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Abstract

Although the terms “excessive reactive oxygen species (ROS)” and “oxidative stress” are widely
used, the implications of oxidative stress are often misunderstood. ROS are not a single species but
a variety of compounds, each with unique biochemical properties and abilities to react with
biomolecules. ROS cause activation of growth signals through thiol oxidation and may lead to
DNA damage at elevated levels. In this review, we first discuss a conceptual framework for the
interplay of ROS and antioxidants. This review then describes ROS signaling using FLT3-
mediated growth signaling as an example. We then focus on ROS-mediated DNA damage. High
concentrations of ROS result in various DNA lesions, including 8-oxo-7,8-dihydro-guanine,
oxazolone, DNA-—protein cross-links, and hydantoins, that have unique biological impacts. Here
we delve into the biochemistry of nine well-characterized DNA lesions. Within each lesion, the
types of repair mechanisms, the mutations induced, and their effects on transcription and
replication are discussed. Finally, this review will discuss biochemically inspired implications for
cancer therapy. Several teams have put forward designs to harness the excessive ROS and the
burdened DNA repair systems of tumor cells for treating cancer. We discuss inhibition of the
antioxidant system, the targeting of DNA repair, and ROS-activated prodrugs.
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1. REACTIVE OXYGEN SPECIES: OPPOSING ROLES

This review will give the reader a broad overview of reactive oxygen species (ROS)
biochemistry. The goal is not to be comprehensive but instead to give concrete examples to
serve as a basis for understanding the effects and impacts of ROS within a cell. The major
forms of reactive oxygen species (ROS) that we will discuss in this review are superoxide
(02"), hydrogen peroxide (H»05), and hydroxyl radical (HO®). The biochemical and
chemical complexity of ROS is often underappreciated.! Much of this underappreciation
results from early research on ROS. Hydrogen peroxide was first produced in the early
1800s and was recognized as a disinfectant that functions by oxidatively damaging
biomolecules.2 Hydrogen peroxide is a commonly used ingredient in toothpaste, hair
products, bleach-free cleaners, and other household products.3 Because of the ability of
hydrogen peroxide to disinfect, it is widely thought to be toxic and thus was long assumed to
play no role in “normal” cellular physiology.

In 1933, the existence of the superoxide radical, based on the theory of quantum mechanics,
was proposed.# The discovery of superoxide dismutase (SOD) resulted in the realization that
ROS had biological functions.® Upon protonation, superoxide decomposes to more powerful
ROS forms that are highly toxic.8 The hydroxyl radical is a potent oxidizing agent, with a
redox potential of 2.40 V. In 1934, Haber and Weiss noted that the highly reactive HO® could
be generated from an interaction between O,*~ and the less reactive H,0,.” In biological
systems, the iron-catalyzed Haber—\Weiss reaction, which makes use of Fenton chemistry, is
now considered to be the major mechanism by which HO" is generated.® In the 1970s and
1980s, two discoveries confirmed that ROS play both positive and negative roles in biology.
First, it was shown that phagocytes purposefully produce superoxide via NOX enzymes
(NADPH oxidases); this superoxide is important in the immune response against infection.®
Second, signaling peptides that induce production of ROS within cells were characterized.
These findings demonstrate the dichotomy that ROS is a deleterious toxin and a beneficial
secondary messenger.

2. A CONCEPTUAL FRAMEWORK FOR CELLULAR ROS

Before we enter into a discussion of the chemistry and biochemistry of ROS, a conceptual
framework for its effects on cells is needed. Shown in Figure 1 are the three major forms of
ROS produced in cells. The differently colored x-axes represent the concentration of each
ROS, with OH* having the lowest concentration and narrowest range because it is the most
deleterious. Hydrogen peroxide has the highest concentration and allowable range. It has
been shown that picomolar concentrations of O, are lethal, whereas micromolar
concentrations of H,0, can be tolerated.19 Each ROS is converted to other forms as shown
by the gray arrows. Because ROS have essential biochemical functions, cells possess an
antioxidant capacity (Figure 1, black arrows) to ensure that the ROS concentration is
maintained within a window that allows for these functions without resulting in cytotoxicity
(Figure 1, purple region). Antioxidant capacity is comprised of small-molecule antioxidants
like glutathione, 1 enzymatic antioxidants like catalase,12 and other enzymes that deal with
the negative effects of ROS like DNA repair proteins.3 Cells can alter both the ROS levels
and/or antioxidant capacity to compensate for different biochemical situations. For example,
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during tissue repair, binding of cytokine-transforming growth factor 51 to its receptor
elevates ROS levels'# while another receptor, FMS-like tyrosine kinase 3 (FLT3) receptor,1®
generates ROS during signaling for differentiation. Thus, ROS play a large role in many
signaling pathways.

