA base
lesions, single and double strand breaks (SSBs and DSBs), in addition to the mas-
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sive hydrogen peroxide-based lesions created by p-lapachone, to cause tumor-
dependent poly(ADP-ribose) polymerase 1 (PARP1) hyperactivation. Once
tumor-selective PARP hyperactivation is induced in cancer cells, they die due to low
concomitant catalase levels. In contrast, associated normal tissue, as well as other
normal tissue, lack elevated levels of NQO1 and have high catalase levels. Cancer
cell death ultimately occurs by NAD*-depletion, where resistance to NQO1 bioacti-
vatable drugs has not been noted to date. Current studies are focused on pancreatic
and non-small cell lung cancers, as NQOL1 is elevated in nearly all of these cancers.

Keywords Oxidative stress ¢ NQO1 expression ® PARP hyperactivation ® Tumor-
selectivity e NAD* loss e NAD*-Keresis

10.1 Introduction

Developing effective agents that can selectively increase the sensitivity of cancer
cells to ionizing radiation (IR), so called ‘radiosensitizers,” while not affecting nor-
mal cells or tissues, has been difficult. IR therapy is effective due to the spectrum of
DNA lesions produced and its ability to generate complex DNA double strand
breaks (DSBs), where only one non-repaired lesion is required for cancer cell lethal-
ity. Nevertheless, IR therapy is subject to the classical four Rs of radiobiology [1, 2]:
(i) Re-oxygenation and resistance by hypoxia-efficient sensitization of cells (see
Chap. 2); (ii) Repair where tumor cells often have heightened DNA repair mecha-
nisms; (iii) Redistribution of tumor cells into more radioresistant phases of the cell
cycle; (iv) Repopulation in which resistant tumor cells (e.g. cancer stem cells
[CSCs]) rapidly expand and often have increased capacity for metastasis. In recent
years, another R has been added, (v) Radioresistance, to indicate ‘inherent radia-
tion resistance’ mechanisms that develop during carcinogenesis. Strategies for
developing radiosensitizers (briefly summarized below and specifically addressed
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in this review), have attempted to overcome one of these five Rs. Unfortunately,
many of these strategies have focused on differential cell division and not on under-
lying non-dividing tumor cells (that may include CSCs) that remain unperturbed by
nearly all radiosensitizing agents. In this review, we will present data on NQO1
bioactivatable drugs from the past 20 years, and suggest that these agents should be
explored as radiosensitizing agents which, when used properly, can kill independent
of cell cycle status, or presence of tumor suppressor (e.g., p5S3, pRb) or oncogene
(e.g., KRAS, MYC) status. Additionally, NQO1 bioactivatable agents can effi-
ciently alter tumor-specific metabolism and inhibit a spectrum of DNA repair path-
ways by aunique poly(ADP-ribose) polymerase (PARP) hyperactivation mechanism.
This occurs via the X-ray-inducible transcript leading to protein (xip3) gene [3],
now known as NAD(P)H:quinone oxidoreductase 1 (NQO1) which is overex-
pressed 5- to 100-fold in most solid cancers, including extremely recalcitrant can-
cers, such as non-small cell lung, pancreas, as well as breast, prostate, colon, bladder,
and head and neck cancers [4-8]. We briefly review current and past radiosensitizer
strategies, and then describe the mechanism of action of NQO1 bioactivatable drugs
alone [7, 9-11], and how these agents exploit a novel NQO1-dependent, tumor-
selective PARP hyperactivation mechanism when combined with IR therapy.

10.2 Prior and Current Strategies for Radiosensitizing
Cancers (Fig. 10.1)

1. Halogenated Pyrimidines. Halogenated pyrimidines (HPs), such as chloro-,
bromo- and iodo-deoxyuridine (CldU, BrdU, 1dU), are well-known radiosensitizers
and have been reviewed in detail elsewhere [12—17]. In an effort to develop additional
tumor-selectivity and to exploit elevated deoxycytidine deaminase (dCD)-deoxycyti-
dine kinase (dCK) levels, halogenated deoxycytidine derivatives (particularly CldC
and FdC) were developed by Dr. Sheldon Greer [9, 18-20].

Since the 1960s, HPs were investigated for their potential to replace thymidine and
incorporate into the DNA of replicating tumor cells to increase cell sensitivity to IR
[21-28]. Bromine, chlorine and iodine have van der Waals radii that are larger than
hydrogen and similar to the 5-methyl group of thymine. They mimic thymidine and
become better substrates for thymidine kinase [29]. Several mechanisms are simulta-
neously at work to explain how HPs cause radiosensitization. First, IR exposure of
cells that have unifilar or bifilar incorporation of HPs causes de-halogenation and
subsequent formation of HP® radicals that cause complex DSBs due to the formation
of multiple damaged sites, making these lesions difficult to repair [30]. Accordingly,
bifilar incorporation is more effective than unifilar incorporation [31]. Multiple clini-
cal trials and applications have been developed for HPs over the years with varying
degrees of success, with the main challenge being the incorporation of sufficient HPs
into DNA to achieve a therapeutic result [32—-38]. Clinical trials have not been defini-
tive about the use of HPs in cancer treatments, but there may be a subset of patients
that benefit [39, 40]. Toxicities, including increased sensitization of the eyes to light
and blindness, have greatly impeded the use of HPs as radiosensitizers [41].
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Fig. 10.1 Cellular map of radiosensitization targets

2. Oxygenation mimics: The use of oxygen to increase IR effects. The aggressive
nature of tumors relies on their ability to adapt to environmental stress factors.
Regions of the tumor contain necrotic areas where oxygenation levels remain low
(i.e., are hypoxic, with oxygen (O,) levels less than 10 mmHg). This hypoxic envi-
ronment in tumors induces the activation of certain compensatory pathways to pro-
tect the cell, including the hypoxia-inducible factor (HIF) pathway [42, 43].
Activation of these pathways in response to low O, levels allows for a selective
advantage against apoptosis and can lead to resistance to chemo- and radiotherapies
[44, 45]. When the level of O, is enhanced in the tumors, radiosensitization is
increased up to threefold [46]. This increased radiobiological effect (RBE) led to the
development of oxygenation methods to enhance the response to IR therapy.