If ROS levels are too high and disrupt the balance of ROS, then biomolecular damage
ensues. Slightly above the normal concentration range, ROS cause biomolecular damage but
not cell death (Figure 1, light purple region). The hydroxyl radical, derived from H,0O, via
Fenton reactions or from O,°~ at low pH, causes DNA and other biomolecular damage
(Figure 1, red region). Too little ROS is also problematic as correct signaling and protein
folding do not occur.18 Above thresholds that depend on the species, high concentrations of
ROS overwhelm the antioxidant capacity of a cell and lead to cell death. Thus, ROS are
beneficial within a narrow concentration range that differs depending on the cell type and on
the environmental conditions. Importantly, a ROS concentration causing biomolecular
damage to one cell type may be within the normal range for another cell type that has more
antioxidant capacity. Therefore, it is the balance of ROS and antioxidant capacity that needs
to be derived. The recognition of this phenomenon has led to a revision in the definition of
the term “oxidative stress”. The definition now takes into account the fact that this type of
stress occurs only in the range of ROS concentration that results in damage to a cell. Thus,
oxidative stress is a state in which there is a disruption in ROS signaling, not just an
elevation of the ROS concentration.1” This review strives to highlight the recent major focus
of research and does not include examples of deleterious protein oxidationl8 or DNA
modifications that lead to signaling.1® With this conceptual framework, we will begin to
delve into how changes in ROS concentration lead to biochemical machinery, first by
analyzing how ROS induce signal changes and then by examining the impacts in DNA
lesions.

3. ROS MODULATION OF SIGNAL CASCADES

The chemistry of superoxide and hydrogen peroxide is essential for inducing changes in cell
signaling. Both superoxide and hydrogen peroxide can cause a myriad of modifications to
proteins (Figure 2). Lipid oxidation will not be covered in this review.2921 The major target
of superoxide and hydrogen peroxide is cysteine. Reaction of cysteine on proteins forms
sulfenic acids or disulfides, because thiol oxidation is common (&, ~ —0.25 V in buffered
solutions).22 Other oxidizable amino acids include methionine, tyrosine, and histidine.23

Superoxide is a radical, and as such, its chemistry involves formation, propagation, and
termination: when O,"~ is added to a thiol or a double bond, another radical is created. On
proteins, O,"" reacts with a cysteine thiol to form a protein-SO*.24 This radical may react
with a proximal thiol to produce a disulfide and re-form O,*~ (Figure 2, path A), creating a
cycle in which one O,"~ can form multiple disulfides. Alternatively, protonation of O™
(pK; ~ 4.9) at low pH leads to OH* as shown on path C of Figure 2.25 O,*~ propagation
ceases when metal quenching or diradical quenching reactions occur. O,*"can also be
terminated via dismutation to generate H,O, (Figure 2, path D). For biological processes,
the reaction of H,O, with cysteine leads to a sulfenic acid that can be converted to a
disulfide as shown in path B of Figure 2. The oxidative modifications of amino acids may
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alter protein folding and activity. The reactions to form disulfides may be reversed by
exchange with thioredoxins.28 Finally, H,0, can be converted to more potent hydroxyl
radicals by the Fenton reaction.?’

In the past two decades, it has become clear that ROS are important signaling
molecules.?8:29 |n a variety of cells, cytokine treatment stimulates production of ROS, and
the generation of H,0, is a common signaling event in response to growth factors.30 For
example, in murine embryo fibroblasts, TGFA1 binding causes an increased level of
expression of NOX4 and O,"~ generation. The O,"™ is converted to H,O, by superoxide
dismutase, leading to oxidation of the nuclear phosphatase MAPK phosphatase 1 (DUSP1)
and sustained activation of JNK-mediated signaling.3!