One technique to sensitize tumors to radiotherapy is the use of oxygenation
mimetics. These mimics utilize the chemical properties of oxygen without being
rapidly metabolized by cells undergoing cellular respiration, which allows for
increased distribution into hypoxic areas of tumors [44]. The most common class of
oxygenation mimetics is the nitroimidazoles. These agents are able to “fix” and
prolong DNA radical lesions produced by IR. Nitroimidazoles take advantage of
nitroreductase enzymes that are upregulated in hypoxic conditions found in tumors
to generate anion radicals [47, 48]. The radical anions created are highly reactive
and undergo irreversible fragmentation that promote cross-linking in DNA, render-
ing irradiated cells unable to divide, eventually leading to apoptosis [49].
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3. Signal transduction inhibition strategies. Aberrant activation of various signal
transduction pathways is frequent in neoplastic growth. In response to IR, cancer
cells critically depend on a cascade of multiple signal transduction responses, such
as the stimulation of (1) plasma membrane receptors [50, 51]; (2) cytoplasmic pro-
tein kinases [52, 53]; (3) specific transcriptional activation [54-56]; and (4) altered
cell cycle regulation [53, 57] to ultimately evade the toxic effects of IR-induced
damage. In cancer, for example, overexpression or mutational activation of RAS
and PTEN can regulate the PI3K pathway needed for the eventual repair of
IR-induced DSBs [58]. This inherent “addiction”, however, opens new avenues for
innovative therapeutic strategies toward the development of novel anticancer drugs
that inhibit key signal transduction cascade steps to potentiate the effects of low-
dose IR [59-63]. The PI3K/mTOR dual inhibitor, NVP-BEZ235, is an excellent
example of a radiosensitizer [61-63]. This inhibitor targets both ATM and DNA-
PKcs that are apical kinases involved in repair of IR-induced DSB [62]. Simultaneous
inhibition of these two kinases blocks both homologous recombination (HR) and
non-homologous end joining (NHEJ) pathways that are critical for repair of
IR-induced DNA damage [62]. In combination with IR, this inhibitor potently
induces apoptosis both in vitro and in vivo using models of mutant KRAS-driven
non-small cell lung cancer (NSCLC) and glioblastoma [61-63]. This combination
therapy could be broadly applicable to other cancers that exhibit aberrant activation
of PI3K. Pharmacological inhibition of specific signal transduction pathways is
often quite effective initially, but over time, cancer cells upregulate compensatory
pathways to overcome their dependence on the targeted pathways. In such scenar-
ios, combination therapies simultaneously targeting multiple pathways become a
necessity to eliminate cancer.

4. Hormone Regulation. The most well-studied growth factor pathways modulat-
ing radiosensitivity have been targetable EGFR and insulin receptors. The mecha-
nism of radiosensitization by inhibiting EGFR are under intense investigation, but
are likely related to both regulation of the cell cycle [64—71] and modulation of
DSB repair [72, 73]. Kriegs et al., demonstrated that in NSCLC, radiosensitivity
increases by promoting G,/S-arrest in tumor cells [64]. In clinical trials, the most
substantial benefit of EGFR inhibitors appears to be in a subset of head and neck
cancers, with significant enhanced survival in patients receiving combination ther-
apy with IR plus Cetuximab [74]. The main difficulty in improving clinical out-
comes has been identifying the cohort of patients who would best respond to
therapy. Less well investigated are other hormonal pathways, such as insulin and
insulin-like growth factor 1 (IGF-1) regulation. Wang et al. demonstrated radiosen-
sitization in pancreatic cancer via metformin’s effect on the G,-checkpoint and
increased rates of mitotic catastrophe [75] and Fasih showed similar results via the
AMPK pathway [76]. Another strategy being developed is to alter the TGFp1-IGF-1
extracellular expression axis, which leads to the pro-survival protein and extracel-
lular protein chaperone, secretory clusterin (sCLU) [77-79]. Suppressing the
TGFP1-IGF-1-sCLU expression pathway is likely to decrease resistance and sup-
press glycolytic and TCA metabolic reprogramming that can occur post-IR by sup-
pression of fatty acid synthase (FASN) and lipogenesis [79].
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5. Hyperthermia. Modifying the tumor microenvironment has long been a thera-
peutic target in cancer therapy. Multiple studies in vitro demonstrated the dramatic
radiosensitization effects of hyperthermia [12, 80]. Heating tissue over 43 °C impairs
the cell’s ability to effectively perform DNA repair, which is potentiated by its com-
bination with IR [81-83]. Among a host of other responses, hyperthermia can cause
enhanced ATM kinase activity, inactivation of HSP70, and increased telomerase
activity [82]. Heat also diminishes chromatin condensation and leads to nucleolar
disintegration as a marker for impaired DNA repair [84]. Though many of these
effects were demonstrated in various cell lines, clinical application of hyperthermia
continues to be problematic. Strategies are now being employed to target heat shock
proteins instead. As technology has improved, there is now considerable interest in
the use of magnetic resonance high intensity focused ultrasound (MR-HIFU) for
delivery of chemotherapy and palliative pain control [85-91].

6. Metals. Various metals, with a predominant emphasis on gold nanoparticles,
have been investigated as radiosensitizers [92-94]. Gold particles absorb energy
from IR, thereby potentiating SSBs and DSBs in vitro, as well as by generation of
toxic free radicals [95-98]. Studies in vivo have also demonstrated antitumor effects
in mice [99-103]. The main difficulty has been enhancing the delivery of gold
nanoparticles to tumor sites. Other metals with radiosensitization properties such as
copper, iron, nickel, and gadolinium are in early phases of exploration for potential
clinical use [104—110]. Most metals, even gold, however, have major toxicity issues
that must be dealt with for future therapies [111].