Here we will detail a single cascade critical in hematopoietic stem cell renewal and
differentiation, to show the beneficial role of ROS and then briefly highlight other known
downstream targets. When levels of ROS in stem cells are low, the cells remain in a state of
self-renewal, whereas high ROS levels promote differentiation and growth.32 A type 111
tyrosine kinase FLT3 is a key receptor for ROS-mediated signaling in stem cells (Figure 3,
top blue spheres). FLT3 consists of five immunoglobulin-like extracellular domains, a
transmembrane domain, a juxtamembrane domain, and two intracellular tyrosine kinase
domains linked by a kinase insert domain. In its inactive conformation, FLT3 exists as a
monomer in the plasma membrane in a “closed” activation loop conformation that blocks
access to the ATP binding site and the active site. The juxtamembrane domain serves as a
critical autoinhibitory region sterically preventing dimerization. When FLT3 is stimulated
with its ligand FLT3LG, the conformation of FLT3 changes, allowing dimerization to take
place. Upon dimerization, FLT3 is phosphorylated in the intracellular domain (top arrow in
Figure 3).33 This phosphorylation event activates the receptor and recruits a number of
proteins, including SHC and GRB2, to form a complex that activates a number of
intracellular mediators, including AKT and MAPK along with STAT5 when an internal
tandem duplication is present (FLT3-1TD).34-37

ROS generated by oxidases intersect with this pathway at multiple steps. A key protein is
NOX4, a membrane-bound NADPH oxidase (bottom red in Figure 3). NOX4 catalyzes the
production of two O,"~ and a H* via oxidation of a NADPH. NOX4 transcription is induced
by activation of either AKT or STAT5, and NOX4 is required to sustain the FLT3 signal.
NOX4 has six transmembrane domains and an intracellular carboxyl-terminal domain that
harbors NADPH binding sites. A loop (between the second and third transmembrane
domains) is essential for oxidase activity because it is bound by CYBA, which produces the
ROS.38 Thus, during FLT3 signaling, an active NADPH oxidase containing NOX4 and
CYBA is required to maintain signaling.3? The O,"~ produced is rapidly converted to H,0,
by SOD1.

The resulting H,O, sustains signaling through the FLT3, AKT, and RAS pathways.
Membrane-bound PTPRJ is known to dephosphorylate FLT3,%0 and PTPRJ must be
inactivated to sustain signaling. PTPRJ possesses an active site cysteine that has been shown
to be sensitive to H,O,. The oxidation inactivates PTPRJ, causing more phosphorylation of
FLT3, and sustains the signal. There are other levels of ROS regulation in this pathway
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initiated by FLT3 activation. AKT is activated by binding of phosphatidylinositol 3,4,5-
triphosphate.#! The concentration of phosphatidylinositol 3,4,5-triphosphate is negatively
regulated by the phosphatase PTEN. H,0, oxidizes and inactivates PTEN through disulfide
bond formation between the Cys-124 and Cys-71 residues in the catalytic domain.#2 Once
oxidized, PTEN is inactive, and the AKT pathway is activated.3 This highlights a general
scheme in which phosphatases are oxidatively inactivated to move the balance of signaling
toward kinase action. The problematic side quickly starts to arise. To sustain signaling, ROS
are needed, but if the ROS concentration remains elevated, hydrogen peroxide will be bound
by metal and form hydroxyl radical. These hydroxyl radicals have sufficient reactivity to
modify DNA, causing deleterious lesions.

4. TOO MUCH ROS LEADS TO EXOTIC DNA LESIONS

DNA damage occurs when significant concentrations of potent radicals like OH* are formed
and can reach DNA. There are two primary sites of biomolecular damage on DNA: on
nucleobases and on the ribose ring. The hydroxyl radical reaction leads to formation of
either a ribose-based radical or a nucleobase radical. Two such radicals are shown in Figure
4. All DNA bases can be oxidized, but guanine is the primary target for oxidation because it
possesses the most favorable potential (1.3 V) for oxidation to form a radical compared to
the other base.** Compared to thiol oxidation, DNA is a relatively poor substrate for
oxidation, but any modification in DNA not repaired can be mutagenic or lethal. DNA
oxidation by ROS has been excessively studied,**-50 and dozens of DNA oxidative
structures have been characterized. This review will focus on guanine oxidation. The initial
radical formation on guanine, either neutral or as a cation, occurs through reaction with HO*
or other potent one-electron oxidants.5! The trapping reaction is slower in a duplex because
of solvent accessibility; thus, the radical migrates or can abstract an electron from a
proximal base, or from nearby lesions that form double-strand breaks as shown on the right,
middle arrow in Figure 4.52 The final, damaged structure results when the radical reacts with
0,"~ or molecular oxygen.>3 Once the two-electron oxidation occurs, a series of reactions
occur to stabilize the ring (Figure 4, multiple arrows). Two examples that were chosen
because they elicit different types of DNA repair responses, showing alternative outcomes,
are shown. When radicals on the ribose are formed, the final lesion produced often requires
nucleotide excision repair (NER). Many of the oxidative lesions formed on nucleobases are
repaired by glycosylases in the base excision repair (BER) pathway.>* Guanine is
susceptible to loss of a second pair of electrons** in forming exotic lesions such as
guanidinohydantoin [Gh (Figure 4)].%6 Finally, when DNA and protein-centered radicals
combine, they can produce a DNA—protein or DNA-DNA cross-link.57%8 Thus, a single
oxidative incident can form many different DNA modifications that require various repair
responses for the cell to survive.