7. Dietary supplements, vitamins, and complementary and alternative medi-
cine. Over the years, a large effort has been devoted to developing complementary
and alternative medicines for the treatment of cancers, and many of these agents
have been investigated as potential radiosensitizers. Caffeine has been described in
several papers to induce radiation sensitivity via elimination of the radiation-
induced G, checkpoint and inhibition of both ATM and ATR [112-114]. Indeed,
examination of the literature on caffeine [115] led to a search for DNA repair inhibi-
tors, and ultimately, the identification of f-lapachone, the first NQO1 bioactivatable
drug [10]. Neem leaf extract was also implied in radiosensitization by modulation
of apoptotic pathways in neuroblastoma, and via NF-kB in pancreatic cancer cell
lines, where curcuma and black raspberry extract were also indicated to be effective
[116-120]. Likewise, caffeic acid phenethyl ester (CAPE), the active ingredient in
honeybee resin, demonstrated growth inhibition in human lung cancer cell lines via
decreased glutathione and elevated H,O, levels by unknown mechanisms. [121,
122] Soy products, likely via antioxidant effects, demonstrate synergistic anticancer
effects in combination with radiation therapy in prostate cancer [123]. Finally, vita-
mins, such as riboflavin, were suggested as a radiosensitizer in mouse thymocyte
models and human hepatoma cells [124]. Though none of these compounds have
become adjuncts to radiation therapy, the widespread use of complementary and
alternative medicines warrants clinical awareness of the effects of these particular
xenobiotics, and specifically inquiring about their use.
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10.3 Targeting NQO1 Expression for Cancer Therapy

1. NQO1: A Phase II detoxification enzyme. The cellular detoxification of foreign
chemicals occurs in a step-wise manner facilitated by enzymes that carry out specific
metabolic processes, including biotransformations (Phase I), conjugations (Phase II)
and transportation (Phase III) [125]. Phase II detoxification involves glucuronida-
tion, acetylation, and sulfonation conjugation reactions. These reactions add polar
moieties to very reactive and toxic xenobiotic molecules, rendering them more
water-soluble. Following conjugation reactions, the newly created quinone-
metabolites are less reactive, and thus, are less harmful to cells. For most quinones,
NQOL is a phase II detoxification enzyme, and as such, interacts with various xeno-
biotic quinone substrates. NQO1 converts these reactive quinones to more stable
hydroquinones, allowing more efficient phase II conjugation reactions, and subse-
quent rapid excretion [126]. The classic example of NQO1 metabolism of a quinone
resulting in its detoxification is the interaction between NQO1 and menadione. In
the early 1980s, studies involving menadione metabolism in hepatocytes discovered
that in the presence of the NQO1 inhibitor dicoumarol, increased free radical forma-
tion and elevated oxygen consumption [127]. The relevance of NQO1’s detoxifica-
tion of menadione was further confirmed in the late 1990s by Jaiswal’s characterization
of NQO1-deficient mice who were hypersensitive to quinoid compounds, such as
menadione [128].

2.NQO1 expression in cancers. In normal tissue, particularly normal lung, expres-
sion of NQOI1 has been shown to be inducible, and the induction of endogenous
NQOL levels in tissues is primarily a response to increased levels of oxidative stress
[129]. NQO1’s inducible expression is tightly regulated by the transcription factor,
Nrf2. Nrf2 is held in abeyance in the cytosol by Keapl, an E3 ubiquitin ligase. In
the presence of Keap1, Nrf2 undergoes rapid proteasomal degradation. The Keap1-
Nrf2 pathway controls expression of NQO1 as well as many other oxidative stress
regulatory genes, resulting in their expression only when Nrf2 is released from
Keapl. The dissociation of Nrf2 from Keap1 occurs when cells are confronted with
oxidative stress. The severance of Nrf2 from Keapl permits Nrf2 to translocate to
the nucleus where it interacts with the chaperone, small Maf-1 protein. Together, the
Nrf2/Maf-1 complex regulates the transcription of various antioxidant genes whose
common thread is the presence of an antioxidant response element (ARE) within
specific promoters of certain genes. These Nrf2-activated genes, including NQOI,
are activated and tightly controlled in normal cells to protect the genome from vari-
ous deleterious forms of oxidant stress. In contrast to the tightly regulated low lev-
els of NQOI in normal cells, expression of NQO1 in cancer cells was constitutively
elevated well above those observed in normal tissues [130, 131]. In retrospective
analyses, NQO1 expression in most solid cancerous tissue is elevated 5- to 100-fold
more than levels noted in associated normal tissue for the same patient [130, 131].
Increased NQO1 expression in cancerous tissues is typically a disruption in the
Keap1-Nrf2 association [132]. In fact, studies have reported finding mutations in
Keapl in various cancers, where NQOI1 levels were elevated [133, 134]. These
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studies showed that when Keapl was mutated, expression levels of Nrf2 were
increased in the nucleus and an elevated expression of NQOI1 and other Nrf2-
regulated genes were observed. Thus, elevated NQO1 expression in many cancers
has led to an increase in studies investigating the plausibility of developing qui-
nones whose bioactivation could potentially be harnessed for development of
NQO1-directed antitumor chemotherapeutics.

3. Previous studies on initial NQO1 bioactivated drugs: Mitomycin C,
Geldanamycin, EO9 and Streptonigrin. NQO1 plays a significant role in ‘bioac-
tivating’ a select few quinone substrates. These NQO!1 activatable drugs fall into
two classes: (i) compounds, such as mitomycin C (MMC) and geldanamycin that
are converted to their hydroquinone forms in one-step reactions, and become either
DNA alkylating agents (MMC) or inhibitors of specific pathways, such as HSP90 or
HSP70; or (ii) compounds that undergo futile redox cycling (e.g., EO9 and strepto-
nigrin), potentially generating tremendous oxidative stress. Streptonigrin is unique
in that it causes both elevated reactive oxygen species (ROS) levels and induces
DNA alkylation.

Mitomycin C is a naturally occurring compound originally derived from the
Gram-positive bacterium, Streptomyces. MMC is used clinically to treat a variety of
tumor types, including stomach, pancreas, breast, and lung [135]. However, its use as
an NQOl-directed killing compound has been limited by its dependence on a narrow
pH range [136]. Outside this pH range, its antitumor activity is not NQO1-specific. In
fact, MMC, in most cases, acts as an inhibitor of NQO1 activity. Thus, this com-
pound, although used to treat a wide assortment of cancers with limited success, does
not truly define the potential of selective NQO1-directed chemotherapy.

Geldanamycin is a 1,4-benzoquinone originally isolated from Streptomyces in
1970 [137]. Its antitumor activity has been correlated with three main factors,
including free radical formation, tyrosine kinase inhibition, and binding and inter-
fering with heat shock proteins. 17-AAG is a geldanamycin derivative produced
to avoid dose-limiting toxicities that included hemolytic anemia and hepatotoxic-
ity [138]. In clinical studies with patients with NQO1 homozygous *2 polymor-
phisms, and thus no NQOI expression, no correlation was observed between
responses to 17-AAG therapy and NQOI1 status, suggesting that although NQO1
bioactivates 17-AAG [139], the activity of the drug was not related to NQO1
expression, but to its off-target effects.

EO9 (3-hydroxy-5-aziridinyl-1-methyl-2(1H-indole-4,7-dione)prop-f-en-a-ol),
also known as apazoquinone, is another example of an NQO1-bioactivated com-
pound that has undergone clinical trials [140]. Studies in vitro showed that EO9
bioreduction by NQO1 caused DNA damage in the form of SSBs, which was sup-
pressed by catalase, implicating hydrogen peroxide formation during EO9 reduction
by NQO1 [141]. In clinical studies with EQ9, its low water solubility led to extremely
poor systemic pharmacokinetics, actually due to metabolism by peripheral red blood
cells themselves [142]. Thus, poor responses in patients with solid cancers were
noted [143, 144]. However, when used in trials to treat local regional bladder tumors,
the compound faired much better. Although EO9 had limited success in clinical tri-
als, an interest still exists in its utilization in treating local regional tumors [140].
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Fig. 10.2 Tumor-selective, NQO1-mediated futile redox cycle of f-lapachone (B-lap) triggers a
novel PARP hyperactivation-dependent pathway of programmed necrosis, referred to as NAD*-
Keresis. Using B-lapachone, this pathway is being exploited for cancer therapy, but also as a gen-
eral treatment against metabolic syndromes to correct NAD(P)H:NAD(P)* ratios

Streptonigrin is another quinone antibiotic discovered in the early 1960s to
have antitumor activity. However, the drug was extremely difficult to synthesize
and subsequently failed in initial clinical trials due to poor water solubility [145].
As a result, limited studies are available to prove its entire mechanism of action.
In more recent studies, streptonigrin was found to be active in an NQO1-dependent
manner in human colon cancer cells [146]. As noted above, streptonigrin repre-
sents a potent potentially NQO1-dependent agent that undergoes NQO1-dependent
redox cycling, but also alkylates DNA [147]. Further studies on streptonigrin,
including improved and more efficient synthetic procedures, may be warranted.

4. NQOL1 bioactivatable drug mechanisms of action and cellular consequences.
B-Lapachone (B-lap) is a unique NQOI bioactivatable drug that exploits the
NQOl:catalase therapeutic window due to its elevated expression in many solid
tumors [5]. B-Lapachone undergoes a futile redox cycle, which attempts to detoxify
the drug, thereby forming its unstable hydroquinone (Fig. 10.2). The hydroquinone
form of p-lapachone undergoes a spontaneous back-reaction, creating two
superoxides. The reaction is robust, using 60 mol of NAD(P)H and creating 120 mol
of superoxide in just 2 min in NQO1 positive cancer cells. Reactions are prevented
by dicoumarol (DIC), a specific inhibitor of NQO1 and do not occur in NQO1 nega-
tive cells. Impressively, a 1 h exposure of NQO1+ pancreatic ductal adenocarci-
noma (PDA) cells to 4 pM B-lapachone is equivalent to 300-500 pM H,0, [8, 148].
A minimum of 35-120 min of exposure to NQOI1 bioactivatable drugs is required
to kill all NQO1+ cancer cells in vitro, strongly suggesting that key lethal responses
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occur in this time frame [149, 150]. Loss of NAD(P)H reducing equivalents, accu-
mulation of NAD* pools, DNA base damage, and Ca** release from the endoplas-
mic reticulum (ER) result in ‘PARP1 hyperactivation’ which degrades NAD* pools
and causes tumor-selective NQO1-mediated cell death (Fig. 10.2). Major advan-
tages of using B-lapachone include its unique NQO1-dependent mechanism of
action and lack of major exposure-related resistance pathways. A small population
of NQO1- polymorphic individuals (~5 %) are predicted not to respond. Prior work
[4, 8, 131, 149-154] demonstrates that f-lapachone-induced cell death is: (i) not
dependent on p53 status; (ii) not dependent on cell cycle; (iii) not affected by bak/
bax loss; (iv) not affected by known oncogenic driver or carrier mutations [5]; and
(v) not affected by caspase (e.g., bcl2 expression or caspase loss in MCF-7 cells)
loss [7, 153, 155—-157]. f-Lapachone also causes a potent bystander effect, wherein
NQO1"¥ (<1 Unit) cancer cells in a mixed NQO1+/NQO1- tumor are killed by
apoptosis, while normal tissues are unaffected due to high catalase levels [5, 6, 8,
158]. Cell death is mediated by p-calpain/AIF activation [131, 148, 151, 152].
-Lapachone causes extensive DNA base damage and SSBs, even at sublethal doses
(=2.5 pM) for NQO1+ cancers [5].

5. Metabolic consequences of NQO1 bioactivatable drugs. The loss of NAD* can
be seen in several examples of NQOI1 bioactivatable drugs. The mechanism of
NQOL1 bioactivable drugs (Fig. 10.2) shows how NQOI catalyzes the rapid conver-
sion of NADH to NAD*. The buildup of NAD" in the cell is quickly depleted upon
PARP1 hyperactivation. A lethal dose of the drug deoxynyboquinone (DNQ)
revealed NAD" is depleted within 30-60 min, as well as complete loss of ATP
within the cell [154]. A similar phenomenon is observed with a lethal dose of
f-lapachone [159]. B-Lap treatment also caused a persistent reduction in the activity
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in glycolysis, noted by
the accumulation of glyceraldehyde 3-phosphate (GA3P) in the cells. This observa-
tion was also complemented by a decrease in glucose utilization and subsequent
lactate production [160].