The reaction of the hydroxyl radical with guanine follows the one-electron oxidation
mechanism, with the initial chemistry taking place either at the C8/N7 double bond or at the
C4/5 double bond as shown in the areas shaded in red or green, respectively, in Figure 5A. In
each pathway, the reaction is initiated by abstraction of an electron from the double bond or
by addition of hydroxyl radical at the double bond, leading to initial formation of a guanine
radical cation. The guanine radical cation is a strong electrophile. Trapping of molecular
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oxygen by this electrophile followed by reduction leads to formation of an 8-oxo-7,8-
dihydro-2’-deoxyguanosine lesion [8-ox0-dG (Figure 6)]. The guanine radical cation has a
pK; of 3.9 and is deprotonated under biological conditions, but the radical cation is
stabilized by the G:C base pair (Figure 5B).5° Thus, in double-stranded DNA, the reaction
pathway proceeds via the radical cation, but in single-stranded nucleic acids, nucleosides, or
nucleotides, the neutral path is followed. The hydroxyl radical adds at C4 followed by H,O
elimination to directly yield a relatively stable guanine radical intermediate.®? Reactions in
the C4/5 pathway tend to lead to complex products as regaining aromaticity is challenging.
An example is 2,2,4-triamino-5(2 H)-oxazolone, which is commonly known as oxazolone or
dZ. It is thought that dZ is a major product in nucleoside and nucleotide chemistry that may
be subsequently incorporated into a DNA during replication.

The best-characterized lesions are 8-0x0-dG and 2,6-diamino-4-hydroxy-5-
formamidopyrimidine [Fapy-dG (Figure 6)]. These lesions predominately leadto G — T
transversions as these modified bases can stably pair with adenine.® Oxidation and
tautomerization of the guanine radical cation yield 8-oxo0-dG, whereas competitive one-
electron reduction yields the ring open product Fapy-dG.5162 In cells, Fapy-dG is produced
when oxygen levels are low and the environment is reducing.%® Both 8-oxo-dG and Fapy-dG
are highly mutagenic. When 8-0x0-dG adopts a sy7 conformation, it forms a stable 8-oxo-
dG:A base pair, leading to the transversion mentioned above (Figure 4C).64.65

In human cells, OGG1 glycosylase removes 8-0xo-dG when it is opposite dC,% and
MUTYH removes dA that is misincorporated opposite 8-0x0-dG in the template strand.5” In
the case of the 8-0x0-dG:dA base pair, in human cells, the MSH2-MSH6 mismatch repair
pathway excises the 8-oxo-dG-containing strand.5465, If 8-oxo0-dG escapes the repair
machinery, translesion DNA synthesis by translesion polymerases (pol #, pol 1, pol x, and
REV1) may be induced.58.89 These polymerases can replicate strands containing 8-0x0-dG;
their error rates vary.”%71 Fapy-dG can adopt either the typical anti conformation or a syn
conformation. Both conformations form mispairs with dA. Fapy-dG is more mutagenic than
8-ox0-dG."273 Fapy-dG is efficiently recognized by NEIL1, OGG1, and SMUG1
glycosylases.56 8-oxo-dG and Fapy-dG nucleotides are both substrates for MTH1 (or
NUDT1), which sanitizes the nucleotide pool to prevent incorporation during replication.”