The exploitation of metabolic pathways that utilize NAD*/NADH and ATP can
be advantageous in enhancing the effects of NQO1 bioactivatable drugs. In theory,
the rapid depletion of these essential cofactors suggests downstream metabolic con-
sequences might occur. One pathway to target would be the nicotinamide recycling
pathway which is primarily responsible for NAD* synthesis. The cell naturally tries
to recover from the dramatic NAD" loss caused by NQOI1 bioactivatable drugs by
regenerating this essential nucleotide. The rate-limiting step of the reaction is cata-
lyzed by nicotinamide phosphoribosyltransferase (NAMPT) and the most well-
known inhibitor is FK866 [161, 162]. Pre-treatment with FK866 reduced overall
NAD*/NADH pool sizes prior to f-lap treatment, which leads to an accelerated
decrease in overall NAD*/NADH and shifted lethality of B-lap to smaller doses of
the drug [160]. Overall, treatment with FK866 attenuated the effects of p-lap, with-
out causing excess PAR formation (due to lower NAD* levels) and renders the
NAMPT inhibitor tumor-selective.

Alternate pathways to target for combination therapy are those that feed
directly into glycolysis and/or the TCA cycle. One approach targets cancer cells
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whose metabolism is driven by mutant KRAS. KRAS-driven metabolism uti-
lizes glutamine as an anaplerotic carbon source. The first step in this pathway is
catalyzed by mitochondrial glutaminase (GLS1) and is responsible for convert-
ing glutamine to glutamate within the mitochondria [163]. Current inhibitors
against GLS1 include BPTES (bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)
ethyl sulfide) and CB-839 [164, 165]. Recent studies have shown that treatment
with BPTES sensitized pancreatic cells to B-lap in a mutant KRAS-dependent
manner and caused a significant decrease in NAD* at lower, sublethal p-lap
doses. In vivo studies with CB-839 reveals an increase in overall PAR formation
and an increase in a survival advantage when treated in combination with
B-lapachone [6, 166].

A more recent NQOI bioactivatable drug, KP-372, shows many downstream
metabolic effects. A KP-372 treatment results in an increase in the cytosolic NAD"/
NADH redox state in a dose-dependent manner. The most significant observation
is the increase (seven to eightfold) of several intermediate metabolites within the
pentose phosphate pathway (PPP), which most likely occurs to regenerate depleted
NAD(P)H. Additionally, the glycolytic and TCA cycle metabolites also showed a
perturbation upon treatment. However, the lactate production after treatment
showed no significant change, indicating KP-372 had no measurable effect on
glycolysis [167].

6. Pathways of sensitizing cells to NQO1 bioactivatable drugs. Early on, in
searching for a DNA repair inhibitor, B-lapachone was discovered for its abili-
ties to inhibit recovery of irradiated cells, only if added during or immediately
after exposure to IR, affording efficacy as a radiosensitizing agent in vitro [9—
11]. In those early studies, NQO 1" radioresistant malignant melanoma (U1Mel)
cells were used in an effort to counter potentially lethal DNA damage repair
(PLDR) processes [10]. Simultaneously, it was discovered that IR-treated
U1Mel cells significantly induced NQO1 expression, then identified as X-ray-
inducible transcript leading to protein 3 (xip3) [3]. Therefore, IR treatment pre-
disposed UlMel cells to B-lap, which were relatively resistant to this NQO1
bioactivatable drug in its basal state. Dose enhancement ratios (DERs) of 1.8- to
2.5-fold, with >3.5-fold when halogenated pyrimidines (HPs) were incorpo-
rated, were found [9]. Further analyses revealed that numerous cancers have
constitutively elevated levels of NQO1 [131, 148], and that NQO1 expression
appears to be a pro-survival gene for CSCs [168]. Additionally, cancer cells
with constitutively elevated levels of NQO1 could still be radiosensitized to the
same extent as NQOI1"™ cells [4], dramatically broadening use of B-lap and
other NQOI bioactivatable drugs as radiosensitizers. Mechanistically, low doses
of IR, which do not hyperactivate PARP, combine with sublethal doses of p-lap
(not capable of hyperactivating PARP) synergistically create enough DNA base
damage, SSBs, and DSBs to hyperactivate PARP. In this case, synergy is the
culmination of a number of events in the following sequence: (a) treatment with
IR, causing a spectrum of DNA lesions, including DNA base alkylation, as well
as single- and double strand breaks, with DSBs being the most lethal; (b) simul-
taneous treatment with f-lapachone, resulting in significant H,O, production
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and specific DNA base damage and SSBs. Co-treatment reaches the threshold
level of DNA base, SSBs and DSBs, resulting in PARP hyperactivation, where
significant decreases in NAD(P)* result creating conditions where DNA repair is
prevented (Fig. 10.2). Most significantly, DSB repair is prevented, causing a
synergistic killing effect which triggers a form of programmed necrosis (PN),
known as NAD*-Keresis. Due to the spectrum of DNA lesions, specifically
DSBs, and triggering of PARP hyperactivation-dependent NAD*/ATP loss, the
combination shows significant synergistic lethality against many NQO 1+ human
cancers, including neoplasms of the prostate, breast, non-small cell lung, and
head and neck carcinomas.

7. Other synergistic combinations with p-lapachone. Elucidating the mechanism
of action of p-lap allows the prediction of various synergistic combinations with
other pathways, and the development of specific inhibitors of these pathways for
improved efficacy of treating NQO1+ human cancers (Table 10.1). Note that IR
exposure is clearly the most efficacious, but also the only combination therapy
where DNA lesions are initiated by both agents. In all cases, tumor selectivity arises
from B-lap, where exposures exploit the elevated NQO1 levels present in most solid
cancers, with concomitant lower levels of catalase [5]. After IR + p-lapachone, the
most efficacious combinations with f-lap are indicated in decreasing order of effi-
cacy, and include combination with (Table 10.1):

(a) Gemcitabine, the DNA base analog incorporates into DNA and creates DNA
lesions with or without DNA repair mechanisms. The lesions synergize with
B-lapachone-induced DNA damage to decrease survival. The exact mechanism
of synergy is believed to result from PARP hyperactivation-dependent NAD*
loss. However, studies confirming this have yet to be performed.

(b) Methoxyamine (MeOX), the base excision repair (BER) inhibitor and abasic-
modifying agent. MeOX prolongs abasic sites allowing enhanced PARP bind-
ing and hyperactivation. DNA base damage by f-lapachone is the essential
DNA lesion forming mechanism.