The fate of the C8/N7 radical is not limited to formation of 8-ox0-dG and Fapy-dG. Radical
translocation of the radical cation to the 5”-position followed by cyclization can lead to
formation of either of two forms of 8,5"-cyclo-2”-deoxyguanosine [8,5"-cyclo-dG (Figure
6)];7>76 both forms have been detected Jin vivo.”>77 The additional covalent bond of 8,5"-
cyclo-dG greatly alters the DNA structure relative to that of the standard B-form duplex.”®
This adduct can be repaired through the NER pathway.5° The efficient repair depends on the
sequence context.”8 The 8,5"-cyclo-dG lesion is a strong replication block to normal
polymerases.”8 The lesion can be bypassed by translesion polymerases xand in an
inefficient and highly error-prone fashion,”® and pol 7 and pol = can bypass it in a largely
error-free fashion. Mutational analysis indicates that the 8,5”-cyclo-dG induces G — T and
G — A transformations in human cells.&0
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One important facet of dG oxidation is the fact that 8-oxo-dG is more readily oxidized than
dG. Thus, 8-0x0-dG is thought to reenter the oxidation cascade and form genomic hotspots
for additional oxidative damage. Subsequent oxidation of 8-oxo-dG results in formation of
either of two hydantoin lesions spiroiminodihydantoin [Sp (Figure 6)] or 5-
guanidinohydantoin [Gh (Figure 6)].81 Gh and Sp lesions are detected in the liver and colon
tissue of RagZ”/~ mice at levels 100-fold lower than that of 8-0x0-dG.82 In addition, these
lesions are observed in Nei/Z™/~ and Nith1~/~ mice.83 Because these products are found at
low levels, the relevance of Gh and Sp lesions is somewhat controversial. Biochemical
experiments indicate that these lesions are efficiently recognized by human repair enzymes.
Sp and Gh are found to be substrates for human NEIL1 and NEIL3 glycosylases in gene
bodies and in telomeric sequences.>#84 Sp and Gh are also recognized by prokaryotic
UVrABC nuclease.®®

The thermodynamic destabilization caused by these lesions makes them ideal substrates for
nucleotide excision repair. A recent study using human cell extracts suggests that Gh and Sp
can be excised by either BER or NER mechanisms depending on the competitive binding of
the proteins involved in these repair machineries to the lesions.56 When unrepaired, both Gh
and Sp are strong replication blocks. A study with RB69 polymerase revealed that Gh is
extrahelical and rotated toward the major groove, hindering the incoming nucleotide
opposite Gh.8% A crystal structure of polymerase B with an Sp nucleotide in the template
strand showed the extent of helix distortion formed by this hydantoin lesion.86 Upon
polymerase bypass, both Sp and Gh lesions are highly mutagenic as base pairs with dG and
dA, leading to G — C and G — T transversion mutations, respectively.8

DNA-—protein cross-links (DPCs) make up another important class of oxidative DNA
lesions. These lesions are formed by electrophilic addition of lysine or tyrosine side chains
to Sp or Gh lesions or by radical coupling between dG and protein side chains (Figure
6).88:89 |ysine can add to the C5 or C8 position, depending on the initial oxidation of
guanine.® Formation of hydantoin—protein cross-links in the presence of DNA binding
proteins at biologically relevant oxidant conditions suggests DPCs are a major type of
oxidative lesions.5” DPCs are observed at levels of 0.5-4.5 per 107 bases in human white
blood cells.%1 Recently, the Greenburg group reported proteinlike radical formation in
nucleosome core particles under oxidative stress conditions that initially shields DNA from
oxidation; ultimately, DNA is damaged in an oxygen-dependent manner, showing the
interplay of DNA and bound proteins in effects of oxidative stress.%2 DPCs are large bulky
lesions that distort the DNA duplex. NER and homologous repair are the main DNA damage
repair pathways responsible for removal of DPCs.%3 NER repairs DPCs with protein sizes of
less than 12-14 kDa, and cytosolic ATP-dependent proteases are not involved in the
processing of DPCs prior to NER. When the cross-linked protein is larger, repair occurs
exclusively via homologous recombination involving the RecBCD pathway.?* A recent
report identified the yeast metalloprotease WSS1 as a component of the DPC repair pathway
that acts on the protein side of the lesion.9% WSS1 has replication-induced proteolytic
activity; the proteolytic mechanism has not been characterized in other higher organisms.

The adducts formed via the C5 pathway are not as well characterized as those formed via the
C8 pathway. The C5 pathway is thought to be important in damage to nucleotides and
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single-stranded structures. Three major lesions are formed from the C5 radical intermediate:
imidazolones (2,5-diaminoimidazolone-2’ -deoxyribonucleoside or diz), oxazolones (2,2,4-
triamino-2 H-oxazol-5-one-2”-deoxyribonucleoside or dZ), and imino-hydantion (5-
carboxaminido-5-formamido-2-imino-hydantio-2”-deoxyribonucleoside or d21h).

dlz (Figure 7) is formed by O,"~ addition at the C5 position of a neutral guanine radical
followed by ring opening or by C5 oxidation of 8-0xo-dG. This reaction can be initiated by
several types of ROS, including the hydroxyl radical.** d1z is the major oxidation product in
single-stranded nucleic acids.%8 At physiological pH, diz is hydrolyzed to form dZ (Figure
7).97 dZ does not degrade readily.%8 dZ is ~10-fold less abundant in rat liver DNA than 8-
ox0-dG is, showing this pathway is competitive in cells.%® This dZ adduct is less duplex-
distorting than Sp.190 dZ is a substrate for the BER. In human cell systems, NEIL1 and
NTHL1 remove dZ in duplex DNA in a manner independent of the base pairing partner,
whereas OGG1 cannot excise dZ.101 The dZ:dG base pair is more stable than the dZ base
pairs with dA or dT favoring the G — C transversion mutation.102 The translesion
polymerase REV1 does efficiently incorporate dC opposite dZ; however, B and Y family
polymerases incorporate dG opposite dZ, and polymerase ¢ incorporates both dGTP and
dATP opposite dZ, suggesting that REV1 can prevent the G — C transversion caused by
dz.103 A recent study states that polymerase ( efficiently bypasses DNA with two
neighboring dZ lesions, whereas polymerases ¢, a, B, 1, REV1, «, and nall stall or
inefficiently bypass contiguous dZ lesions.104

In addition to four-electron oxidation products such as dZ and dlz, the C5 pathway can also
result in the two-electron oxidation lesion d21h (Figure 7), which is observed in Fenton
chemistry in the presence of Pb19% in both duplex and G-quadruplex contexts.>® d21h is
formed from the C4-localized neutral guanine radical intermediate. Recently, the Burrows
group showed that d21h is the major product formed from hydroxyl radical under aerobic
conditions in a biologically relevant reducing environment.#4 Both diastereomers of d2Ih are
removed efficiently by both NEIL1 and FPG or by NTH less efficiently. In addition, the
excision of d21h occurs in the context of all possible base-pairing partners, suggesting that
21h is recognized by the BER pathway.** If left unrepaired, 21h is efficiently paired with
dGTP and less so with dCTP, leading to G — C or G — T transversion mutations. The
(R)-21h isomer is a 2-fold more effective than (S)-21h as a block to three different
polymerases. Interestingly, the / diastereomer of the 21h lesion is not as efficiently
processed by glycosylase as (S)-21h is, suggesting that this lesion could potentially
accumulate in the genome and lead to point mutations.106

5. ROS-TARGETED ANTICANCER AGENTS

ROS-targeted anticancer agents are rapidly gaining attention.19” Three common strategies
include inhibiting antioxidant systems, targeting DNA repair systems, and prodrug methods
(Figure 8). Selected examples of anticancer agents from each strategy are discussed in this
section.

The first strategy being utilized is the inhibition of antioxidant enzymes (red 1 in Figure 8).
Because cancer cells utilize high ROS concentrations to sustain signaling, antioxidants are
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needed for compensation to ensure survival; thus, depletion of antioxidants elevates the ROS
level to pathogenic levels. Buthionine sulfoximine is a potent and specific inhibitor of »-
glutamylcysteine ligase. The enzyme y-glutamylcysteine ligase is the rate-limiting enzyme
of de novo synthesis of glutathione, which catalyzes the synthesis of intermediate dipeptide
y-glutamylcysteine by ligating glutamic acid and cysteine.198 Inhibition of -
glutamylcysteine ligase by Buthionine sulfoximine causes a large drop in the amount of
cellular glutathione and increases the level of ROS. Many types of cancer show elevation of
glutathione levels and resistance to oxidative stress. The high level of glutathione in some
tumor cells is typically associated with higher activity of y-glutamylcysteine ligase.
Therefore, Buthionine sulfoximine is more cytotoxic to certain types of cancer cells than it is
to healthy cells.199 Thus, disruption of antioxidant systems is a potential target in several
cancer cells that rely on antioxidants to compensate for elevated concentrations of
ROS.110,111