(c) CB-839, glutamine transaminase 1 (GLS1) inhibitor. Pancreatic cancers with
activated KRAS concomitantly elevate NQO1, as well as GLS1 and other gluta-
mine anaplerotic pathways, in order to move electrons within the cell for the
ultimate synthesis of NAD(P)H. Depleting cells at the first steps of this pathway
with GLS1 inhibitors, BPTES or CB-839, depletes NAD(P)H making
B-lapachone-induced PARP hyperactivation-dependent NAD* loss more
efficient.

(d) FK866, NAMPT inhibitor. NAMPT is the sole de novo enzyme responsible for
the major pool of NAD* in the cells. Since most cancer cells, particularly pan-
creatic cancer cells overexpress the enzyme, inhibiting this salvage NAD* syn-
thetic pathway lowers the pool and makes [-lapachone-induced PARP
hyperactivation more efficient, causing NQO1+-dependent efficacy. Studies in
vivo are warranted.

A common mode of synergy between the agents listed in Table 10.1 and
B-lapachone is the formation of threshold levels of DNA lesions leading to PARP
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hyperactivation, NAD*/ATP loss, repair inhibition and programmed necrosis-
medicated cell death. Accordingly, agents that do not induce DNA lesions that
PARP (specifically PARP1) typically binds, such as ultraviolet radiation (UV),
DNA alkylators or cross-linking agents, do not synergize with p-lapachone
(Table 10.1).

10.4 NQO1 Bioactivatable Drugs as Tumor-Selective
Radiosensitizers

1. Prostate Cancer. In general, therapy for advanced prostate cancer therapy, par-
ticularly androgen-independent castration-resistant prostate cancer, highlights well
the five Rs of radiobiology and the difficulties in treating these diseases. Its slow
growing, metastatic nature makes it difficult to treat with agents developed for ther-
apy against actively replicating cancer cells. The ability of p-lap to kill cells, regard-
less of cell cycle position, is a major advantage and its increased efficacy in
combination with very low doses of IR makes such therapy using NQO1 bioactivat-
able drugs very attractive [4]. f-Lap kills prostate cancer cells by NQO1 metabolic
bioactivation, triggering a massive induction of ROS, irreversible SSB and DNA
base damage that hyperactivate PARPI, resulting in NAD*/ATP depletion and
p-calpain—induced programmed necrosis [151, 152]. In combination with IR, f-lap
radiosensitizes NQO 1+ prostate cancer cells under conditions where nontoxic doses
of either agent alone achieved threshold levels of DNA base damage and SSBs
required for hyperactivation of PARP. Combination therapy significantly elevates
DNA base and SSB lesions, YH2AX foci formation, and poly(ADP-ribosylation) of
PARP1, which are associated with NAD*/ATP losses and induction of p-calpain—
induced programmed necrosis [4]. Radiosensitization by f-lap was blocked by the
NQOTL inhibitor dicoumarol, or temporarily by PARP inhibitors. -Lap synergized
with IR to promote antitumor efficacy in a mouse xenograft model of prostate can-
cer. NQOV1 levels were elevated in 60 % of human prostate tumors evaluated relative
to adjacent normal tissue, where p-lap might be efficacious alone or in combination
with ionizing radiation [4]. These data warrant a clinical trial to use p-lap as a radio-
sensitizer against prostate cancers that overexpress NQOI1, offering a potentially
synergistic targeting strategy to exploit PARP hyperactivation. Completion of the
ongoing first-in-man clinical trial of ARQ761 against solid cancers should pave the
way for future B-lap radiosensitization trials.

2. Head and neck cancer (HNC). This aggressive cancer accounts for ~3—5 % of
all cancers in the United States with over 45,000 new cases and 8000 deaths esti-
mated as of 2015 [173]. The majority of these cancers are squamous cell carcinomas
and are highly curable with surgery in combination with radiotherapy and/or che-
motherapy if detected early. Although there has been a progressive improvement in
therapy, current treatment approaches still result in an overall survival (OS) rate of
only ~50 % for locally advanced HNCs.
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NQO1 was overexpressed in ~50 % HNC tissues compared to adjacent normal
tissues [191]. Expression of catalase is also examined since NQO1-mediated p-lap
lethality kills cancer cells through an NQO1-dependent futile redox cycling to gen-
erate massive amounts of H,O,, which is degraded by catalase [8, 148]. Interestingly,
catalase was significantly elevated in adjacent normal tissues compared to HNC
tissues. This inverse expression pattern of NQO1 and catalase suggests an ideal
therapeutic strategy, since the NQOI-dependent anticancer mechanism of
B-lapachone will selectively kill HNC cancer cells. In contrast, catalase will effi-
ciently protect adjacent normal cells by detoxifying the H,0O, generated by NQO1-
mediated p-lapachone futile redox cycle. In addition to NQO1/Catalase IHC staining
in HNC tissue microarrays (TMA), Western blotting was used to examine NQO1
and catalase expression in 41 HNC cell lines, including several pairs of primary and
lymph node metastasis-originated cell lines, as well as one normal human fibroblast
cell line. A corresponding inverse relationship was found between NQO1 and cata-
lase expression compared to normal human IMR90 fibroblasts.

Since many HNC cell lines overexpress NQOI, cell survival was determined
after treating HNC lines with f-lapachone. A total of 41 HNC cell lines were
selected and cells with elevated levels of NQO1 expression respond very well with
[-lapachone exposure, while NQO1-deficient cell lines, which carry *2 or *3 single
nucleotide polymorphisms (SNPs), did not. HNC cell death was dramatically
increased with increasing concentrations of p-lapachone through a very sharp
inflection point in dose—response studies, and completely abrogated by co-treatment
with dicoumarol, and significantly decreased by an shRNA specific knockdown of
NQOI1 [191]. Furthermore, NQO1 activity (in terms of units of enzyme) were deter-
mined for a panel of 41 HNC cell lines and one primary normal fibroblast, where the
data further confirmed that ~100 NQO1 enzymatic units were required for lethality
due to NQOI futile redox recycling of p-lapachone. In cells with higher NQO1
enzymatic activity, NAD(P)H (electron donor) most likely became rate-limiting, in
which case higher NQO1 levels did not confer enhanced lethality or increased
[-lapachone lethality (i.e., lowered LDs, values) for -lapachone treatments in HNC
cells. In addition, NQO1-mediated, p-lapachone-induced cell death was partially
blocked in the presence of exogenous catalase in HNC cell lines, as previously
noted [131, 148]. These data further confirm that -lap selectively kills HNC cancer
cells in an NQO1-dependent manner, regardless of clinic pathological status, while
sparing adjacent normal tissue. Finally, p-lapachone killed NQO1+ HNC cells
through massive formation of ROS/H,0,, dramatic increases in Ca** efflux, creation
of SSBs and DSBs, PARP1 hyperactivation, NAD*/ATP depletion, and programmed
necrosis.