Another means of disrupting the antioxidant system is to overwhelm it with even more ROS
using pro-oxidants. This reduces the level of antioxidant below a sustainable level. A
quinone compound, B-lapachone, a unique NAD(P)H quinone oxidoreductase 1 (NQO1)
bioactivatable drug, undergoes two-electron reduction to a hydroquinone form, utilizing
NAD(P)H or NADH as an electron source. Its cellular mechanism of action is to produce
ROS once reduced by forming semiquinone radicals. Lapachone depletes cells of NAD(P)H
and NADH as a result of cycling between the oxidized and reduced forms.112 Recently, it
was reported that S-lapachone synergizes with ionizing radiation.112 Piperlongumine is
another pro-oxidant agent with anticancer activity. Piperlongumine induces ROS production
in cells by acting as a suicide inhibitor of critical ROS homeostatic regulator proteins such as
glutathione S-transferase 1.114.115 A derivative of piperlonguimine can also inhibit
thioredoxin reductase, which has recently been reported.116

The next strategy is to interfere with the repair of DNA (red 2 in Figure 8). The cellular
nucleotide pool is a major target of ROS. Incorporation of oxidized nucleotides into DNA
can lead to mutations and cell death. For example, incorporation of 8-0xo-dG triphosphate
will prime the DNA for formation of exotic lesions that are more difficult to replicate and
bypass. Thus, cells have defense systems for sanitizing the nucleotide pool. One such
example is MTH1 (or NUDTL1), which hydrolyses oxidized purine nucleotide triphosphates
such as 8-0x0-dG triphosphate into the monophosphate and pyrophosphate.8® This renders
the oxidized nucleotide unable to be added to the growing DNA chain. It has been found that
MTH1 activity is low in healthy cells, but many cancer cells rely on MTH1 activity for
survival.”* Therefore, it has been proposed that inhibition of MTH1 in cancer cells results in
unsustainable levels of oxidized nucleotide triphosphates being incorporated into DNA.
Several MTHZ1 inhibitors with anticancer properties have been reported.117:118 Similarly,
poly(ADP-ribose) polymerase (PARP) enzymes are necessary to repair strand breaks within
cancer cells. 119120 PARP inhibition results in persistent single-strand breaks. Trapping of
PARP1 on DNA, thereby preventing downstream repair proteins from access, also
occurs.121.122 The PARP inhibitors synergize with many traditional chemotherapeutics and
are especially effective against cells with BRCAL1 deficient and activating PTEN.123-125
Niraparib (MK-4827) is a PARP-1 and PARP-2 inhibitor that induces cell cycle arrest at the
G2/M phase in BRCAL1 deficient cells.126 Combinational treatment of niraparib with ROS
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induction, like ionizing radiation that requires more DNA repair activity, showed strong
synergy. Several other PARP inhibitors are in late stage clinical development.127

ROS-activated prodrug strategies are attracting an increased level of attention (red 3 in
Figure 8). These strategies exploit the high levels of hydrogen peroxide in cancer cells. For
example, increased levels of hydrogen peroxide were found in prostate cancer cells with
aggressive phenotypes and AML cells with FLT3 ITD mutations, as measured by fluorescent
probes.128:129 |t should be noted that the quantification of ROS, especially hydrogen
peroxide, is a nontrival task.130 Different ROS-accepting/sensitive groups have been used in
prodrug strategies. Most current prodrug strategies rely on Chan-Lam type coupling
(Scheme 1), in which a phenol in a bioactive molecule is replaced with a boronic ester. The
bioactive molecule is nonfunctional when the boron ester is present as the hydroxyl is
essential for anticancer activity. In high-ROS concentration environments, like in cancer
cells, formation of the active phenol is catalyzed by hydrogen peroxide.131 Several groups
have shown that this strategy is effective against leukemia cells.131132 Recently, boronic
acid-substituted analogues of topoisomerase inhibitor camptothecin were reported as highly
selective antitumor alkaloids.133 Additionally, prodrug matrix metalloproteinase inhibitors
have been developed using self-immolative boronic ester-protected methyl salicylates and
metal binding groups.134