3. p-Lapachone radiosensitizes NQO1 overexpressing HNC cell lines. Given the
massive amount of ROS generation and SSBs and DSBs, enhanced anticancer
lethality with a combination of IR+f-lap could be used for the treatment of
HNC. Since radiation therapy is used to treat a majority of HNCs, radiosensitization
using sublethal doses of B-lapachone was explored using a combination of relative
cell survival assays and colony formation assays. In agreement with previous data,
HNC cell lines that express NQO1 were all radiosensitized by f-lap at low (other-
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wise nontoxic) concentrations, while there was no radiosensitization of NQOI1-
deficient cells. To further assess the role of -lap in radiosensitization, DNA damage
status was assessed with YH2AX foci formation 2 h after a 2 Gy exposure in the
absence or presence of sublethal doses of $-lapachone. Damage was assessed using
immunofluorescence in vitro assays, as well as in vivo mouse models. Data clearly
demonstrated that YH2AX formation was significantly increased in the presence of
sublethal doses of B-lapachone (doses that cause significant stress, but no lethality)
with 2 Gy compared to f-lapachone or IR alone [191]. As in prostate cancer, signifi-
cant NAD*/ATP losses was confirmed, and programmed necrosis played an essen-
tial role in NQO1-mediated radiosensitization of HNC cells with p-lapachone.

IR is a central therapeutic modality for the treatment of locally advanced and
locally regional recurrent HNC [174]. Currently, chemotherapy is used as the stan-
dard of care to radiosensitize HNC tumors, but the use of chemotherapy also suffers
from non-specific normal tissue cytotoxicity. Since the current standard of care,
which includes radiation therapy with concomitant chemotherapy only cures ~50 %
of patients with locally advanced disease, there is a need to identify better tumor
radiosensitizers to increase the effectiveness of IR. The inverse expression of the
NQOl:catalase ratio provides a favorable microenvironment to exploit the thera-
peutic window of NQOI1 bioactivatable drugs, such as p-lapachone, for the treat-
ment of HNCs, since catalase in normal tissue protects against NQO1-dependent
f-lapachone lethality by neutralizing the bystander effect (H,O,-generated) of the
-lapachone futile redox cycle [8]. Since a similar inverse expression pattern was
seen in HNC cell lines and patient samples, these data support further evaluation of
radiation therapy + -lapachone as a treatment strategy for HNC. This therapeutic
strategy will leverage tumor-selective cytotoxicity, as well as the radiosensitizing
capacity of f-lapachone [9, 10], while greatly reducing exposure to -lapachone-
HP-B-CD-induced side-effects, which are restricted to a non-NQO1-induced methe-
moglobinemia. These data warrant a clinical trial of IR+ p-lapachone for the
treatment of HNCs, where methemoglobinemia would not be an issue with far
lower doses of p-lapachone needed for therapy.

10.5 Conclusions

Use of NQOI bioactivatable drugs, for example p-lapachone (ARQ761), in combi-
nation with ionizing radiation (IR) is applicable to many of the most non-treatable
forms of cancer (e.g., pancreatic and non-small cell lung cancers). Mechanistically,
IR + B-lapachone synergistically kills cancer cells by combinational DNA lesion
formation, with DNA base, SSB and DSB lesions leading to PARP hyperactivation,
as PARPs bind all of these lesions with differential hypersensitivity. However, the
dramatic down-regulation of glucose utilization via glycolysis (GAPDH) and TCA
cycle suppression, along with tremendous NAD*/ATP losses likely plays havoc on
DSB repair. Studies on DSB repair activities in cells exposed to IR +f-lap, com-
pared to control, low doses of -lap and IR are ongoing. The IR + p-lap synergistic
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responses in cells likely causes interesting DNA metabolic alterations in cells lead-
ing to atypical routes of attempted recovery. The massive production of H,O, may
also cause alterations in the tumor microvasculature that could have impacts beyond
just what is happening within cancer tissue. Limited experiments demonstrate that
hypoxia plays no role in cancer cell metabolism to p-lap alone, or contribute to
IR + B-lap responses.

10.6 Future Directions

1. Improved delivery is key to enhancing therapy with NQO1 bioactivatable
drugs. Although p-lapachone shows significant synergy with many drugs in NQO1-
specific tumors, its poor water solubility (0.038 mg/mL) limits its systematic admin-
istration and clinical applications in vivo [175]. To improve solubility, Nasongkla
et al., formulated B-lapachone with cyclodextrins (CD), finding that hydroxypropyl-
B-cyclodextrin (HP-B-CD) can improve solubility to 16.0 mg/mL and the complex
offers a major improvement in bioavailability [175].

However, non-specific distribution raises the risk of methemoglobinemia, and
quick clearance significantly impedes drug effectiveness. To improve tumor specific
distribution and exposure, biocompatible polymers that can adjust drug release and
drug distribution become the first choice. Blanco et al. [176, 177] developed
[-lapachone-containing poly(ethylene glycol)-co-poly(D,L-lactic acid) (PEG-PLA)
polymer micelles for the treatment of NQO1-overexpressing tumors. Compared
with p-lapachone-HP-f-CD, p-lapachone-PEGS5k-PLASk in mice bearing subcuta-
neous A549 lung tumors showed prolonged circulation (t;,, ~28 h) of the drug and
increased accumulation in tumors. In addition, antitumor efficacy analyses in mice
bearing subcutaneous A549 lung tumors and orthotopic Lewis lung carcinoma mod-
els showed significant tumor growth delay and increased survival relative to
HP-B-CD [177]. Wang et al. [178] designed poly(D,L-lactide-co-glycolide) (PLGA)
millirods through cyclodextrin complexation and Diaz-Rodriguez et al. [179]
designed Pluronic F127® (PF127) gel that forms a complex of p-lap and cyclodex-
trin. Dong et al. [180] intratumorally delivered p-lap via polymer implants for pros-
tate cancer therapy showing that inclusion complexes of B-lap-HP-$-CD in PLGA
millirods released constant -lap (~0.4 mg/kg/day) after a burst of 0.5 mg in 12 h
and improved antitumor efficacy. Zhang et al. [181] encapsulated p-lap with pacli-
taxel into the PEG-PLA micelles with significantly (>10 fold) improved drug
encapsulation efficiency, although only additive effects resulted. Ma et al. [182—
184] developed an esterase-activatable prodrug of -lap formulated into PEG-PLA
micelles. They synthesized diester derivatives of p-lap and the resulting micelles
yielded fairly high p-lap solubility (>7 mg/mL), physical stability, and an ability to
reconstitute after lyophilization. Moreover, -lapachone-dC; prodrug micelles sig-
nificantly improved antitumor efficacy against orthotopic A549 mouse models ver-
sus B-lapachone-HP-B-CD and provide a promising strategy for NQO1-targeted
therapy of lung cancer with improved safety [182].
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Besides polymers, liposomes have also been used to formulate p-lapachone.
Cavalcanti et al. [185, 186] encapsulated p-lapachone-HP-B-CD into liposomes and
evaluated their antimicrobial activity. Release kinetics in vitro of f-lap from lipo-
somes showed initial faster drug release (almost 40 % in the first 4 h). In sum, for-
mulation of B-lap has significantly improved over previous studies. Nevertheless, to
overcome blood toxicity seen in the clinic caused by non-specific distribution and
fast release from capsules, tumor-specific accumulation, and sustainable effective
release at the tumor site is an important future direction for p-lap delivery to improve
the clinical efficacy and safety.

2. Metabolic consequences and anaplerotic recovery. The one phenotype that is
consistent among all the NQO1 bioactivatable drugs is the drastic change in the
metabolic state of the cell due to the depletion of NAD* and/or NADH. The cell is
expected to rescue this phenotype through anaplerotic pathways that produce
NAD*/NADH in order to recover a metabolic steady state. There are multiple path-
ways in cancer cells that are upregulated, therefore targeting those highly expressed
pathways, which also generate NAD*/NADH, provide several targets that could
synergize with 3-lapachone treatment. Several of these pathways are highlighted in
Fig. 10.3. These pathways can regenerate the energy necessary in both the cytosol
and mitochondria for proper metabolism to occur while also providing substrates
needed to feedback into glycolysis and/or TCA cycle (Fig. 10.3).

3. NQOL1 in Cancer Stem Cells and reducing recurrence and metastatic spread
with NQO1 directed therapies. Developing novel chemotherapeutics that target
tumor associated genes that are overexpressed in tumor tissues versus associated
normal tissues, such as the KRAS protein, EGFR, and hepatocyte growth factor
receptor (cMet), has become a staple in the anticancer drug discovery field [187].
Over the past few years, there has been an increasing interest in genes that regulate
oxidant stress, such as catalase, hemoxygenease-1, and glutathione transferase, as
these genes have been found to be critical factors in tumor associated oxidative
stress regulation [188]. As such, these genes may also be credible targets for the
development of anticancer therapies [189]. Interestingly, NQO1 overexpression in
tumors is partly due to its critical role in quelling oxidative stress associated with
tumor development. Depleting NQOI1 in lung cancer cells causes an increase in
oxidative stress, inhibits anchorage independent growth, increases sensitization to
anoikis, inhibits tumor invasion, blocks cell proliferation, and reduces the growth of
tumors in vivo [168]. NQO1’s role in tumorigenesis suggest that the regulation of
oxidative stress plays a critical role in tumorigenesis and developing therapeutics
targeting oxidative stress regulatory genes, such as NQOI, is critically needed as an
anticancer strategy [189].

One common goal for the development of novel anticancer drugs is discovering
therapeutics that can kill bulk tumors, as well as chemo-resistant tumor initiating/
cancer stem cells that are purportedly the cause of tumor recurrence [190].
Interestingly, our findings on NQOI’s role in tumorigenesis also revealed that
depletion of tumor associated NQO1 levels decreased the population of ALDHP"i¢h
cancer cells, suggesting that the reason we observed far less tumor growth in our in
vivo NQO1 knockdown studies was due to the depletion of the ALDH"" cancer
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Fig. 10.3 Multiple pathways are upregulated in cancer cells, with some known for generating
NAD*/NADH. (/) Pentose phosphate pathway (PPP): The enzymes glucose 6-phosphate dehy-
drogenase and 6-phosphogluconate dehydrogenase both produce NADPH from NADP*; (2)
Tryptophan Biosynthesis: The intermediate metabolite 2-amino-3-carboxymuconate semialde-
hyde is a precursor for de novo NAD* and NADP* biosynthesis while 2-aminomuconate semialde-
hyde dehydrogenase generates NADH from NAD* and 2-aminomuconate reductase produces
NAD* from NADH; (3) Pyruvate-malate cycling: The cytosolic isozyme of malate dehydrogenase
is responsible for producing NAD* from NADH while malic enzyme further generates NADPH
from NADP*; (4) Serine/glycine metabolism: The enzyme 3-hydroxypyruvate dehydrogenase can
convert NADH to NAD* from mitochondrial serine; (5) f-oxidation: The breakdown of fatty acids
within the mitochondria afford an NADH molecule from NAD" through 3-hydroxyacyl dehydroge-
nase; (6) Glutamine/glutamate metabolism: Uptake of glutamine into the mitochondria can con-
vert to glutamate which will then produce NADH from NAD* through glutamate dehydrogenase

stem cell population within the bulk tumor [168]. Thus, further studies on NQO1’s
role in tumorigenesis may lead to the development of novel therapeutics targeting
NQOL1 expression levels directly in patient tumors.
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