Our group develops novel ROS-activated cytotoxic agents (RACs) that include a
hydroquinone moiety and a nucleophile connected via a linker.13%:136 We have shown that
one agent is highly active and selective toward leukemia cells. Biochemical evaluation of
these leukemia cells showed that levels of the catalase antioxidant enzyme are reduced
compared to those of untransformed cells. These cells also showed larger amounts of 8-oxo-
dG measured by an enzyme-linked immunosorbent assay. The agent is unusual because ROS
activation leads to formation of a reactive electrophile that reacts with three of the four DNA
bases. The reaction leads to addition of a bulky aromatic ring on the nucleobase. Especially
interesting is the reaction with dG, which adds the ring to both N2 and N3 in the minor
groove. This lesion leads to DNA strand breaks, as shown by a COMET assay, and
apoptosis. Cells attempt to survive by specifically activating homologous recombination as
visualized by ATM, ATR, and BRCA1 phosphorylation shortly after treatment.
Simultaneous treatment with the RAC and an inhibitor of homologous recombination leads
to strong synergy that kills cancer cells and spares healthy cells (Figure 9).137 Other new
ROS-activated strategies that are more selective and generate a novel reactive electrophile
are being designed.138 These new strategies lead to novel DNA lesions being formed and
will force cells to use alternative survival mechanisms that can lead to differential sensitivity
compared to that of current RAC agents.
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region

ROS production and antioxidant capacity of cells. HO® (blue), O2°~ (red), and H,0, (green)
levels and cellular antioxidant (black) capacities vary by cell and by biochemical event.
There can be three regions for the cell, including normal, damaged, and cell death. HO® is
very reactive, while O,°~ is more problematic than H,O,. Superoxide is converted to H,O,
by superoxide dismutase (SOD) enzymes and to HO® by Fenton reactions. Cells can display
a range of ROS concentrations and still be within the normal range.
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Figure 2.
Protein modification by ROS. Superoxide (path A) can oxidize cysteine thiols within

proteins, generating radical sulfenic forms that are converted to a disulfide and regenerate
superoxide. Termination via dismutation leads to hydrogen peroxide (path D). Hydrogen
peroxide reacts with thiols to directly form sulfenic acid and disulfide forms (path B).
Protonation of superoxide leads to Fenton reactions (path C).
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ROS regulation of FLT3 signaling. FLT3 is a receptor tyrosine kinase that dimerizes upon
ligand binding. Autophosphorylation, blocked by PTPRJ, leads to activation of AKT and
STATS pathways and transcription of NOX4. The complex of NOX4 and CYBA sustains the
signal by generating O»°~, which is converted to H,O, by SOD1, and by oxidatively
inactivating PTPRJ and PTEN.
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Figure 4.
DNA oxidation by ROS. In DNA, oxidation at the ribose leads to strand breaks, which are

primarily repaired by nucleotide excision repair. Guanine lesions can be formed from a
single oxidation or a second oxidation, primarily substrates for BER pathway glycosylases.
Termination can lead to double-strand breaks or cross-linking.
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B duplex stabilization of radical cation
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Guanine radical pathways to oxidized products. (A) The initial reaction occurs at either the
C8/N7 or the C4/5 bond. Reaction at the C8/N7 bond is favored in duplex DNA. The
reaction at the C4/5 bond occurs on free nucleosides, nucleotides, and single-stranded
nucleic acids. (B) In a duplex, the radical cation is favored because the positive charge can
be shared with the adjacent cytosine. (C) Mispair structure of the two lesion products.
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Figure 6.
C8/N7 pathway oxidation products. Radical localization on C8 leads to formation of 8-oxo-

dG and Fapy-dG lesions or to exotic lesions such as cross-links or hydantoins.
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Figure8.
ROS-based anticancer strategies. Cells generate superoxide and peroxide to sustain

signaling. Sustained signaling leads to growth and adaption (green). Cellular antioxidants
are essential to limit the damaging effects of each ROS, especially hydroxyl radical. Without
antioxidants, ROS accumulate, leading to cell damage and cell death (brown). Three
strategies (red) for exploiting elevated levels of ROS in cancer are shown in red and include
inhibition of antioxidants, inhibition of repair, and novel ROS-activated prodrugs.
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Figure.
Mechanism of ROS-activated cytotoxic agents. Several cancers are thought to be addicted to

elevated levels of ROS; thus, we design agents that are activated by ROS leading to strand
breaks only in cancerous cells. ROS activation leads to formation of a bulky lesion requiring
homologous recombination repair for survival.
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4Activation of the prodrug by H,O, oxidation and release of an active drug.
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